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Abstract We conducted a vertical seismic profile (VSP) in the borehole of International Ocean Discovery
Program/International Continental Scientific Drilling Program Expedition 364 Site M0O077 to better understand
the nature of the seismic reflectivity and the in situ seismic properties associated with the Chicxulub impact
structure peak ring. Extraction of the up-going wavefield from the VSP shows that a strong seismic reflection
event imaged in seismic reflection data results from discontinuities in the elastic impedance Z (the product

of density and wave speed) at the top and bottom of a zone of hydrothermally altered melt-bearing polymict
breccia (suevite) that are characterized by anomalously low Z. Below this strong carbonate/suevite reflection
event, the upgoing seismic wavefield is chaotic, indicating high levels of scattering from the suevites and
underlying melt rocks and shocked granitoids of the peak ring, in contrast to the clear coherent reflections
throughout the overlying Cenozoic sediments. We extract shear wave speeds, which, together with those
provided from the complementary sonic log and densities from core scanning, allowed determination of V,/

V, and Poisson's ratio v. These values are anomalously high relative to comparable terrestrial lithologies. We
also calculate a variety of damage parameters for the disrupted peak ring granitoids. These values may assist in
linking seismic observations to shock levels that are necessary to calibrate current impact models and may also
be useful in assessing levels of fracturing within major fault zones.

Plain Language Summary Seismic profiling over geological features reveal to us both the
geometry of the structure and the speeds of the seismic waves within it. Calibrating these profiles using only
data from the surface, however, remains challenging, but this can be accomplished by making direct seismic
measurements in a borehole with a technique called vertical seismic profiling (VSP). Here, we describe the
analysis of such a VSP acquired during drilling into the Chicxulub Impact Structure during International Ocean
Discovery Program Expedition 364. Special processing of the waves confirm that the strong seismic reflection
seen in surface data originates from abrupt changes in the rock properties related to the juxtaposition of
hardened sediments, weak suevites, and melt rock. No seismic reflections could be found originating deeper in
the uplifted and highly damaged granitoids of the structures's peak ring. As noted in earlier studies, the seismic
wave speeds are anomalously low in these lower materials. These speeds were converted into damage indexes
and as such this information may provide a means toward constraining advanced numerical impact modeling
and in assessing levels of damage in the subsurface in advance of construction on the surfaces of the Moon and
Mars.

1. Introduction

Complex impact structures are common throughout the solar system and their relatively uneroded surface
morphologies have been well studied on the extraterrestrial planets and natural satellites (Phillips et al., 1991;
Pike & Spudis, 1987; Wood & Head, 1976). However, spaceborne remote sensing can only reveal extremely
limited details of the subsurface of these craters, such as geological structure or physical properties. These elusive
details can elucidate the dynamics of the formation of complex impact structures and are particularly impor-
tant for the largest impact structures (impact basins) which exhibit peak rings (Melosh, 1989). Geophysical and

NIXON ET AL.

1 of 22


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-6039-0835
https://orcid.org/0000-0001-6920-0658
https://orcid.org/0000-0002-0602-595X
https://orcid.org/0000-0003-4740-9068
https://orcid.org/0000-0002-4749-4429
https://orcid.org/0000-0002-3440-6282
https://doi.org/10.1029/2021GC009959
https://doi.org/10.1029/2021GC009959
https://doi.org/10.1029/2021GC009959
https://doi.org/10.1029/2021GC009959
https://doi.org/10.1029/2021GC009959
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GC009959&domain=pdf&date_stamp=2022-03-07

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2021GC009959

Methodology: C. G. Nixon, D. R.
Schmitt, R. Kofman, J. Lofi, S. P. S.
Gulick, S. Saustrup, G. L. Christeson
Project Administration: D. R. Schmitt,
J. Lofi, S. P. S. Gulick

Resources: D. R. Schmitt

Software: C. G. Nixon, D. R. Schmitt
Supervision: D. R. Schmitt, J. Lofi
Validation: C. G. Nixon, D. R. Schmitt,
S. P. S. Gulick, G. L. Christeson, D. A.
Kring

Visualization: C. G. Nixon, D. R.
Schmiitt, S. P. S. Gulick, G. L. Christeson
Writing — original draft: C. G. Nixon,
D. R. Schmitt

Writing - review & editing: C. G.

Nixon, D. R. Schmitt, R. Kofman, J. Lofi,

S. P. S. Gulick, G. L. Christeson, D. A.
Kring

drilling investigations from the bodies' surface can provide this information, but due to the active hydrological
and tectonic cycles acting on weak shock-damaged, faulted rock masses with initially steep topography, there is
only one confirmed intact peak-ring structure on Earth (Kenkmann et al., 2014). The ~200 km diameter Chicxu-
lub impact structure's peak ring is fortuitously preserved by nearly continuous limestone blanketing on a geologi-
cally stable passive margin since its formation (Lopez Ramos, 1975). As such, the accessible Chicxulub structure
presents opportunities for direct geophysical and sampling investigations to further constrain our understanding
of the formation of such structures. Our study focuses on understanding the nature of the seismic wavefield within
peak rings through detailed Hole MOO77A seismic observations carried out as a component of the International
Ocean Discovery Program (IODP)/International Continental Scientific Drilling Program (IODP/ICDP) Expedi-
tion 364 Chicxulub drilling project located off the Yucatan Peninsula, México (Figure 1).

Active source seismic profiling has been extensively used in imaging of impact craters since the first focused
refraction studies at the complex Ries Crater as early as 1948 (Angenheister and Pohl, 1976) and at the simple
Meteor Crater, Arizona in the 1970s (Ackermann et al., 1975). On Earth, complex craters in crystalline targets
are typically >4 km in diameter but can have diameters as low as 2 km in softer sedimentary rocks (French &
Hokett, 1998; Melosh, 1989). Complex craters include a central uplift zone, a melt sheet, and a normal faulted
rim where large blocks slumped into the transient crater (French & Hokett, 1998; Melosh, 1989). Active source
seismological profiles exist over a number of complex craters, an incomplete listing of which includes the Ches-
apeake Bay Structure (Catchings et al., 2008), Mjglnir crater, North Sea (Gudlaugsson, 1993), Siljan structure,
Sweden (Juhlin & Pedersen, 1987), Upheaval Dome, Utah (Kanbur et al., 2000), Manson Structure, lowa (Keis-
wetter et al., 1996), Bosumtwi Structure, Ghana (Scholz et al., 2002), El'gygytgyn Structure, Siberia (Niessen
et al., 2007), Haughton Structure, Nunavut (Scott & Hajnal, 1988), Sudbury Structure, Ontario (Wu et al., 1995),
and Bow City Structure, Alberta (Glombick et al., 2014). The seismic profiles obtained in these studies are
consistent with central uplifts and faulted rims of larger complex craters (Melosh, 1989).

To date, the VSP data obtained during the Expedition 364 Chicxulub drilling program have been used in obtain-
ing in situ compressional seismic wave speeds, V,, (Christeson et al., 2018). However, VSP data can also calibrate
the depth to reflectors, improve the understanding of the nature of the seismic wavefield in the complex structure,
resolve the details of the reflectivity, and provide additional constraints on the in situ physical properties. Here,
we extend the VSP data set to better understand the nature of the seismic reflectivity of the Chicxulub peak ring,
overlying impactites, and K-Pg boundary sequence including displaced target rocks (Gulick et al., 2019; Morgan
etal., 2016) and to obtain estimates of shear wave speeds, V, to contribute to understanding the unique geologi-
cal formations produced during large impacts. Additionally, obtaining measures of the seismic wavefield within
the highly damaged rock masses of large impact structures may provide additional insight into the anomalous
‘diffusive’ seismic wave propagation on the Moon (e.g., Dainty & Toksoz, 1977; Latham et al., 1970; Pandit
& Tozer, 1970) or assist in the interpretation of seismic observations on Mars (e.g., Karakostas et al., 2020;
Lognonne et al., 2020).

We begin with an overview of the geological and physical properties found at Site MOO77 and of the VSP meth-
odology, provide the results of the structural measurements, and interpret these results with regard to the high
degree of shock deformation experienced by the displaced crystalline peak ring materials as well as longer term
processes that modified the seismic properties. The wave speeds, observed both in sonic logs and directly from
the VSP data, are contrasted against comparable terrestrial analogs. Finally, we derive measures of damage that
may be used as metrics in the assessment of deformations predicted by hydrocode impact modeling codes.

2. Background
2.1. Chicxulub Structure

The Chicxulub impact structure is centered near the village of Puerto Chicxulub on the Yucatan platform,
Meéxico. The platform is characterized offshore by carbonate and evaporite depositional facies (Gischler &
Lomando, 1999) and onshore by an unconfined flat laying karstic environment (Weide & Faber, 1985). Active
source seismic source marine profiling (Camargo-Zanoguera & Suarez-Reynoso, 1994; Gulick et al., 2008;
Hildebrand et al., 1998; Morgan et al., 1997) and passive monitoring (Campos-Enriquez et al., 2004; Mackenzie
et al., 2001) have provided data used in numerous subsequent analyses: reflection for structure (Bell et al., 2004;
Christeson et al., 2018; Gulick et al., 2008) and refraction for velocities (Christeson et al., 2001, 2009); these
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A portion of the seismic profile line CHIX10 (Figure 2b) is interpreted
following Christeson et al. (2018), with detailed rationales provided by

Gulick et al. (2008). The profile's features include: (a) the layered Cenozoic
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sediments deposited since the impact, (b) a strong and continuous event

4027 4441 4856

Easting (195000 m) present across the profile confirmed by the drilling to be associated with

Figure 1. 1 Location of Chicxulub structure (a) Within the Gulf of Mexico
(b) With radius of the peak ring from the basin center and the nearby
surface seismic profiles superimposed on horizontal gravity gradient

the upper K-Pg boundary, (c) the peak-ring formed by uplift and dynamic
collapse of the central uplift immediately following the K-Pg impact, (d)
suevite bounding and capping the peak-ring, and (e) a thick zone of melt
rock within the central basin, the top of which is delineated by an irregular

map after (Hildebrand et al., 1998). (c¢) Project Hole MOO77A in purple low frequency reflector. The Suevite/Transitional Unit Contact (STUC) at
compared to nearby seismic lines, located in UTM zone Q16 N. Northing is 617.33 mbsf is a disconformity delineating the transition from rapid suevite

2,370,000 + y-axis, Easting is 190,000 + x-axis.

deposition to Paleogene marine sedimentation, with the iridium layer being
present at 616.6 mbsf (Goderis et al., 2021) and thus marking the top of the
K-Pg boundary sequence within the crater. Within the peak-ring, a continu-
ous low frequency and irregular reflector (LFR) lies below the STUC with a 130 m layer of suevite and melt rock
in between as drilled at Site M0O077 (Gulick et al., 2019; Morgan et al., 2017). This LFR has been associated,
albeit intermittently, with the base of a thin zone of low velocity found by full waveform inversion (Morgan
et al., 2011). Aside from the LFR, there are no laterally coherent reflections within the peak ring, although,
numerous diffraction hyperbolae in the time migrated stack indicate a complex scattering regime.

The character in the 2D surface profiles below the Chicxulub suevite is non-reflective; as there are no laterally
coherent events visible, these zones are often said to be “seismically transparent”, meaning that there are no
readily traceable coherent events visible. Aside from impact structures (e.g., Scholz et al., 2002), seismic imaging
over metamorphic crystalline cratons (e.g., Kneib, 1995) and igneous basalt flows are examples of geological
environments that exemplify “seismically transparent” sections.

Overall, the seismic observations are consistent with the “dynamic collapse” model (Collins et al., 2002, 2008;
Ivanov & Kostuchenko, 1997), which accounts for the uplift and subsequent collapse of the central peak as well
as the overturning of basement crust on top of the slump blocks of Mesozoic sediments to form the peak ring
(Collins et al., 2002; Morgan et al., 2016). The peak ring in situ densities and seismic wave speeds as determined
from gravity modeling and seismic tomographic inversion are significantly diminished relative to the values
expected for intact crystalline cratonic crustal rock (Christeson et al., 2018). Resolving this discrepancy from
what is expected for the depths of origin of the peak ring rocks and testing the dynamic collapse hypothesis against
competing models for the formation of peak ring structures in part motivated Expedition 364 (Site M0077) drill-
ing and sampling of Chicxulub's peak ring in 2016. The borehole stratigraphy is composed of post-impact Ceno-
zoic carbonates overlying impactites, which in turn overlie highly fractured and shock damaged felsic granitoid
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Figure 2. (a) Conceptual geological cross section with upper contact of K-Pg boundary layer demarked by the Suevite/
Transitional Unit Contact (STUC) along radius from crater center adapted from the interpretations of Vermeesch and

Morgan (2008), Morgan et al. (2011), and Gulick et al. (2013), updated from Expedition 364 observations following Simpson
et al. (2020), and suevite/melt rock/breccia transitions updated from Christeson et al. (2021). (b) Portion of the migrated stack
of line CHIX10 (Gulick et al., 2008) over the peak-ring with the K-Pg reflector highlighted in red and the underlying low
frequency reflector (LFR) indicated. Closest offset of Expedition 364 borehole M0077 A from Line 10 indicated by small
drill rig with depth extent correlating to 2-way time of 890 ms.

basement blocks interspersed with impact melt and breccia dikes (Morgan et al., 2017). The composition of the
felsic basement rocks is consistent with numerical modeling results, which suggests these materials originated
at a depth of ~10 km and were displaced laterally more than 20 km to form the peak ring. Both the low densi-
ties and seismic wave speeds of these felsic rocks correlate with their anomalously high porosities (Christeson
et al., 2018) produced during shock compression to pressures possibly as high as 20 GPa (Feignon et al., 2020;
Morgan et al., 2016; Rae et al., 2019). These low wave speeds were clearly observed by full waveform seismic
tomography inversion (Christeson et al., 2021; Morgan et al., 2011) and were confirmed by both downhole sonic
logging and the zero-offset VSP from Expedition 364 discussed in more detail here.

2.2. Expedition 364 Geology

Site M0077 (Figure 1c) was drilled during the joint IODP/ICDP Expedition 364 campaign in 2016 at a loca-
tion estimated to be ~46 km from the center of the impact structure. Summaries of the technical details of
the project may be found in (Gulick et al., 2017a), of the geophysical logging in (Lofi et al., 2018), and of
the combined log/core property interpretation in (Christeson et al., 2018; See Table S1 in Supporting Informa-
tion S1). The borehole was drilled in three stages, dependent upon engineering and key target considerations,
with cores obtained between 505.7 and the total depth of the hole at 1334.7 m below sea floor (mbsf; Morgan
et al., 2017). The core was classified based on lithology into four major lithostratigraphic, units 1 through 4,
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Figure 3. Simplified geological column from core and cuttings with the

four major units as interpreted from the core (505.7 mbsf to 1334.7 mbsf)
compared to running average of density measurements on discrete core
samples (green line) and to the running average over 0.5 m of the P-wave (red
line) and S-wave (blue line) speeds as measured by the sonic log. Core was not
retrieved above 500 m and so it is not included in the 4 colored units.

mbsf), which is a micritic limestone likely deposited over a period of a few
years (Gulick et al., 2019; Lowery et al., 2018; Whalen et al., 2020), capped
by the K-Pg iridium anomaly (Goderis et al., 2021). The approximately
55.93-55.71 Ma Paleogene-Eocene Thermal Maximum manifests as a thin
(607.27-607.06 mbsf) shale layer bounded by a disconformity to Paleogene
carbonate ‘hardground’ below and bioturbated limestones above (Smith
et al., 2020). The Palynological age-depth relationships show low sedimenta-
tion rates of 0.22 cm/Kyr on average over the Paleocene section, complicated
by numerous unconformities, with high average rates of 2.3 cm/Kyr through
the Eocene section (Gulick et al., 2017¢).

Lithostratigraphic Unit 2 (617.33 mbsf to 721.61 mbsf) and Unit 3 (721.61
mbsf to 747.02 mbsf) are an ~130 thick series of impactites deposited imme-
diately following the excavation, rebound, and dynamic collapse of the crater.
The upper ~90 m is suevite with generally decreasing particle sizes upwards
indicative of rapid deposition of materials carried by ocean resurge into the
crater in the hours following the impact (Gulick et al., 2019). The increasing
proportions of impact melts mixed with clasts of the target rocks in rocks
below ~706 mbsf in Units 2 and 3 are interpreted to indicate that this material
was emplaced prior during the initial resurge and underwent explosive inter-
actions between melt and seawater (Gulick et al., 2019; Osinski et al., 2020;
Schulte et al., 2021). Unit 3 is dominated by impact melt with poor clast
abundance, demarking an approximate limit to the depth of the explosive
interaction. The abundance of clays, zeolites, and other secondary alteration
products throughout both units indicates persistent hydrothermal alteration
(Kring et al., 2020; Simpson et al., 2020) that is particularly severe in a
porous section between ~689 and 706 mbsf.

Unit 4 (747.02 mbsf to 1334.7 mbsf) includes highly damaged and displaced original target felsic magmatic rock
(Zhao et al., 2020) containing occasional doleritic dikes that were bisected by zones of breccia and melt dikes
during the impact event. Riller et al. (2018) document the types and abundances of different scales of mechan-
ical disruption including intragranular and intergranular tension microcracks, mm to cm thick cataclasites, and
hundreds of shear faults with decametric slip displacements all contributing to high porosities and low P-wave
velocities. The microcrack porosity is preferentially oriented at 45° to the principal stress axis during shock (Rae
et al., 2019). Detailed investigation of shock induced planar deformation features in quartz grains from the felsic
protolith indicate that this material reached shock pressures of 18—20 GPa (Feignon et al., 2020). This zone, too,
displays evidence of hydrothermal alteration including intermittent dissolution of quartz that increased porosity
values (Kring et al., 2020). The sonic geophysical logs and multi-sensor core logging (MSCL) density measure-
ments (Figure 3) correlate broadly, but not universally, to these core-interpretation based lithologic intervals.
Shear wave speeds Vi, . < 1.5 km/s cannot be well constrained with the monopole logging instrument employed

log ~

due to the interference of much stronger Stoneley wave modes propagating at near the sonic velocity of the

borehole fluid (e.g., Paillet & Cheng, 1991); thus, only those values exceeding 1.5 km/s are shown in Figure 3.

2.3. Expedition 364 Physical Properties

The sonic compressional log velocities through upper sections of post-impact Cenozoic sediments above 585

mbsf are consistent with depth trends seen elsewhere in shallow and primarily carbonate columns (e.g., Eberli

et al., 2003; Japsen, 1998). Depths to 590 mbsf had initially been informally separated into two distinct zones
from 47.5 m to 280 mbsf and 280 to 590 mbsf on the basis of average VSP transit time P-wave speeds of
2.285 km/s +14 m/s and 2.567 km/s +4 m/s, respectively (Gulick, et al., 2017d). The reason for the subtle
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difference between the two zones is unknown but may result from mechanical changes resulting from the transi-
tion of biogenic opal-A to opal-CT (e.g., Guerin & Goldberg, 1996; Ishii et al., 2011; Meadows & Davies, 2009),
the latter indicated by X-ray identification of significant modal proportions of a-quartz, cristobalite and tridymite
in the core Section 505-585 mbsf (Gulick et al., 2017e, Table T8). This variation may alternatively be due to other
changes in the rock composition as seen in the abrupt change in the natural gamma radiation log (GR) that may
indicate greater concentrations of clay minerals above 275 mbsl (Gulick et al., 2017d, Figure F1). Anomalously
low V}, (both log and VSP ~1.800 km/s) exist at ~230-280 mbsf and this zone was likely subject to karstification
as suggested by the appearance of large ~10 cm diameter vugs in the ultrasonic televiewer images.

Density p_,.. Vpand V (both log and VSP) all rapidly increase at depths 585-617 mbsf which roughly correlates
with Subunits 1E-G (Gulick et al., 2017e, Figure F43). The reasons for the increased seismic relevant properties
through this interval are not explicitly known, although the gamma ray log drops at 588 mbsf, suggesting reduced
clay in increased carbonate lithology. Additionally, these lowest sections of Unit 1 are also distinguished by the
absence of both organic carbon (Gulick et al., 2017¢, Table T6) and of opal-CT (i.e., as indicated by the lack of
cristobalite and tridymite) with a-quartz being the only silica phase detected in XRD (Gulick et al., 2016; Gulick
et al., 2017e, Table T8). The opal-CT to a—quartz transition has been linked to changes in mechanical proper-
ties (Nobes et al., 1992) that have provided elsewhere sufficient material contrasts that result in clear seismic
reflections (Ireland et al., 2010). In addition, the bottommost section of the post impact sediments was most
certainly exposed to higher temperature hydrothermal fluid venting for at least 2.1 Myr after the impact (Kring
et al., 2020). Stylolites are noted throughout Subunits 1E-G, with the highest concentration toward the bottom of
this sequence in Subunit 1F (Goderis, 2019; Gulick et al., 2017e). The stylolites suggest increased compaction
as a contributing factor to elevated p_ ., V, and V; (both log and VSP) at these depths, as well. Regardless of the
origin, we refer to this ~35 m thick zone (582-617 mbsf) of post impact hardened sediments as a seismic ‘LID’,
as the contrast in its bounding seismic properties contributes significantly to the observed seismic reflection
signature over the peak ring (Figure 4).

Vp, Vg (both VSP and log), and p, . all discontinuously drop across the STUC at 617.33 mbsf into Unit 2 and
remain low to 705.5 m depth where increased proportions of melt rock are observed. The mechanical properties
in this depth interval clearly differ (Figure 4) from that above and below and are hereafter referred to as the low

velocity zone (LVZ). Unit 2 is suevite that is highly porous (@, ~ = 0.2-0.4), with low wave speeds observed

in discrete sample measurements and the sonic log, similar to observations of suevite at the Ries Crater, Germany
(Heap et al., 2020) and the Bosumtwi Structure, Ghana (Hunze & Wonik, 2007; Meillieux, 2009). In contrast to
its top, the base of Unit 2 at ~722 mbsf does not correspond to any discontinuity in the mechanical properties
(Figure 4). Instead, V,, V (both VSP and log), and p, . increase abruptly at 705.5 mbsf in the vicinity of two thin
melts near the base of Subunit 2B, and these elevated seismic properties continue through the remainder of Unit

2 and into Unit 3.

Relatively greater wavespeeds and densities (Christeson et al., 2018) persist to the bottom of the borehole
through the predominantly impact melt rocks of Unit 3 (721.61-747.02 mbsf) and the highly damaged granitoids
(Rae et al., 2019) with occasional dolerite, suevite, and melt dikes of Unit 4 (747.02—-1334.69 mbsf; Gulick
et al., 2017c). Mechanically, there is no abrupt boundary between the melt rock-rich zone commencing at 705.
Five mbsf through to the base of Unit 3 with the underlying peak-ring material. However, we designate these as
the seismic ‘MELT’ zone and the ‘PR’ zone due to the clear differences between their composition and suggested
means of emplacement (de Graaff et al., 2021; Gulick et al., 2019; Kaskes et al., 2019).

Understanding the nature of the K-Pg reflection necessitates a close examination of the physical properties
responsible for forming this event. Sharp discontinuities in the physical properties are also evident in MSCL
densities (Figure 4) at the STUC and toward the bottom of Unit 2B. The lower discontinuity at 705.5 mbsf is
associated with the increased presence downhole of impact melt rock and the higher values of density and wave
speed continue through the melt-rock rich unit 3 (Gulick et al., 2019).

The strength of the P-wave seismic reflection from the contrast between two elastic media is primarily controlled
by the contrasts in their P-wave impedance (Z = pV,) with the normal incidence reflection coefficient R,
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Figure 4. Details of physical properties associated with the K-Pg reflection obtained from the MSCL including the natural
y radiation, the saturated bulk density determined by y-y absorption, the P-wave sonic wave speeds obtained from the
geophysical logs and the calculated P-wave impedance. Five mechanical zones are distinguished on the basis of changes in
P-wave impedance (Z) as sediments (SED), hardened post-impact sediments (LID), low velocity zone (LVZ), melt rich zone
(MELT), and displaced peak ring material (PR). The depths of the tops of the geologic intervals and subintervals interpreted
from the core are denoted on the right. Discrete data points have been averaged into a continuous function with a filter radius
of 5 sampling points.

where the subscripts 1 and 2 refer to the upper and lower media, respectively. Examination of Figure 4 suggests
that the two impedance discontinuities at the STUC at 617.33 mbsf and within unit 2B (705.5 mbsf) which bound
the LVZ would, at seismic frequencies, have large reflection coefficients of about —0.2 and +0.2, respectively.
This is a key point, as large reflections originate from these impedance discontinuities and the strong reflection
event is associated with the tuned superposition of these two reflections. Consequently, it is expected that the
impedance architecture of this LVZ sandwiched between the earliest Cenozoic sedimentary LID and the melt
rock rich zone commencing in unit 2B will strongly influence the character of the overall seismic reflection
package associated with the STUC (Figure 2b).

3. Methods
3.1. Downhole Sonic Logs

The downhole sonic logs were acquired in open hole conditions with a QL40-FWS (Full Waveform Sonic, ALT/
Mount Sopris Instruments) slimline tool. The tool was combined into tool strings and centered with two central-
izers (see Morgan et al. (2017) for additional details). The source frequency was 6 kHz (wavelength of ~50 cm
at 3 km/s). Data were acquired running uphole at 5-cm spacing. The first arrival signal was checked on the way
down in the steel pipe to confirm a P-wave velocity typical of steel (5.40 km/s). The measured velocity was
5.55 km/s; thus, formation velocities may be slightly overestimated (by <3%). Data were subsequently processed
with the ALT WellCAD software to calculate the compressional and shear velocities used in this work. Due to
the good data quality, waveform picking was done automatically with the semblance analysis module performed
on 3 receivers (R1, R2, R4), the velocity signal thus being integrated over a 0.8 m thick interval. The compres-
sional velocities look accurate, correlating well with the discrete P-wave measurements on samples and with the
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Figure 5. Raw vertical component VSP record (first peak normalization and
100 ms automatic gain control) acquired in three stages in rightmost panel

(1: 47.5 mbsf — 498.75 mbsf @ 1.25 m/station, 2: 500 mbsf — 696.25 mbsf @
2.5 m/station, 3: 652.5-1325.0 mbsf @ 5 m/station). The various arrivals a — f
delineated by upward and downward arrows are described in the text.

P-wave velocity calculated from the Standard Threshold Pickup Algorithm
module using the R1 and R2 receivers (spacing = 20 cm). Vs, signal was
not always clear and should be used with care especially in the post-impact
carbonates. Down-hole depths were calculated from wireline distance and
have been corrected to mbsf for consistency.

3.2. VSP Acquisition During Expedition 364 and Raw Profiles

Details of the VSP acquisition during Expedition 364 may be found in
Gulick et al. (2017b), and a summary of VSP theory and methodology are
provided in the supplementary information and in https://doi.org/10.7939/
DVN/D1YY4A (Nixon, 2021). In brief, the 3-C records were obtained using
wall-locking geophone sondes activated by an airgun source offset a few
meters from the borehole. Acquisitions occurred in three separate deploy-
ments (Figure 5) because of drilling operations. The raw vertical component
VSP (Figure 5) displays numerous events, including the down-going pulse
(a), a strong upward-going primary reflection from the vicinity of the STUC
(b), and its corresponding down-going water-surface multiple (c), as well
as indications of deeper reflected events that appear to originate within the
peak ring (e,f). Fortunately, tube waves (d), which can overwhelm the desired

signals, only occurred over a limited depth range during stage 3 acquisition and did not seriously complicate the

processing.

One key motivation for obtaining VSP data is that through appropriate processing the down-going wavefield
(primarily the strong pulse wavelet) may be separated from the weaker up-going reflections (e.g., Hardage, 1985;
Hinds et al., 1996) allowing the true depth of such events to be directly linked to the travel-time in the surface

no core
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Figure 6. Separated upward-going wavefield obtained after wavefield
separation compared against lithostratigraphy and four major units as
interpreted from core. K-Pg boundary shown both in depth at 617 mbsf and
in time. Smaller amplitude down-going tube waves are apparent with one
example highlighted by yellow arrows and indicated as TW; these cannot be
removed using the median filter. Upward-going events that originate beneath
the K-Pg boundary are indicated by blue arrows. Wavefield characters differ
above and below the top of the peak ring.

seismic reflection data. The up-going wavefields (Figure 6), the processing
details of which are given in Text S2 in Supporting Information S1, indi-
cate that the upward going K-Pg reflection package is a ~100 ms long event
commencing with the higher impedance limestone immediately overlying the
STUC at 617 mbsf.

3.3. Analysis of Horizontal Components

In marine settings, zero-offset VSP data are rarely used to study S-waves
primarily because of the difficulties associated with directly generating a
shear wave using airgun sources in water where, at best, only weak P-SV
conversions are expected. The horizontal radial and tangential polarized
geophone signatures (Text S4 in Supporting Information S1) in our study
are of lower amplitude than the vertical component, as expected, although
they do display an S-wave arrival due to its polarization transverse to the
borehole axis. At each depth, the horizontal components were rotated into
a principal polarization direction (details on processing in Supplementary
Material) yielding separate profiles for zones mostly above and below the
STUC (Figure 7). The S-wave arrival is enhanced using polarization filter-
ing (Montalbetti & Kanasewich, 1970). As with the vertical component
wavefield, the S-waves observed in the upper sections of post-impact sedi-
ments (Figure 7a) show relatively continuous coherent arrivals which differ
significantly from the chaotic pattern within the peak-ring (Figure 7b).

3.4. Determination of Wave Speeds

Large receiver spacings in traditional VSP experiments have limited the reso-
Iution for the determination of in situ seismic wave speeds because signif-
icant errors arise from the uncertainties associated with picking consistent
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Figure 7. Optimization of Shear Wave Arrivals: Maximally rotated horizontal
component profiles through (a) top of suevite (Interval 2) and post K-Pg
sediments, and (b) bottom of suevite (Interval 2) through Interval 3 (melt)

and Interval 4 (peak ring). Yellow lines bound the polarization analysis time
window around converted S-wave. Color overlays indicate intervals as in
Figure 6.

arrival times of the down-going waves for the relatively small delays between
receivers. Authors have attempted to overcome this limitation by inverting
their sets of observed one-way transit times to depth in VSP studies (e.g.,
Stephen & Harding, 1983; Stewart, 1984).

One significant difference of our data is that the wavefield was sampled at
relatively close spacing, as small as 1.25 m along the borehole; this spac-
ing allows use of a more direct ‘local slope’ method (Schmitt et al., 2007),
which provides the in situ interval velocity together with a measure of its
uncertainty. This method simply relies on equating the ‘local’ slope Az/At
to the velocity via linear least squares regression of a sequence of adjacent
observed one-way VSP transit times versus their depth. The square root of
the variance of this slope provides a measure of the uncertainty, the expres-
sions for which may be found in many linear regression texts (e.g., Altman &
Krzywinski, 2015) and are shown within 95% certainty envelopes (Figure 8).

The P-wave arrival time used in this analysis is declared to be that of the
first amplitude extremum, a negative amplitude trough of the initial direct
down-going pulse. This trough is chosen to avoid complications to the pulse
character introduced by interference of the primary pulse with pursuant water
surface multiples and ambiguities arising from both the errors and physi-
cal meaning of picking the first detectable onset of the wave (Molyneux &
Schmitt, 2000). Similarly, the S-wave first arrival time was chosen as the first

coherent negative amplitude extremum. Unfortunately, there was not an unambiguous and coherent S-waveform
in the region 640-755 mbsf and due to local slope method's sampling radius, V., estimates are not available in
the interval 633.75-780 mbsf. The uncertainties in V,, ,, throughout and V ., at depths 72-628 mbsf (within
the Cenozoic section) are determined with reasonable accuracy. In contrast, the 95% envelope for Vg, at depths
>780 mbsf (within the peak ring) is wide, indicating the unreliability in picking an appropriate S-wave transit
time through this zone, as suggested by the complicated structure to the horizontal seismic wavefield (Figure 7b).
The character of the reflection package arising from the vicinity of the STUC is analyzed by calculating 1-D

no core

Depth (mbsl)

Figure 8. Observed wave speeds determined from the VSP P-wave (orange
shaded trend) and S-wave (blue shaded trend) arrival times, log-P and log-S
speeds interpreted from the full sonic waveforms, and intrinsic Max-P and
Max-S speeds estimated for the undamaged rock on the basis of mineral modes
within Voigt-Reuss-Hill bounds.

‘synthetic’ normal incidence reflection traces by convolving a representative
wavelet with an estimated reflectivity time series (e.g., Ganley, 1981). Two
different candidate wavelets were used in this basic modeling (see insets to
Figures 9d and 9e). The first (Figure 9d) is obtained from the estimate of
the down-going seismic wavefield directly from the VSP (See Figure S2.b
in Supporting Information S1). The second is averaged from the wavelet
extracted from the nearest 11 seismic traces from migrated reflection profiles
CHIX17b, CHIX10, and CHIXR3 using the standard minimum phase wave-
let assumption (Kanasewich, 1974). The reflectivity sequence (Figure 9i)
is calculated from the observed V,, ;. and p,,, from core sampling using a
recursive invariant embedding scheme (Kennett, 1974) that includes multiple
reflections.

4. Results
4.1. VSP and log Derived Wave Speeds

The envelopes of the updated VSP derived compressional (V, ,) and new
shear (Vg ) wave velocities (Figure 8) mostly track their corresponding
sonic log values. The V., are often <1.5 km/s, further reinforcing the diffi-
culties in finding V,,, from the sonic logs in these zones as mentioned earlier
(Figure 3). The V,, ,, increases gradually throughout the Cenozoic sedimen-
tary carbonates aside for a low velocity excursion near 250 mbsf. Both the V,,
vspand V,, . show an abrupt drop in speeds at the top of the STUC below the
high-velocity LID. The lower contact of the STUC is smoothed, perhaps in
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Figure 9. Observed and modeled seismic reflection responses with mechanical seismic zones (between panels) and major lithostratigraphic units (within panels). (a)
Reference Lithology, (b) Sonic logging P-wave velocities, (c) Final processed VSP trace with corridor stack to mimic normal incidence reflection record, (d) Synthetic
normal incidence trace from estimate of downgoing wavelet (bottom) from VSP, (e) Synthetic normal incidence trace from average estimate of wavelet extracted

from migrated lines CHIX17b, CHIX10, CHIXR3 (f,g) average of 5 nearest migrated seismic traces from profiles CHIX17b, CHIX10, and CHIXR3, respectively.
Correlation coefficients between various traces are shown in the supplementary methods (table S4 in Supporting Information S1).

part due to the larger spacings between the sondes (2.5 m) in the depth interval 500-696.25 mbsf, compared to a
spacing of 1.25 m at depths 47.5-498.75 mbsf.

4.2. Intrinsic Wave Speeds of Undamaged Peak Ring Materials

The deficit in both the sonic logging and V, ,, relative to the expected lithologies within the peak ring has
already been noted (Christeson et al., 2018) and attributed primarily to the damage-induced porosity. The Vg,
and the more poorly constrained V¢, measures described here, too, are significantly below the speeds expected
for the target granitoids. We quantify this deficit more fully by calculating the speeds expected for the undamaged
mineral crystallite (granite) of the peak ring materials on the basis of the mineral volumetric modal fractions ¢,(z)
and the corresponding intrinsic isotropic moduli K; and g, (Table 1). The constituent mineral phases from the
X-ray diffraction core analyses reported in Gulick et al. (2017c¢, Table T5) and Gulick et al. (2017c, Table T4) are
used to first calculate the undamaged bulk rock K (z) and shear u (z). The upper Voigt K, and p,, and lower Reuss
K, and p,, bounds constrain the allowable values of K (z) and y,(z) with

-1
$i(2)
Kv(2)= Y di(2)K; > Ky(2) > [Z | = K@ @
And

Table 1

Isotropic Elastic Moduli and Density for Primary Constituent Minerals in Peak Ring (Bass, 1995)

Mineral Quartz Albite Microcline Sanidine Orthoclase Anorthite Augite

p (kg/m?) 2648 2610 2567 2520 2571 2765 3320

K (GPa) 37.8 56.9 55.4 58.8 62 84.2 95

u (GPa) 443 28.6 28.1 30.1 29.3 39.9 59
NIXON ET AL. 10 of 22
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Hill (1952) suggested that the simple average of these bounds provided an adequate estimate, but we retain both
Voigt-Reuss-Hill (VRH) bounds. The bounds for the wavespeeds expected for the nonporous and undamaged
rocks are then

\/Ky(z)+4,uy(z)/3=\/My(z) S Ve \/KR(Z)+4/4R(Z)/3=\/MR(Z) @

po(2) po(2) po(2) po(2)

where M is the longitudinal, or P-wave, modulus, and

uv(z) Uur(z)
— >Vs, >4/ — 5
\ e =92\ ©)

where the pore-free rock intrinsic density is
po(2) = Y i) 6)

The VRH bounded V,, ,, and V.., are shown in Figure 8 and are the estimates for the unaltered isotropic poly-
crystalline rock, with no attempt to incorporate pores or microcracks. The values will be in error within the melt
rock zones as neither the volume fractions of melt rock nor the glass moduli are well constrained. The observed
VSP compressional wavespeeds within the peak ring (~4—4.5 km/s) are only about 65%-75% of the VRH bounds
(~6 km/s), illustrating the large deficits in wave speeds caused by shock induced damage and fracturing/faulting
during peak ring formation.

The stack of the final VSP corridor (see processing details Figure S2e in Supporting Information S1) produces a
seismic reflection trace in two-way time (Figure 9c) that is compared against the neighboring seismic reflection
profiles CHIX 10, CHIX17b, and CHIXR3 located at distances from the borehole of approximately 160 m, 200 m,
and 350 m, respectively. With these offsets of the seismic profiles to the borehole we cannot expect the trace to
match perfectly, with a correlation coefficient of 0.4068 between the real VSP trace and nearest profile CHIX10
(Table S4 in Supporting Information S1). The strong reflection just below 600 m depth (Figures 9, Figure 6) is the
event originally interpreted to be the top of the K-Pg boundary section within the crater. However, the character
of this event is not one of a simple primary reflection. As noted, the velocity structure near the STUC consists
of rapidly increasing wavespeeds with depth in the Cenozoic sedimentary carbonates of the LID with a sharp
decrease into the highly altered underlying suevites of the LVZ followed at ~700 m by a second abrupt increase
at the top of the unsorted melt rich suevites, coinciding with the LFR.

The synthetic VSP trace (Figure 9d) captures well the character of the observed VSP trace (Figure 9¢), confirm-
ing that the reflection package originates from interference of reflections from the complex impedance structure
both above and below the STUC (Figure 4). The synthetic calculated using the wavelet extracted from the seis-
mic profile (Figure 9e) also captures this behavior. This extracted wavelet, however, has a broader frequency
bandwidth and is sharper in the time domain; this nearly allows for separation of the events originating at the Z
discontinuities top and bottom of the LVZ.

5. Discussion

5.1. Nature of the K-Pg Reflection Event

The characteristics of the upward-going wavefields differ significantly above and below the STUC (Figure 6). No
upward traveling coherent events that could be interpreted as a seismic reflection are apparent in the wavefield
within the peak ring granitoids. This contrasts with the continuous events, even those that must originate within
the peak ring (with a few indicated by blue arrows, Figure 6), that characterize the wavefield above the STUC.
These coherent reflections originating from the granitoids may originate from fault planes within the peak
ring (Morgan et al., 2016); however, they do not stack well during processing of the surface seismic profile
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into continuous coherent events, suggesting that the lateral dimensions of
the heterogeneity within the peak ring materials may not be larger than the
Fresnel zone of the 2005 multichannel seismic data (~500 m width).

Curiously, there is no evidence for the LFR seen in the surface profiles
throughout at least the full 3 s of the VSP record (not shown), even after
applying numerous bandpass filters that would enhance lower frequency
arrivals. This absence may mean that the conditions necessary to produce the
LFR may not exist at the borehole location. Differences in the thickness of the
MELT zone away from the drill site, for example, might explain the reflector.
Alternatively, one cannot discount the possibility that this LFR could instead
be due to reflections originating out of the plane of Line CHIX10 from the
rugose 3D topography of the peak ring; the LFR may not result from in-plane
physical property contrasts. This issue could only be resolved by conducting
a high-resolution 3D seismic program.

Hydrothermal fluids have altered the mechanical properties and possibly
the density of the original impactites and early post-impact sediments. As a
result, the local character of the K-Pg seismic event may depend on the dura-
tion, fluid fluxes, temperatures, and compositions resulting from the hydro-
thermal cooling after the impact. Much of the area will have been covered
with the impactites which were then subsequently buried by continued sedi-
mentary deposition; however, the mechanical character of these deposits may
depend strongly on the persistent hydrothermal flux. In cooler regions with
less fluid flow, such a distinct seismic LID may not have formed and the
sharp Z discontinuity at the STUC (Figure 4) may not have developed. Many
of the rock layers immediately overlying Unit 1D have higher clay content,
which may partly explain the rapid change in wave speeds. The increasing V,,
(both log and VSP) in these layers is accompanied by a trend of diminishing
porosity; the reasons for this are unknown, but this may be related to precip-
itation of minerals brought up by the vigorous hydrothermal circulation that
occurred for at least 2 Myr post impact (Kring et al., 2020) or by variations
in the compaction.

5.2. Relationships of Velocities

Although a rock mass' elastic moduli and density contain more fundamental
information about a material, often all that can remotely be observed are
V, and V; and the spatial distribution of these can self-consistently define
structure.

Presented here are values of both V,, and V, measured by moderate frequency
sonic logs (6 kHz, Figure 10a) and seismic VSP frequencies (~100 Hz,
Figure 10b). Additional insight may be gained from the simple R = V,/V,
ratio or the closely related dynamic Poisson's ratio v that for an isotropic
material is:

1R2-2

2R -1 @

V=

In isotropic materials, —1 < v < 0.5 is theoretically allowed, although for rocks the range 0 <v < 0.5 (R > V2) is
more realistic. Negative apparent v can appear if anisotropy is not appropriately considered (Wang et al., 2012).

R or v has been used in numerous studies to augment the interpretation of observed V,, and Vg, which are nonunique
by themselves, over the range of scales from the lithosphere (e.g., Golos et al., 2020) to the near surface. It is
useful to review what trends might be expected. For example, in the case of pore-free crystalline igneous rocks, v
can often provide some indication of mineralogical content; v is particularly useful with respect to quartz, which
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Ranges of Poisson’s Ratios has an anomalously low v near 0.06 (e.g., Christensen, 1996). In porous sedi-
g y g p
0 0.1 0.2 0.3 0.4 05 ments, v is sensitive to different factors which include mineralogy, porosity,
1 pore geometry, effective confining stress, pressure, temperature, and satura-
LD tion state (Hamilton, 1979). Modeling of the effects of crack densities on elas-
tic properties using available theories show that R generally increases with
crack density (e.g., Dunn & Ledbetter, 1995; O'Connell & Budiansky, 1974).
MELT V{8 4
Additionally, v is important in controlling the reflection amplitudes' depend-
Peak Ring ence on angle of incidence, thus v is routinely sought during inversion of
Tuff common midpoint active source seismic profiling (e.g., Li and Zhao, 2014).
[ Sands Figure 11 compares the v values observed here separately for the LID, the
A LVZ, the MELT, and the peak ring material against similar terrestrial rocks
Limgstones and their constituent minerals. The mineral values are the Hill averages
Granites ] calculated for isotropic monocrystalline crystallites; aside from the anom-
| | aly of quartz, most of the minerals will have v of 0.25-0.3. The values of v
ine Sediment ] o
Sort MarmeISed|ment for pore free silicate glasses with felsic to mafic compositions increase from
Altered Oceanic Crust [_] 0.168 to 0.257 as the SiO, content decreases (Meister et al., 1980). Poisson's
| . . o .
Igneous Pore Free [ ratios for pore.free igneous rocks fall within a relatlv‘elhy small range, but the
| presence of micro-cracks that are open at lower confining pressures strongly
Silicate Glass influences the material moduli and allow for a much wider range of v as indi-
Micas ] cated for granite. Limestones and sandstones have large ranges of observed
I v which are dependent upon the wide range of porosities and compositions
heldspats encountered. Loosely consolidated siliciclastic sediments, primarily muds
Calcite l and sands, are not expected at depth at the drill site; however, they are shown
Augite as they illustrate materials with vanishing rigidity.
I The ranges for the LID, LVZ, MELT, and PR in Figure 11 encompass 95%
Hornblende l A )
(mean + 2 standard deviations) of the calculated v (Equation 7) from the
0 Quartz velocity observations at all depths in each interval (Figure 10). The primaril
: y p g p y
0 01 0.2 0.3 0.4 0.5 calcite and a-quartz bearing LID sediments fall within ranges comparable
to low porosity limestones with the mean v below that for pure calcite. The
Figure 11. Poisson's ratio for various lithologies contrasted with those v for the post-impact LID sediments is at the high end of that expected for

observed in the Chicxulub borehole.

carbonates, and the mean value is close to that for a monocrystalline calcite

crystallite. These values are not atypical for low porosity carbonates (e.g.,

Njiekak & Schmitt, 2019). The v for the LVZ (Figure 12), MELT, and peak
ring (Figure 11) are all anomalously high relative to the closest comparable terrestrial lithologies of tuffs and the
constituent silicate melts. Only low velocity oceanic mafic materials, that have also experienced hydrothermal
alteration near mid-ocean ridges, have similar values (Figure 11). The unusual v ranges for the Chicxulub bore-
hole rocks are likely due to an anomalously low shear modulus as a result of multiple underlying factors. The
VSP shear waveform is poorly resolved in the LVZ, which further supports the assumption of an anomalously
low shear modulus.

The LVZ is a fining upward breccia with a matrix primarily composed of shocked ejecta particles. However, the
fining upward trend is general, and periodically reverts back to coarser grains which modulates the fining upward
trend with an oscillatory character. v and clast size both generally increase with depth within the LVZ, and major
grain size discontinuities appear at roughly the same depths as discontinuities in v (Figure 12). Although there is
a correlation between the LVZ fining upward sequence and v, this is not necessarily causative and further inves-
tigations into this trend are warranted.

5.3. Assessment of Damage in Peak Ring Materials

Numerical models of the formation of large impact structures are one key tool to understanding the evolu-
tion pressures, temperature, deformation, and final structure (Melosh et al., 1992; Okeefe & Ahrens, 1993)
that have progressively evolved to incorporate increasingly sophisticated estimates of porosity or damage
(Collins, 2014; Collins et al., 2004; Ivanov et al., 1997; Melosh et al., 1992; Wiggins et al., 2019). There are
numerous attempts to constrain the models from morphology (e.g., Baker et al., 2016), gravitational signatures
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Figure 12. Vp/Vs ratio in the Suevitic LVZ.

(Pilkington & Grieve, 1992), or seismic imaging (e.g., Collins et al., 2002). However, as noted by Collins (2014),
calibrating the levels of damage predicted in the models against actual impact structures remains challenging
on Earth due to the paucity of available pristine impact structures and the difficulties associated with direct
observation through drilling. Mapping of the structures in terms of seismic wave speeds that are sensitive to
damaged porosity can potentially provide some additional constraints.

In terrestrial situations, the influence of abundant macroscopic fractures and microcracks in diminishing seismic
wave speeds or elastic moduli as manifest by their nonlinear stress dependence has been known for over a century
(Adams & Williamson, 1923). The rock engineering community has most directly sought to exploit this link via
empirical relationships between P-wave velocities and various measures of rock damage such as the rock quality
index (Boadu, 1998; Dickmann, 2020; Sjogren et al., 1979). At larger scales, various lines of evidence including
trapped modes (e.g., Gulley et al., 2017), seismic tomography (e.g., Cochran et al., 2009; Thurber, 2006), and inter-
ferometry of ambient noise (e.g., Brenguier et al., 2019) suggest zones of diminished seismic velocities that are
interpreted as high levels of damage near fault zones in the brittle upper-crust (Ben-Zion & Sammis, 2003; Caine
et al., 1996). Measurements from boreholes using sonic logs (Moos & Zoback, 1983; Stierman & Kovach, 1979),
cross-well measurements (e.g.,Wong et al., 1983), and near surface refraction (Rempe et al., 2013) also indicate
the fracturing significantly lowers the waves speeds relative to laboratory measurements on the intact materials.
Generally, both V,, and Vj are reduced in such zones translating to increased R and v. Efforts have attempted to
extract the degree of damage from the observed wave speeds (e.g., Benson et al., 2006; Schubnel et al., 2006).
However, the correlations may not always be as direct as hoped (Rempe et al., 2018; Swanson et al., 2020).

In developing a model of the dynamic fragmentation of materials that is employed in many impact models, Grady
and Kipp (1987) defined the scalar measure of damage D that is bounded between O and 1. These bounds indicate
the evolution from a fully intact undamaged material (value of 0) to a state of complete failure and disaggregation
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(value of 1), such that it cannot support a tensile stress. As such, D is intended to be an internal state variable that
indicates the intensity of fracture damage in the material and is quantified through the reduction of the material's
flaw-free elastic modulus B, to that for the given level of damage B = (I — D)B, However, Grady and Kipp (1987)
did not specify which elastic modulus should be used. Bearing this concern in mind and using the simple relation
B = p(V,)?, Ahrens and Rubin (1993) expressed D in terms of either V, or V corresponding to the damaged
longitudinal (P-wave) M, = K, + 4y /3 and shear u, moduli, respectively as

2
My p (Ve
Dp=1- —=1- —( — 8
’ MD po(VPz)) ()
And
Ve \?
Ds=1-— Hi_1_ £<_5> ©9)
Ho Po \ Vso

One could also describe a damage parameter D, using knowledge of the damaged K, and intrinsic K, bulk moduli

2 2
Ky p Ve 4( Vs
Dr=1- — = 1—- — - =
K Ko Po [(VP0> 3<VSO> :| (10)

Ahrens and Rubin (1993) simplified Equations 8 and 9 by assuming that p = p, but we retain these terms given

less directly:

the large observed differences here and because damaged p are available from the core.

The damage parameters have been used in numerous high-velocity impact laboratory studies to assess the degree
of material disruption. D, and D have been particularly useful metrics to track changes in the degree of disrup-
tion extending radially from impacts into large target blocks. This is accomplished by measuring V,, directly on
samples cut from the shocked blocks (Ahrens & Rubin, 1993; Ai & Ahrens, 2007) or indirectly via wave speed
tomography (Moser et al., 2013; Raith et al., 2018; Xia & Ahrens, 2001). D, has been particularly useful in
connecting damage to attenuation and induced micro-crack densities (Liu & Ahrens, 1997) in materials from
these experiments, although these the magnitudes of these damage measures were not linked more directly to
levels of strain experienced by the sample. Further, we are not aware of any prior damage parameters estimates
from rock samples or indirect seismic measurements on terrestrial impact structures.

The in situ seismic wavespeeds in hole M0077a are highly attenuating, as shown by low Q factors (Figure 13d)
from spectral ratio analysis (Nixon et al., 2020). Curiously, although attenuation decreases with depth within
this hole as shown by increasing 0, damage parameters appear to be relatively consistent throughout the hole
(Figure 13b). The values shown in Figure 13b all indicate high levels of damage within the peak ring materials,
yet the values of the three damage parameters differ significantly from one another. D, is always larger (0.7-0.75)
than D, (0.5-0.6), with D, laying between the two values, by definition of elastic moduli. This indicates that the
deficit of Vg is greater than that for V, as was suggested by the elevated values of R. The reasons for this discrep-
ancy are not yet understood, but may be related to the displaced materials' point of origin within the un-displaced
target hemisphere. Wiggins et al. (2019) incorporated tensile and shear damage parameterization into shock
physics hydrocode iSALE-2D for hypervelocity impacts from 100 m to 100 km in diameter in Lunar basalt; both
tensile and shear damage with similar values to those shown here (~0.5 and 0.75, respectively) were found on
the boundary between the pure shear damage zone and mixed shear/tensile damage zone, at ~1/10 of the radius
of the transient crater.

5.4. Characterization of Block Sizes

Within the PR, V,

P log
upper PR, approaching 15% (Figure 8). With a similar trend observed in the longitudinal damage parameter (blue

(A ~1m) are ~5% less than V, ¢, (A ~ 50m); this discrepancy is more pronounced in the

circles compared to solid blue lines in Figure 13), this frequency dependent response may be due to dominance
of characteristic acoustic fluidization block size (Riller et al., 2018). Riller et al. (2018) suggest a characteristic
block size as low as 2.3 m, on the basis of cataclasite and ultra cataclasite zones. This finding is supported by
a relatively high cataclasite count in the region 750 mbsf — 850 mbsf, the depth with the greatest sonic/VSP V,,
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Figure 13. Damage parameterization of peak ring granitoids and simplified geological column. (a) Dynamic longitudinal or
P-wave (green), bulk (blue), and shear (red) moduli. (b) Corresponding longitudinal (green), D, bulk (blue), and shear (red)
Dy damage parameters. Continuous lines calculated from sonic log velocities. Discrete filled circles calculated using VSP
obtained velocities. (c) Simplified stratigraphy. (d) Quality factor versus depth, originally from Nixon et al. (2020).

discrepancy (Figure 8). However speculative, dominance of smaller effective acoustic fluidization block size
toward the top of the PR granitoids is additionally confirmed intuitively, since smaller blocks would be displaced
farther more easily.

5.5. Implications for Future Extraterrestrial Seismic Investigations

The gross features of the Chicxulub structure remain well preserved, owing to burial by later Cenozoic sediments.
As such, it is worthwhile to consider how Chicxulub might serve as an analog to future hypothetical extrater-
restrial seismic investigations on the Moon or Mars. Larger impact craters on all of these bodies will typically
exhibit central peaks or peak rings, melt sheets, and breccia/suevite veneers. To reiterate, vertical seismic data at
site MOO77 on the peak ring of Chicxulub includes reflections originating from the discontinuities in impedance
at the top and bottom of the LVZ. These contrasts may be influenced by long-term hydrological alteration of the
original breccias and suevites with the fluid fluxes potentially also stiffening the sediments of the LID; much
of this response relied on the abundance of water. Additionally, the presence of a sorted suevite that makes up
the bulk of the LVZ (Units 2a and 2b above 705.5 mbsf) required water in the form of an ocean resurge (Gulick
et al., 2019; Ormo et al., 2021).

There is abundant evidence for the existence of surface water in Mars' past from numerous lines of inquiry
(Filiberto & Schwenzer, 2018), and extensive reservoirs may still reside in its subsurface (Lasue et al., 2019). The
presence of abundant water, even if it originates underground, suggests that the impactites on Mars could simi-
larly be subject to post-impact hydrological alteration. Whether the structure might be preserved by subsequent
sedimentation would depend critically, as it does on Earth, on the nature and location of the target (e.g., land,
liquid water, ice, etc.) and size/speed of the impactor. However, atmospheric conditions on Mars have likely not
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been conducive to standing bodies of water for nearly 3.7 Ga (Pollack et al., 1987; Worsdworth, 2016), suggesting
that any potential analogy between the seismic responses of a sedimentary capped Martian impact structure and
the seismic structure of Chicxulub may only be relevant for pre-Noachian and Noachian impacts.

Free water is not expected in any important quantities in the Moon (Honniball et al., 2021), likely precluding any
significant hydrothermal alteration of impactites after the volatile depletion period (Hauri et al., 2015) of lunar
history. Older lunar impact structures, however, will be buried by the slow progressive buildup of the regolith.
Controlled source seismic tests during the Apollo program suggest that V,, of the regolith near the surface is very
low (Cooper et al., 1974; Kovach & Watkins, 1973). One might reasonably expect the seismic properties of the
displaced and damaged ‘bedrock’ with the proximal blanketing by melt and breccias to be similar to those at
Chicxulub described here. Consequently, although there will be no hydrothermal alteration, one could anticipate
a strong contrast in seismic impedance between impactites and later deposited regolith.

Although impact structures are rare on Earth, they dominate the crusts of many other rocky bodies. Understanding
damage in the near surface lithology will be important for construction projects on our own Moon, of which ~1/2
of the surface is impact ejecta and likely all has at least micrometeorite damage (Anders et al., 1973). Indeed,
impact basins are flat and low in elevation, both desirable traits for lunar construction projects; understanding the
geoengineering response in impact basins is therefore important for successful colonization of the Solar System.

6. Conclusions

Detailed analysis of the vertical seismic profile obtained during the IODP/ICDP Expedition 364 Chicxulub
impact structure scientific drilling project reveals the factors controlling the character of the K-Pg seismic bound-
ary reflection event, illustrates the chaotic nature of the seismic wavefield within the highly damaged peak ring,
and allows for assessment of damage levels.

Modeling confirms that the character of the seismic reflections at Site MO077 within the impact sequence results
primarily from tuning of reflections originating at the abrupt discontinuities in impedance at the top and bottom
of a low velocity zone (LVZ) formed dominantly of suevite deposited by ocean resurge. The mechanical and
density variations that control the seismic reflectivity at the top of the Chicxulub structure are clear. However, the
reasons for the high seismic impedance of the earliest sedimentary materials relative to the underlying suevite and
melt rock of the LVZ are not so apparent. Hydrothermal alteration has been well documented in the LVZ, and the
change in mineralogy and porosity will certainly have influenced the wave speeds and density through this zone.
These fluid fluxes also likely contributed to stiffening those sediments deposited following the impact forming
the higher sedimentation rate portions of Paleocene section of the LID, but whether such circulation could persist
long enough to explain the elevated density and wave speeds through the younger Eocene sediments is not obvi-
ous. Other mechanisms that could play a role include compaction and cementation. Additional detailed studies,
including microscopy to elucidate pore structures and the prevalence of dissolution, or secondary precipitation of
minerals, and mechanical wave speed and strength measurements on the core materials through the LID, particu-
larly those above the Paleocene-Eocene Thermal Maximum that have not yet received much attention, will be
necessary to better understand the factors influencing the physical properties of these sediments.

The character of the seismic wavefield changes significantly as it passes from the post-impact impactites and
sediments into the highly damaged peak ring granitoids. The upgoing vertical component wavefield displays clear
reflections in the sediments, whereas no strong coherent events exist within the peak ring. From the horizontal
components, a weak but distinct shear wave may be followed through the sediments; however, this wavefield
becomes chaotic in the peak ring, making tracing a shear arrival tenuous. These observations indicate a highly
heterogeneous structure to the peak ring that scatters the seismic energy. A full understanding of this phenome-
non is beyond the scope of this contribution, but efforts are underway to better characterize this through various
measures such as apparent attenuation (Nixon et al., 2020).

V., values from both sonic logging and the VSP are anomalously low within the Chicxulub peak ring, consistent
with earlier studies that documented anomalously low V,, and p in this region. Having measures of both V, and
V, allows determination of their ratio R and of Poisson's ratio v, both of which are elevated relative to compara-
ble, but undamaged, terrestrial lithologies. As such, R and v could be useful attributes for mapping the extent of
damage beneath impact structures on the terrestrial planets.
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