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Abstract

The Chicxulub impact crater in Mexico is unique. It is the only
known terrestrial impact structure that has been directly linked to a
mass extinction event and the only terrestrial impact with a global
ejecta layer. Of the three largest impact structures on Earth, Chicx-
ulub is the best preserved. Chicxulub is also the only known terres-
trial impact structure with an intact, unequivocal topographic “peak
ring” Chicxulub’s role in the Cretaceous/Paleogene (K-Pg) mass ex-
tinction and its exceptional state of preservation make it an import-
ant natural laboratory for the study of both large impact crater
formation on Earth and other planets and the effects of large im-
pacts on Earth’s environment and ecology. Our understanding of
the impact process is far from complete, and despite more than 30y
of intense debate, we are still striving to answer the question as to
why this impact was so catastrophic.

International Ocean Discovery Program (IODP) Expedition 364
proposes to core through the peak ring of the Chicxulub impact cra-
ter to investigate (1) the nature and formational mechanism of peak
rings, (2) how rocks are weakened during large impacts, (3) the na-
ture and extent of postimpact hydrothermal circulation, (4) the
deep biosphere and habitability of the peak ring, and (5) the recov-
ery of life in a sterile zone. Of additional interest is the transition
through a rare midlatitude record of the Paleocene/Eocene Thermal
Maximum (PETM); the composition and character of impact brec-
cias, melt rocks, and peak-ring rocks; the sedimentology and strati-
graphy of the Cenozoic sequence; and any observations from the
core that would help us constrain the volume of dust and climati-
cally active gases released into the stratosphere by this impact. Pet-
rophysical property measurements on the core and wireline logs
will be used to calibrate geophysical models, including seismic re-
flection data. Proposed drilling directly contributes to the IODP sci-
ence plan initiatives (1) Deep Biosphere and the Subseafloor Ocean
and (2) Environmental Change, Processes and Effects, in particular
the environmental and biological perturbations caused by the
Chicxulub impact.

Expedition 364 will be implemented as a mission-specific plat-
form expedition to obtain subseabed samples and downhole logging
measurements from the peak ring of the Chicxulub impact crater.
The expedition aims to core a single borehole as deep as 1500 me-
ters below seafloor (mbsf) to recover rock cores from above and
into the Chicxulub impact crater preserved under the Yucatdn con-
tinental shelf.

Schedule for Expedition 364

Expedition 364 is based on International Ocean Discovery Pro-
gram (IODP) drilling Proposal 548-Full3 and Addendum 548-Add4.
Following ranking by the IODP Science Advisory Structure, the ex-
pedition was scheduled by the European Consortium for Ocean Re-
search Drilling (ECORD) Facility Board as a mission-specific
platform (MSP) expedition to be implemented by the ECORD Sci-
ence Operator (ESO). At the time of publication of this Scientific
Prospectus, the expedition is scheduled for April-May 2016 with a
total of 60 days available for the drilling, coring, and downhole mea-
surements described in this prospectus and on the ESO Expedition
364 webpage. The Onshore Science Party (OSP) is provisionally
scheduled to start September 2016 and last for approximately 3
weeks (dependent on core recovery).

The following links should be used in conjunction with this Sci-
entific Prospectus:
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« Proposal 548-Full3 can be found at
https://www.iodp.org/doc_download/2292-548-full3cover,
and Addendum 548-Add4 can be found at
http://www.eso.ecord.org/docs/364/548-Add4_Morgan.pdf.

» The Expedition 364 webpage will be periodically updated with

expedition-specific information on the platform, facilities, cor-

ing strategy, measurements plan, scheduling, and port call

(http://www.eso.ecord.org/expeditions/364/364.php).

General details about the offshore facilities provided by ESO are

provided on the ESO-specific webpages on the MARUM web-

site (http://www.marum.de/en/Offshore_core_cura-
tion_and_measurements.html).

General details about the onshore facilities provided by ESO are

provided on the ESO-specific webpages on the MARUM web-

site (http://www.marum.de/Onshore_Science_Par-
ty_OSP.html).

Supporting site survey data for Expedition 364 are archived in

the IODP Site Survey Data Bank (http://ssdb.iodp.org/SSD-

Bquery/SSDBquery.php; choose P584 in the Proposal number

selection box). Please note that not all site survey data associated

with this expedition are publicly available.

*

*

*

Introduction

Peak rings are rings of hills that protrude through the crater
floor within large impact basins on terrestrial planets (Figure F1),
and there is no consensual agreement on either their formational
mechanism or the nature of the rocks that form them (Grieve et al.,
2008). Geophysical data indicate that the peak ring at Chicxulub is
formed from rocks that have low velocity and density, and one ex-
planation for this is that they are highly fractured and porous (Mor-
gan et al,, 2000, 2011; Gulick et al., 2013). Immediately after impact,
the peak ring was submerged under water and located adjacent to a
thick pool of hot melt rocks. Hence, we expect intense hydrother-
mal activity within the peak ring (Ames et al., 2004; Ziircher and
Kring, 2004). This activity might have provided a niche for exotic
life forms, similar to the way hydrothermal vent systems do so in
oceans. Drilling the peak ring will determine the origin, lithology,
and physical state of the rocks that form it and allow us to distin-
guish between competing models of peak-ring formation and docu-
ment the hydrothermal systems and microbiology.

Background
The peakring

The term “peak ring” was first used to describe the often discon-
tinuous mountainous ring that rises above the floor of large craters
on the Moon. Peak rings are internal to the main topographic crater
rim (Figure F1). Since they were first identified on the Moon, peak
rings have been observed in large terrestrial craters on all large
rocky planetary bodies. Notably, peak rings do not appear to occur
on the icy satellites of Jupiter and Saturn, which indicates that
crustal rheology plays a role in their formation. The peak ring is a
topographic feature: it protrudes through the impact melt and brec-
cia that line the floor of the crater and stands above the surrounding
terrain. As a result, the unequivocal identification of a peak ring in
Earth’s largest craters is compromised by inevitable erosion and/or
tectonism.

Two seismic experiments were conducted in 1996 and 2005
across the Chicxulub impact structure (Figure F2) (Morgan et al.,
1997; Gulick et al., 2008). Reflection seismic data image impact li-
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thologies and structures to the base of the crust 35 km deep
(Christeson et al., 2009; Gulick et al., 2013). The impact basin is bur-
ied beneath a few hundred meters of Cenozoic sediments, and the
present-day Cretaceous/Paleogene (K-Pg) surface deepens to ~1 s
two-way traveltime (~1 km), revealing a ~145 km diameter postim-
pact basin (Morgan and Warner, 1999) with ring-shaped faults
reaching diameters >200 km (Gulick et al., 2008). Within this post-
impact basin, there is a ~80 km diameter topographic ring that ap-
pears analogous to peak rings observed on other planetary bodies
(compare Figures F1, F3, F4). Reflective preimpact stratigraphy
(Mesozoic sediments) were tracked around the crater, and large off-
sets in the stratigraphy define a 20-35 km wide terrace (or mega-
block) zone (Figure F3) (Gulick et al.,, 2008, 2013). Morgan and
Warner (1999) argue that the head scarp of this terrace zone is anal-
ogous to the crater rim in peak-ring craters (Figure F1), and rings
outside the head scarp (Figure F3) suggest that Chicxulub is a mul-
tiring basin (Morgan et al., 1997; Gulick et al., 2008). The acquired
seismic data show that the water depth is deeper and the Mesozoic
sediments thicker in the northeast quadrant of the crater (Bell et al,,
2004; Gulick et al., 2008) and that lateral variation in the target at
the impact site might explain the current crater asymmetry (Collins
et al,, 2008). Velocities and densities of the rocks that form the peak
ring are low (Morgan et al., 2000; Vermeesch and Morgan, 2008;
Barton et al., 2010), and a high-resolution velocity model obtained
using full-waveform inversion (Figure F4) shows that the upper-
most peak ring is formed from about 100-150 m of rocks with very
low P-wave velocity (Morgan et al., 2011).

Given the lack of intact peak rings exposed at Earth’s surface,
there is no consensus as to either their geologic nature (what mate-
rial they are composed of and from what stratigraphic location this
material originates) or their mode of formation. Numerical simula-
tions of large crater formation suggest that a peak ring is formed
during the collapse of a deep bowl-shaped “transient cavity” formed
during the initial stages of cratering (Figure F5A) (Morgan et al.,
2000; Collins et al., 2002; Ivanov, 2005; Senft and Stewart, 2009).
During this collapse, structural uplift of the crater floor produces a
central uplift that is overheightened and unstable under gravity
(Figure F5B). The subsequent outward collapse of the central uplift
in some way leads to the formation of a ring of peaks between the
crater center and the crater rim (Morgan et al.,, 2000, 2011). This
model for peak-ring formation is consistent with seismic data that
show downthrown Mesozoic rocks lie directly beneath the peak
ring at Chicxulub at all azimuths (Morgan et al., 2000; Gulick et al.,
2013). However, the precise kinematics and details of the mechanics
of cavity modification remain unclear. Moreover, that such em-
phatic collapse of the transient crater occurs at all requires substan-
tial weakening of target rocks relative to their static laboratory-
measured strength (Melosh, 1979; O’Keefe and Ahrens, 1993). In
numerical models, the precise kinematics of crater collapse and
peak-ring formation is dependent on near-surface rheology, as well
as the spatial extent, nature, and timing of the weakening of the tar-
get rocks (e.g., Witnnemann et al., 2005).

Previous drilling

Petréleos Mexicanos (Pemex) drilled several deep (~1.6 km)
holes into or close to the Chicxulub crater (Figure F2), completing
their drilling in the mid-1970s (Figure F6A). Unfortunately, the
amount of coring was limited, and their interest in the area waned
after they intercepted Paleozoic basement and impactites without
any sign of hydrocarbons. Very few samples of the impact litholo-
gies found in these wells are now available for examination. The
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Universidad Nacional Auténoma de México (UNAM) conducted a
shallow drilling program in the 1990s, during which impact litholo-
gies were penetrated at 3 sites: U5, U6, and U7 (Urrutia-Fucugauchi
et al.,, 1996). International Continental Scientific Drilling Program
(ICDP) borehole Yax-1 was drilled ~60 km south-southwest of the
crater center (Stoffler et al., 2004; Urrutia-Fucugauchi et al., 2004)
within the impact basin and inside a ring of cenotes (Figure F6A).
The stratigraphy of the Chicxulub crater was constructed using the
available core from these programs and the original Pemex logs
(Figure F6B, F6C) (Ward et al., 1995; Rebolledo-Vieyra and Urru-
tia-Fucugauchi, 2004).

The onshore wells indicate that postimpact sediments deepen
from a few hundred meters at radii >90 km to ~1.1 km within the
center of the postimpact basin (Figure F6B); this thickening of the
Cenozoic sequence is in agreement with the offshore seismic data.
Within the postimpact basin, Wells C1, S1, and Y6 penetrated a few
hundred meters of melt-bearing impact breccia, Wells C1 and Y6
reached the true impact melt rock, whereas outside the basin, Wells
T1,Y2, Y5A, Y1, and Y4 penetrated a few hundred meters of melt-
poor impact breccia (Hildebrand et al., 1991; Sharpton et al., 1996;
Urrutia-Fucugauchi et al., 2011). Several wells penetrated thick se-
quences of Cretaceous rocks. Close to the structure, these se-
quences are ~2 km thick and comprise dolomites and carbonates,
with some thick beds of Lower Cretaceous anhydrite. Wells Y1 and
Y2 penetrated Paleozoic basement at ~3.3 km. UNAM Well U5
shows Cenozoic rocks above melt-bearing impact breccia, and at
Site U7, melt-bearing impact breccia overlies melt-poor breccia
composed mainly of sedimentary clasts rich in evaporitic material
(Urrutia-Fucugauchi et al., 2008). The upper breccias have high
magnetic susceptibilities, low seismic velocities, low density, and
high porosities and permeabilities; the lower breccias, in contrast,
show low susceptibilities, variable seismic velocities, and lower po-
rosities and permeabilities (Urrutia-Fucugauchi et al., 1996; Re-
bolledo-Vieyra and Urrutia-Fucugauchi, 2006). At Site U6, the
Cenozoic rocks directly overlie this melt-poor breccia, with an ero-
sional contact between them (Figure F6C). The melt-poor breccia
in the two UNAM wells could be the same impact breccia observed
in Y4, Y1, Y5A, Y2, and T1. No onshore wells have penetrated the
peak ring, and no offshore wells have been drilled into the Chicxu-
lub impact structure.

ICDP Hole Yax-1 is located ~60 km radial distance from the cra-
ter center and is positioned interior of the crater rim. Drilling recov-
ered core from the ~800 m thick Cenozoic sequence, impact
breccias, and underlying Cretaceous rocks to 1511 m (Urrutia-
Fucugauchi et al., 2004). The earliest Cenozoic sediments indicate
that gravity flows and resurge deposits formed part of the initial cra-
ter fill (Goto et al., 2004; Whalen et al., 2008) and contain geochem-
ical evidence for long-lasting hydrothermal venting into the ocean
(Rowe, et al., 2004; Ziircher and Kring, 2004). Unfortunately, its lo-
cation on a steep slope means studies of the postimpact section
were plagued by coarse-grained redeposited carbonates and lithifi-
cation, and much of the Paleocene appears to be missing (Arz et al.,
2004; Smit et al.,, 2004; Rebolledo-Vieyra and Urrutia-Fucugauchi,
2004; Whalen et al., 2013). The 100 m thick impactite sequence is
complex and comprises six distinct units (Claeys et al., 2003; Kring
et al., 2004; Stoffler et al., 2004; Wittmann et al., 2004) that have
been modified by postimpact hydrothermal circulation (Hecht et
al,, 2004; Zuircher and Kring, 2004). The Cretaceous rocks appear to
be formed from a number of megablocks composed of dolomite,
limestone, and about 27% anhydrite that have rotated relative to
each other, probably during the crater modification stage (Kenk-
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mann et al., 2004). The megablock lithologies are intruded by im-
pact melt dikes and clastic, polymict dikes (Wittmann et al., 2004).

Proposed drilling

Expedition 364 will drill a 1500 m deep hole (Chicx-03B) into
the peak ring approximately 45 km from the crater center, which,
when projected onshore, lies between Pemex Wells S1 and Y6 (Fig-
ure F6B). Coring will start in the Cenozoic section at 500 meters
below seafloor (mbsf) (Figure F4); the Paleocene/Eocene Thermal
Maximum (PETM) is predicted to occur at ~600 mbsf, and the K-Pg
boundary is predicted at ~650 mbsf. The uppermost peak ring
rocks are formed from 100-150 m of low-velocity material that is
most likely allochthonous impact breccia. A low-frequency reflec-
tor at the base of this interval is coincident with an increase in ve-
locity and likely represents a transition to true peak-ring lithologies
(Figure F4). The peak-ring rocks are predicted to comprise uplifted
fractured basement intruded by dikes but might also contain
pseudotachylytic breccia. Alternatively, they might be formed from
a megabreccia with megablocks of Mesozoic and basement litholo-
gies.

Scientific objectives

Expedition 364 will address the following objectives through the
proposed drilling:

» The nature and formation of a topographic peak ring;

» The process of how rocks are weakened during large impacts to
allow them to collapse and form relatively wide, flat craters;

« The nature and extent of postimpact hydrothermal circulation;

« The habitability of the peak ring and effect of this impact on the
deep biosphere;

» The recovery of life in a sterile zone;

+ The nature of the PETM transition;

¢ The nature and composition of the impact breccias, melt rocks,
and peak-ring rocks;

« The climatic effects of this impact;

« The sedimentology and stratigraphy of the postimpact se-
quence; and

« The calibration of geophysical models of the crater using core
and wireline logs.

1. The nature and formation of peak rings

Proposed Hole Chicx-03B will sample material that forms a
topographic peak ring (Figure F4) to reveal the lithologic and phys-
ical state of these rocks, including porosity, fracturing, and extent of
shock effects. The recovered core will be used to test the working
hypotheses that peak rings are formed from (1) overturned and up-
lifted basement rocks, (2) megabreccias, or (3) some other material.
If the peak ring is formed from uplifted rocks, as predicted by sev-
eral independent numerical simulations of crater formation (Figure
F5) (Collins et al. 2002; Ivanov 2005; Senft and Stewart, 2009), we
can estimate their depth of origin (upper crust or deeper) using
metamorphic grade, thermochronology, and possibly remanent
magnetism. The orientation of impact-induced discontinuities,
which might include breccia zones, brittle shear faults, and melt-
filled fractures, will be used to infer the strain geometry (i.e., the ori-
entation, and potentially also the magnitude, of the three principal
strain axes during peak-ring formation) and thus constrain the kine-
matics of peak-ring formation. Collectively, these data will be used
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to discriminate between models of peak-ring formation and to
groundtruth dynamic models of crater formation, which now in-
clude dilatancy, the increase in porosity induced during cratering,
and the cause of the gravity low across impact craters (Collins,
2014). For example, shock levels within the peak ring are predicted
to be relatively lower in the model by Baker and Head (2015), which
is based on spectral analyses of lunar peak rings. Numerical simula-
tions and observations from West Clearwater suggest higher shock
pressures and a rapid decrease in shock pressure with depth (Rae et
al., 2015).

2. The weakening mechanism

Numerical modeling of large impacts indicates that the rocks
must behave in a fluid-like manner for a short period of time after
impact to allow the dramatic collapse of a large bowl-shaped tran-
sient cavity to form a broad, flat final crater. In these models, the
material that forms the peak ring has traveled the greatest distance
during crater formation (e.g., Figure F5) and should thus have un-
dergone the most mechanical weakening. Providing a physical ex-
planation for the apparent transitory low strength of the target is an
enduring and challenging problem in impact cratering mechanics.
Proposed weakening mechanisms include acoustic fluidization
(Melosh, 1979; Melosh and Ivanov, 1999), thermal softening
(O’Keefe and Ahrens, 1993), and strain?rate weakening (Senft and
Stewart, 2009). Geological investigations at complex craters have
provided clues to the weakening mechanism, such as evidence for
cataclastic flow (Kenkmann, 2003) and the identification of individ-
ual blocks surrounded by breccias in accordance with the block
model of acoustic fluidization (Ivanov, 1994; Kenkmann et al., 2005;
Riller and Lieger, 2008). Eroded complex craters often possess large
zones of pseudotachylytic breccia that might act to reduce friction
on fault planes (Spray 1992; Reimold and Gibson, 2005; Mohr-
Westheide et al., 2009; Riller et al., 2010), although this appears to
be in conflict with observational data that suggest melt was em-
placed in a tensional stress regime (Lieger et al., 2009).

Quasistatic mechanical loading tests of intact and brecciated
target material will be used to measure the strength difference be-
tween friction?controlled deformation of crushed rock and frac-
ture-controlled deformation of intact rock. Such data, along with
our analyses of samples of the peak-ring rocks, will be used to inves-
tigate what mechanism(s) allow the target rocks to behave tempo-
rarily as a fluid when hit by a hypervelocity impact.

3. Hydrothermal circulation

Both the postimpact sediments and peak-ring rocks will be ex-
amined for evidence of hydrothermal alteration and postimpact
venting into the ocean to answer questions such as “How long did
the circulation last?” and “How high was the peak temperature?”
This line of inquiry will include petrological assessment, thermo-
chronology, and X-ray diffraction (XRD), X-ray fluorescence (XRF),
fluid inclusion, and stable isotope analyses to examine the alteration
assemblage and characterize the hydrothermal fluid composition
(Ames et al., 2004; Liuders and Rickers, 2004; Ziircher and Kring,
2004; Osinski et al., 2005, 2013). Hydrothermal circulation might
have been focused in specific zones as it was in Hole Yax-1 (along
faults and lithological contacts), or it might have been more perva-
sive. Wireline logs will be used to measure fracture density and, in-
directly, porosity, which will help assess ancient permeability—an
important parameter in modeling hydrothermal systems (Abramov
and Kring, 2007).
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4. Deep biosphere and habitability

Analyses at different depths of the borehole, focusing on sam-
ples of melt, crystal xenoliths embedded in the melt, and crystals
from the peak ring itself, will be used to determine the duration of
the crater cooling from 500°C to below 200°C and ultimately pro-
vide better quantification on how long a crater stays warm enough
to be suitable for life evolution and deep subsurface microbial com-
munities.

Both the postimpact sediments and peak-ring rocks will be ex-
amined for present-day microbiology and biosignatures of past life.
Impacts can have an adverse effect on the deep biosphere because
of hydrothermal sterilization but might also lead to an increase in
microbial abundance due to impact-induced fracturing (Cockell et
al,, 2002, 2005; Cockell and Osinski, 2007). The diversity of micro-
bial life will be quantified and compared with geological and geo-
chemical data to answer questions such as “Was the microbiology
shaped by the postimpact hydrothermal system?” and “Did organic
matter get trapped within hydrothermal minerals?” The deep bio-
sphere will be investigated using culturing, molecular biological
analyses of DNA, and searching for biosignatures such as hopanoids
and other lipids/biomolecules, as well as paired analyses of paleome
and lipid biomarkers (Cockell et al., 2005, 2009; Coolen and Over-
mann, 2007; Coolen et al.,, 2013). Iron isotopes will also be used to
detect biosignatures because they are particularly useful for studies
of ancient, severely metamorphosed and/or altered rocks (Yamagu-
chi et al., 2005). The rehabitation of the deep biosphere following a
large impact will shed light on whether peak rings and impact brec-
cias are an ecological niche for exotic life and thus potentially im-
portant habitats for early life on Earth (Kring and Cohen, 2002;
Bryce et al,, 2015).

5. Recovery of life

Immediately after impact, the ocean is locally likely to have been
sterile. We will core through the postimpact sediments to examine
the recolonization of the ocean, including “What biota came back
first (benthic vs. planktonics, dinoflagellates, and specialists vs. gen-
eralists)?” “How long did it take to return to normal conditions?”
and “Did cold-water species return quickly?” Of interest will be the
nannoplankton recovery at “ground zero” in comparison to the
global response (e.g., Jiang et al., 2010). There might have been a sig-
nificant lag in recovery due to a long-term, impact-initiated hydro-
thermal circulation system (Abramov and Kring, 2007). Diversity
might have gradually recovered, with the hardiest taxa appearing
first and other taxa taking longer to populate the impact basin, or
the whole assemblage might have returned simultaneously once the
environment stabilized. Reconstruction of the earliest Paleocene
environment will be achieved using stable isotopes of planktonic
and benthic foraminifers and fine-fraction carbonates. Many stud-
ies of plankton in the early Danian are from deep-water or shelf en-
vironments, and if the Danian is expanded in proposed Hole Chicx-
03B, the recovery can be examined in more detail. Study of bio-
markers at the molecular level (high-pressure liquid chromatogra-
phy [HPLC], liquid chromatography—mass spectrometry [LC-MS])
and pigments (chlorophylls, bacteriochlorophylls, and its degrada-
tions products) from photosynthetic organisms (algae and photo-
synthetic bacteria) might indicate changes in and evolution of
photosynthetic organism populations after the impact.

It is expected that both marine and terrestrial organic matter
have accumulated in the postimpact sediments and that the paired
stratigraphic analysis of the paleome and lipid biomarkers and their
isotopic compositions using precisely dated core material will pro-
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vide detailed insights into postimpact environmental conditions
and the recovery and evolution of surface and deep subsurface life
(Coolen et al., 2007, 2013). Of interest is the ocean chemistry and
temperature immediately following the impact and any indicators of
climatic recovery. Are there signs of local hydrothermal venting
(Zurcher and Kring, 2004), short-term global cooling (Vellekoop et
al., 2014), and/or indicators of ocean acidification? How long did it
take to return to normal conditions? Oxygen isotope ratios, in par-
ticular, will help constrain surface and bottom water temperatures
in the immediate postimpact interval. Intrinsic magnetic properties
of sediments can be used as proxy of the relative abundance of bio-
genic versus detrital fraction in the sediments, and changes in mag-
netic mineralogy can be attributed to changes in the depositional
environment (redox conditions, detrital source, etc.).

6. PETM and hyperthermals

Many PETM transitions suffer from poor preservation due to
dissolution. The section we will recover at Chicxulub might be atyp-
ical, as it is in a midlatitude location and within a semi-isolated ba-
sin above the calcium compensation depth (CCD) and thus
carbonate sediment accumulation should have been maintained
throughout the PETM interval. The position of the coring site (on a
topographic high some distance from the crater rim) will hopefully
mean that the PETM succession is not plagued by coarse-grained
redeposited carbonates, as was the case in Hole Yax-1. Thus, there
is a possibility that the section might be able to address the relative
timing of benthic extinction versus the spike in Carbon-13. Key to
understanding this interval will be the documentation of changing
paleoceanographic conditions (depth and redox state), sedimentary
environments, and biological productivity. Biological productivity
will be evaluated through analysis of total organic carbon, stable
isotopes from organic matter (C and N) and carbonates (C and O),
and XRF geochemical analyses to determine concentrations of mi-
cronutrients such as Cu, Ni, and Zn. Biomarkers might be able to
distinguish between terrestrial and methane hydrates and thus help
constrain the cause of warming. High-resolution biostratigraphy
and magnetostratigraphy will be used to obtain a robust age model
in the postimpact sediments and identify key events in the cored in-
terval, including the hyperthermals (e.g., the Elmo event) and
PETM.

7. Impact breccias, melt rocks, and peak-ring rocks

We expect to recover impact breccias that contain clasts of the
target sedimentary sequence and basement rock. Chicxulub brec-
cias appear to be quite variable, in particular with respect to the
amount of anhydrite and the lithology and age of basement clasts
(Kettrup et al., 2000; Kring, 2005). The mineralogical and geochem-
ical characterization of the impactites and peak-ring rocks will pro-
vide key information on target rock composition (Koeberl et al.,
2012). We will also search for an extraterrestrial signature using
platinum group element (PGE) analyses and Os and Cr isotopes
(Gelinas et al.,, 2004; Tagle and Hecht, 2006; Goderis et al., 2012;
Sato et al., 2013, 2016) to determine whether a measurable fraction
of the projectile remains at the impact site or whether most projec-
tile material ends up within the global K-Pg layer. High-resolution
“0Ar/*Ar analyses and electron microscopy on shocked and melted
impactites and U-Pb dating of zircon will be used to study their
thermochronologic and deformational history and for high-preci-
sion dating of the Chicxulub impact. Shock metamorphism of the
feldspathic components will be used to investigate how impact pro-
cesses affect argon (Ar) retention (Pickersgill et al., 2015). Shock
metamorphism and pyrometamorphic indicators for the rock-
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forming minerals will help constrain peak shock pressure and tem-
perature regimes (Grieve et al., 1996; Tomioka et al., 2007; Ferriére
et al., 2008; Rae et al., 2015). Compositional and structural investi-
gations of any intruded dikes will allow assessment of their origin,
energy of emplacement, and timing and, for example, discover
whether melt within dikes is more mafic than the impact melt in the
central crater, as it is in Hole Yax-1 (Wittmann et al., 2004).

Magnetic susceptibility and paleomagnetic measurements will
be used to investigate whether hydrothermal circulation led to the
formation of ferromagnetic minerals and a chemical remanent mag-
netization (Quesnel et al., 2013). These measurements will also
evaluate whether hydrothermal circulation is the source of the
strong magnetic anomaly recorded at surface and whether a com-
ponent of the natural remanent magnetization is shock induced
(Tikoo et al., 2015), or detrital (detrital remanent magnetization
[DRM)), as it is in the postimpact sediments in Hole Yax-1 (Re-
bolledo-Vieyra and Urrutia-Fucugauchi, 2004).

8. Dust and climatically active gases

The study of the shock and thermal effects recorded in the car-
bonate and evaporite impactites will help to constrain more pre-
cisely the degassing process of carbonates and evaporates from the
Yucatan target rock. Placing constraints on the impact energy with
numerical simulations and the lithology, shock state, and porosity of
the target rocks is important, as these are all critical input parame-
ters for modeling the environmental effects of this impact (Pope et
al., 1997; Pierazzo et al., 2003).

9. Postimpact sequence, including resurge and/or tsunami deposits
Was the peak ring (being a topographic high) protected from re-
surge deposits? Or is it covered by wash-back deposits such as mul-
titiered, coarse-grained, cross-bedded sediments overlain by a K-Pg
Ir-rich layer? There might also be evidence of repeated tsunami and
seiche surges, as observed in the Brazos River, Texas (USA), in the
form of several distinct graded layers (Vellekoop et al., 2014).

We will use drilling, a vertical seismic profile (VSP) experiment,
and other logging data to identify the borehole depths and core-
based lithologic contrasts that generate horizons in our reflection
data (Figures F2, F3, F4). With this core-log-seismic mapping, we
can identify the stratigraphic age of reflectors and map these across
the impact basin using the extensive suite of seismic reflection data
acquired in 1996 and 2005. Sedimentological and stratigraphic data
are key to understanding the paleoceanographic and sea level his-
tory across this impact basin (Whalen et al., 2013). Detailed bio-
stratigraphic and sedimentologic studies including analysis of grain
size, mineralogy, sedimentary structures, and ichnofabric will be
crucial in documenting the postimpact sedimentary history. Drill-
core data will be used to groundtruth seismic reflectors that can be
tracked into adjacent deep-water sections to help understand the
nature of Lower Cenozoic sequences in the Gulf of Mexico, which
are difficult to date because of the lack of publicly available scientific
cores. This mapping into the broader Gulf of Mexico will enable
testing of models for large-scale basin margin collapse caused by
impact generated earthquakes and tsunami (Sanford et al., in press).

10. Calibrate geophysical models

Wireline logging and petrophysical measurements on the core
will be used to groundtruth geophysical models of gravity, mag-
netic, refraction, and magnetotelluric (MT) data, which will be crit-
ical to improving our understanding of crater structure away from
the drill hole, particularly onshore. The proposed drilling will allow
us to address questions such as “What is the cause of the strong
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magnetic anomaly recorded at the surface?” “What is the cause of
the low seismic velocities and densities within the peak ring (are
these fractured deep-crustal basement rocks, megabreccia, or some
other material)?” and “Is the thin (100-150 m thick) layer of very
low velocity rocks forming the uppermost lithology of the peak ring
composed of impact breccias?” We will also use borehole imaging to
constrain dips within the peak-ring stratigraphy to test for over-
turning during emplacement and verify whether the dips are consis-
tent with the observed inward-dipping reflectors and region of
lowered velocities.

Proposed drill sites
Site location

The optimal location to target peak-ring rocks is at proposed
Site Chicx-03B (Table T1; Figure F7). Two additional proposed
sites, Chicx-02B and Chicx-04B, were selected as a contingency if
any technical difficulties are encountered at the primary site.

Available survey data

In 1996, the British Institutions Reflection Profiling Syndicate
(BIRPS) program acquired ~600 km of seismic reflection data along
two radial lines (Chicx-B and Chicx-C) and along a line parallel to
the Yucatdn coast (Chicx-A and Chicx-A1l). Refraction data were
acquired at the same time with air gun shots recorded by ocean-bot-
tom seismometers placed along the reflection lines and land seis-
mometers across the Yucdtan Peninsula. These reflection and
refraction data were used to determine the size and morphology of
the Chicxulub impact crater (Morgan et al., 1997; Morgan and War-
ner, 1999), propose a model for peak-ring formation (Morgan et al.,
2000; Collins et al, 2002), and image deep crustal structure
(Christeson et al., 2001).

In 2005, 1822 km of additional seismic reflection data were col-
lected offshore, along with 3-D seismic refraction data that were re-
corded both offshore and onshore across the crater (Gulick et al.,
2008, 2013). These data revealed asymmetries in crater structure
(Gulick et al., 2008), a zone of structural uplift in the crater center
(Vermeesch and Morgan, 2008), topography on the Moho
(Christeson et al., 2009), and images of the melt sheet in the center
of the crater (Barton et al., 2010).

Other geophysical data used to model crater structure include
two additional seismic reflection profiles (Camargo-Zanoguera and
Suarez-Reynoso, 1994), gravity and magnetic data (Hildebrand et
al, 1991; Sharpton et al,, 1996; Ortiz-Aleman et al, 2001; Re-
bolledo-Vieyra et al., 2010), MT data (Unsworth et al., 2002), and
passive seismic data (Mackenzie et al., 2001).

A high-resolution geophysical survey was undertaken in 2013
onboard the R/V Justo Sierra with the specific objectives of map-
ping seabed morphology, shallow subsurface geology, and the pres-
ence of magnetic anomalies at proposed Expedition 364 drill sites
(Stewart et al, 2013). Complete coverage of multibeam echo-
sounder and side-scan sonar data was achieved across an area of
14.4 km?. In total, 435 line km of side-scan sonar and compressed
high-intensity radar pulse (CHIRP) data were acquired, along with
204 line km of magnetometer data and 194 line km of surface tow
boomer data. Multibeam echo-sounder data were acquired concur-
rently with all other geophysics data. Geophysical data were
groundtruthed using a cone penetrometer test (CPT) system and
seabed sediment samples recovered using a Smith-McIntyre grab.
Geophysical and geotechnical data were integrated and interpreted
to determine the location of seabed or shallow subsurface features
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that might pose a hazard to drilling (e.g., amplitude anomalies sug-
gesting trapped gas or any indicators of unstable ground conditions
that might influence safe operation of a lift boat).

Operational strategy

Drilling platform

Expedition 364 will be implemented as an MSP, in which the
platform and coring services are normally contracted from the in-
dustry market while the scientific services are provided by ESO. Be-
cause of a shallow water depth (17 m), a small jack-up type rig
known as a lift boat has been selected for this expedition. The drill-
ing platform, chosen by the contractor and inspected by ESO, will
be the LB Myrtle, a 245 class liftboat that is three legged and self-
propelled. The coring rig will be cantilevered off the bow of the lift-
boat between the two forward jacking legs.

The platform will have sufficient capacity by way of food and ac-
commodation for 24 h operation but will require frequent resupply.
This resupply will be carried out by a contractor-arranged supply
boat.

Coring rig

The coring rig is an Atlas Copco T3WDH mining rig utilizing
flush-jointed mining drill strings sized to allow the larger ones to act
as casing if coring requires it. The rig has a mast capable of handling
6 m string lengths, and coring is done with a top-drive system in-
stalled in the mast. A wireline operation will be used to recover the
core barrel from the base of the borehole.

Coring methodology

A single hole will be drilled to the target depth (TD) of 1500
mbsf or to the maximum possible depth. If difficulties are encoun-
tered at the start of the primary hole (Chicx-03B), two contingency
sites have been selected (Chicx-02B and Chicx-04B; Table T1).

The drilling and coring strategy was designed to provide multi-
ple backup options and to prepare for any technical difficulties that
might be encountered during drilling. A multiple option drilling
strategy provides the best chance to achieve the proposed TD of
1500 mbsf within the constraints of budget, platform size, and drill
rig capability.

Using a rotary drill, a 12 inch open hole will be drilled from the
seabed to 10 mbsf. This hole will be set and cemented with 9-5/8
inch conductor casing. From 10 to 500 mbsf, an 8 inch open hole
will be drilled using a rotary drill, after which SWT casing will be
set and cemented. At 500 mbsf, continuous coring will commence
utilizing a PQ3 coring system with an oversized bit. The hole will be
set and cemented with PWT casing to 700 mbsf. Below 700 mbsf,
PQ3 coring will continue with a standard sized bit. If the PQ3 sys-
tem becomes stuck at any point, PHD rods will be set as casing and
coring will continue with an HQ3 coring system. If the HQ3 system
becomes stuck, HQ coring rods will be set as casing and an NQ3
coring system will be used. NQ3 is not a desirable core size, but it
can be used if the other strategies are not successful. The aim is to
maintain a core diameter no less than HQ3.

The core-run length will be 3 m maximum. However, the length
of a core run will be geared to maximize core recovery and maintain
hole stability, even if this reduces overall penetration speed. In un-
consolidated formations, core runs could be less than the 3 m max-
imum length.

A mud recycling system will be installed primarily to reduce
mud usage during open-hole drilling to 500 m, and it is anticipated
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that this system will also be used during the coring stage. Cuttings
will be collected and curated during open-hole drilling.

Drilling mud will be used to condition the borehole as dictated
by circumstances and the driller’s requirements.

The core liner will be clear polycarbonate, with the option to use
splits.

The above is subject to change depending on the operations at
the time of drilling.

Downhole logging

For all MSP expeditions, the downhole logging program, coordi-
nated by the European Petrophysics Consortium (EPC), is an inte-
gral part of offshore operations and is designed to help meet the
expedition-specific scientific objectives and maximize scientific
output in general.

MSPs employ various coring technologies and pipe sizes, and
they drill in a variety of water depths, each of which provides con-
straints on the anatomy of logging operations. This is different from
the R/V JOIDES Resolution and the D/V Chikyu, where fixed pipe
sizes allow more standard sets of logging tools to be deployed. Pipe
diameter is typically the limiting factor on MSPs, and the type of
logging tools, from slimline memory-mode tools to standard oilfield
tool suites, varies from expedition to expedition.

For Expedition 364, slimline downhole logging services are con-
tracted from the University of Montpellier (France) for wireline log-
ging and the University of Alberta (Canada) for vertical seismic
profiling and are managed by EPC. The logging equipment and
staffing have been constructed to allow for seamless operation on
the platform. Offshore, the Petrophysics Staff Scientist(s) will inter-
face with the operational team, Expedition Project Manager, Co-
Chief Scientists, and science party to ensure that the downhole log-
ging program is successfully achieved.

Measurements available from standalone and stackable slimline
tools during Expedition 364 include spectral and total gamma ray,
P-wave sonic velocity, S-wave sonic velocity, acoustic and optical
borehole imaging, electrical resistivity, magnetic susceptibility, hy-
drogeological measurements (fluid conductivity, pH, eH, tempera-
ture, and dissolved oxygen), caliper, flow meter, and VSP.

For Expedition 364, wireline logging data will be acquired in
three logging phases at 0-500, 500—700, and 700—1500 mbsf. This
plan will be adjusted as needed as drilling and coring operations
progress. The VSP is planned in the 0-700 mbsf interval, with the
objectives to acquire VSP data up to 100 m below a key seismic re-
flector observed on the seismic profiles.

The proposed downhole logging program is as follows:

» Through-pipe: spectral gamma ray.

» Open hole (by tool string): electrical resistivity, spectral gamma
ray, total gamma ray + P-wave sonic velocity + magnetic suscep-
tibility, total gamma ray + acoustic borehole imaging, and VSP
(2.5 m spacing).

Other wireline logging measurements (to be acquired in open
hole) will be included in the logging program, depending on hole
conditions, operational progress, and preliminary scientific results.
The final set of Quality Assurance/Quality Control (QA/QC) down-
hole data will be made available to the science party at the com-
mencement of the OSP.

Marine mammal observation will be conducted by trained ob-
servers during VSP surveying if required as a condition of the re-
search permit. A ramp-up (soft start) procedure will be followed
when the air gun source begins operating after any 30 min period
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without operations during VSP surveying. The air gun will be fired
at intervals, gradually increasing the pressure to the operational
pressure over a ~30 min period. Ramp-up of the air guns will not be
initiated if a sea turtle or marine mammal is observed within or near
the applicable exclusion zones.

EPC'’s coordination of Expedition 364 logging will include data
processing, QA/QC of data, and ongoing scientific support for data
interpretation and research.

Core on deck

Once drilling operations commence and core begins to arrive on
deck, the operations team will be responsible for delivering the
cores to the curation container after they are initial labeled. The op-
eration will proceed using a changeover of inner core barrels to en-
sure continuity of the coring operation in as timely a fashion as
possible. The deck operators will deploy an empty core barrel im-
mediately after the previous one has been retrieved and then ad-
dress the core removal and subsequent readying of that core barrel
for reuse. Because cores will be collected in a plastic liner, the usual
IODP curation procedures will be followed and documented in an
ESO Handbook.

Science operations

A Sampling and Measurements Plan (SMP) for Expedition 364
will be prepared by ESO and the Co-Chief Scientists to meet the sci-
entific objectives of IODP Proposal 548-Full3 and Addendum 548-
Add4.

Offshore science activities

It is the nature of MSP expeditions that there is limited labora-
tory space and accommodation on board platforms compared to the
larger vessels JOIDES Resolution and Chikyu, and as such there is no
splitting of the cores at sea and only selected scientific analysis car-
ried out onboard by a subset of the science party. Science activities
on the platform are confined to those essential for core curation,
measurement of ephemeral properties, securing of proper samples
for pore water chemistry and microbiology, downhole logging, and
safety. Most scientific analysis is carried out during the OSP in Bre-
men, Germany, when the cores are split.

The current plan is that the cores will be split into 1.5 m lengths
for curation.

The following is a summary of the offshore scientific activities
(please refer to SMP link which will be available at
http://www.eso.ecord.org/expeditions/364/364.php and the on-
line tutorial at http://www.marum.de/en/Offshore_core_cura-
tion_and_measurements.html):

« Basic curation and labeling of cuttings and core.

» Running all cores on the multisensor core logger (MSCL)
(gamma density, P-wave velocity where possible, electrical resis-
tivity, and magnetic susceptibility).

« Core catcher (if available) description and sampling for initial
structural and petrophysical or sedimentological and micropale-
ontological characterization, including taking a core catcher im-
age.

« Taking and proper storage of samples for gas analyses, pore wa-
ter, and microbiology.

« Interstitial water analysis and any other ephemeral properties
agreed on in the SMP.

» Core storage.
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« Downbhole logging.
» Associated data management of all activities (see below).

In order to carry out the science requirements on the platform
with a subset of the science party, a staffing plan will be devised. The
plan will require flexibility of approach from all participants, with
safety, core recovery, curation, and procedures for the measurement
of ephemeral properties, including sampling for microbiology, as
priorities.

Report preparation will take place on board as required; the re-
ports to be compiled are as follows:

« Daily and weekly operations and science reports to the manage-
ment and panels of ECORD and IODP, science party members,
and any other relevant parties. Scientific reports are provided by
the Co-Chief Scientists. Summarized daily reports will be pub-
licly available on the ESO website for any interested parties.

+ Completion of the offshore sections of the expedition reports
(primarily the Methods chapter).

o Press releases in line with the ECORD outreach policy.

« Information for posting on the ESO expedition website.

Onshore science activities

The OSP will be held at the IODP Bremen Core Repository
(BCR) of the MARUM, University of Bremen, Germany. The scien-
tific work will follow the SMP to be developed in due course in con-
junction with the Co-Chief Scientists.

Details of the facilities that will be available for the OSP at the
BCR and MARUM laboratories can be found at the Expedition 364
SMP link, which will be available at http://www.eso.ecord.org/ex-
peditions/364/364.php. Additional facilities can be made available
through continuing close cooperation with additional laboratories
at the MARUM-Center for Marine Environmental Sciences and the
Department of Geosciences at Bremen University, as well as the
Max Planck Institute for Marine Microbiology (MPI), all of which
are situated nearby on campus.

The following briefly summarizes the OSP scientific activities:

» Natural gamma radiation (NGR): Prior to the OSP, total NGR
measurements will be taken on all cores (as appropriate) using
an MSCL-XYZ in the core repository. These measurements will
be undertaken by ESO staff.

Core splitting: an archive half will be set aside as per IODP pro-
cedure.

« Core description: ESO will provide a data-entry system that is
IODP standard. For data entry, ESO will employ the Expedition
Drilling Information System (DIS) that is entirely compatible
with others being used in IODP. Please see Data management,
below.

Digital linescan imaging.

Color reflectance (spectrophotometry).

Core sampling for expedition (“shipboard”) samples (to produce
IODP measurements data for the expedition reports, e.g., physi-
cal properties).

Smear slide preparation.

Thin section preparation.

Inorganic geochemistry: whole-rock and pore fluid chemistry.
Bulk mineralogy: XRD analysis.

Petrophysical measurements: P-wave and moisture and density
analyses.

o Thermal conductivity.

*

*

*

-

*

*

*

-

-
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» Core sampling for personal postexpedition research: a detailed
sampling plan will be devised at the completion of the offshore
phase and after the scientists have submitted their revised sam-
ple requests (please see Research planning: sampling and data
sharing strategy, below).

A staffing plan will be developed with the Co-Chief Scientists to
ensure that all required analyses and subsampling can be carried out
efficiently. The measurement plan will take account of MSP specifi-
cations for QA/QC procedures.

In view of the existing geographical distribution of all
DSDP/ODP/Integrated Ocean Drilling Program/IODP cores, the
IODP Gulf Coast Repository (GCR) located at Texas A&M Univer-
sity (USA) will be the long-term location for the Expedition 364
cores, which will be shipped from the BCR after the moratorium pe-
riod.

Report preparation will take place during the OSP as required
by ECORD. The reports to be compiled include the following:

» Weekly progress reports to ECORD and relevant parties. Scien-
tific reports are provided by the Co-Chief Scientists.

« Preliminary Report (submission to USIO Publication Services 1
week after OSP).

+ Completion of the expedition reports (submission to USIO Pub-
lication Services as soon as practically possible after the OSP).

For more information please refer to SMP link which will be
available at http://www.eso.ecord.org/expeditions/364/364.php
and the tutorial at http://www.marum.de/en/Offshore_core_cu-
ration_and_measurements.html.

Staffing

Scientific staffing is decided on the basis of task requirements
and nominations from the IODP Program Member Offices
(http://www.iodp.org/program-member-offices). ESO staffing is
based on the need to carry out drilling and scientific operations effi-
ciently and safely (Table T2). Staff will be rotated on and off the lift-
boat in accordance with the requirements of drilling and scientific
operations.

Data management

A data management plan for the expedition will be developed
once the data requirements and operational logistics are finalized.
The outline plan follows:

» The primary data capture and management system will be the
Expedition DIS. This is a relational database. It will capture drill-
ing, curation, and geoscience metadata and data during the off-
shore and onshore phases of the expedition.

» The Expedition DIS includes tools for data input, visualization,
report generation, and data export.

» The database can be accessed directly by other interpretation or
decision-making applications if required.

« A file server will be used for storing data not captured in the da-

tabase (for example, documents and image files) and the in-

puts/outputs of any data processing, interpretation, and visual-
ization applications used during the expedition.

The EPC will manage the downhole logging data, MSCL data,

and other physical properties data. Logging metadata and MSCL

data will be stored in the Expedition DIS. Downhole logging data
will be stored separately by the EPC for processing and compos-
iting.

*
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« On completion of the offshore phase of the expedition, the Ex-
pedition DIS database and the file system will be transferred to
the BCR to continue data capture during the OSP.

+ Between the end of the offshore phase and the start of the OSP,
expedition scientists will have access to the data via a password-
protected website.

+ On completion of the OSP, Expedition Scientists will continue
to have access to all data through a password-protected website
throughout the moratorium period.

» During the moratorium, all metadata and data, apart from
downhole-log data, will be transferred to PANGAEA for long-
term data archiving.

« Downbhole logging data will be transferred to the Lamont-Do-
herty Earth Observatory for long-term archiving.

o After the moratorium, cores and samples will be shipped from
the BCR and archived at the GCR.

o After the moratorium, all expedition data will be made accessi-
ble to the public.

Research planning: sampling
and data sharing strategy

All researchers requesting samples should refer to the IODP
Sample, Data, and Obligations Policy and Implementation Guide-
lines posted at http://www.iodp.org/doc_download/4038-iodp-
sample-data-and-obligations-policy. This document outlines the
policy for distributing IODP samples and data to research scientists,
curators, and educators. The document also defines the obligations
that sample and data recipients incur. The Sample Allocation Com-
mittee (SAC; composed of Co-Chief Scientists, Expedition Project
Manager, and IODP Curator for Europe [BCR and MSPs] or off-
shore curatorial representative) will work with the entire science
party to formulate a formal expedition-specific sampling plan for
shipboard (expedition = offshore and OSP) and postexpedition
(postexpedition research) sampling.

Members of the science party are expected to carry out and pub-
lish scientific research for the expedition. Before the expedition, all
shipboard scientists are required to submit research plans and asso-
ciated sample/data requests via the IODP Sample and Data Request
(SaDR) system at http://web.iodp.tamu.edu/sdrm before the
deadline specified in their invitation letters. Based on sample re-
quests (shore-based and shipboard) submitted by this deadline, the
SAC will prepare a tentative sampling plan that will be revised on
the ship as dictated by recovery and expedition objectives. All post-
expedition research projects should provide scientific reasons for
desired sample size, numbers, and frequency. The sampling plan
will be subject to modification depending upon the actual material
recovered and collaborations that may evolve between scientists
during the expedition. This planning process is necessary to coordi-
nate the research to be conducted and to ensure that the scientific
objectives are achieved. Modifications to the sampling plan and ac-
cess to samples and data during the expedition and the 1 y postex-
pedition moratorium period require the approval of the SAC.

Shipboard sampling will be restricted to those required for ac-
quiring ephemeral data types that are critical to the overall objec-
tives of the expedition and assist planning for higher resolution
sampling postexpedition. Because of the time-sensitive nature of
microbiological sampling, these samples will also be collected off-
shore, in accordance with the predefined sample plan.
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The permanent archive halves are officially designated by the
IODP curator for BCR and MSPs. All sample frequencies and sizes
must be justified on a scientific basis and will depend on core recov-
ery, the full spectrum of other requests, and the expedition objec-
tives. Some redundancy of measurement is unavoidable, but
minimizing the duplication of measurements among the shipboard
party and identified shore-based collaborators will be a factor in
evaluating sample requests.

If critical intervals are recovered, there may be considerable de-
mand for samples from a limited amount of cored material. Sam-
pling in and around these horizons will be avoided offshore. A
sampling plan coordinated by the SAC will be required before criti-
cal intervals are sampled.

The SAC strongly encourages and may require collaboration
and/or sharing among the shipboard and shore-based scientists so
that the best use is made of the recovered core. Coordination of
postexpedition analytical programs is anticipated to ensure that the
full range of geochemical, isotopic, microbiological, and physical
property studies are undertaken on a representative sample suite.
The majority of sampling will take place at the OSP in Bremen, and
the SAC encourages scientists to start developing collaborations be-
fore and during the expedition.

References

Abramov, O,, and Kring, D.A., 2007. Numerical modeling of impact-induced
hydrothermal activity at the Chicxulub crater. Meteoritics & Planetary
Science, 42(1):93-112.
http://dx.doi.org/10.1111/j.1945-5100.2007.tb00220.x

Ames, D.E,, Kjarsgaard, .M., Pope, K.O,, Dressler, B., and Pilkington, M.,
2004. Secondary alteration of the impactite and mineralization in the
basal Tertiary sequence, Yaxcopoil-1, Chicxulub impact crater, Mexico.
Meteoritics & Planetary Science, 39(7):1145-1168.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01134.x

Arz,].A., Alegret, L., and Arenillas, I., 2004. Foraminiferal biostratigraphy and
paleoenvironmental reconstruction at the Yaxcopoil-1 drill hole, Chicxu-
lub crater, Yucatén Peninsula. Meteoritics & Planetary Science,
39(7):1099-1111.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01131.x

Baker, D.M.H., and Head, J.W., 2015. Constraints on the depths of origin of
peak rings on the Moon from Moon Mineralogy Mapper data. Icarus,
258:164—180. http://dx.doi.org/10.1016/j.icarus.2015.06.013

Barton, PJ., Grieve, R.A.F,, Morgan, ].V,, Surendra, A.T., Vermeesch, PM.,
Christeson, G.L., Gulick, S.P.S., and Warner, M.R., 2010. Seismic images
of Chicxulub impact melt sheet and comparison with the Sudbury struc-
ture. In Gibson, R.L., and Reimold, W.U. (Eds.), Large Meteorite Impacts
and Planetary Evolution IV. Special Paper—Geological Society of Amer-
ica, 465:103—113. http://dx.doi.org/10.1130/2010.2465(07)

Bell, C., Morgan, J.V.,, Hampson, G.J., and Trudgill, B., 2004. Stratigraphic and
sedimentological observations from seismic data across the Chicxulub
impact basin. Meteoritics & Planetary Science, 39(7):1089-1098.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01130.x

Bryce, C.C., Horneck, G., Rabbow, E., Edwards, H.G.M., and Cockell, C.S.,
2015. Impact shocked rocks as protective habitats on an anoxic early
Earth. International Journal of Astrobiology, 14(01):115-122.
http://dx.doi.org/10.1017/S1473550414000123

Camargo-Zanoguera, A, and Suarez-Reynoso, G., 1994. Evidencia sismica del
crater de impacto de Chicxulub. Boletin de la Asociacién Mexicana de
Geofisicos de Exploracion, 34:1-28.

Christeson, G.L., Collins, G.S., Morgan, ].V.,, Gulick, S.P.S., Barton, PJ., and
Wharton, M.R., 2009. Mantle deformation beneath the Chicxulub impact
crater. Earth and Planetary Science Letters, 284(1-2):249-257.
http://dx.doi.org/10.1016/j.epsl.2009.04.033

1"

Expedition 364 Scientific Prospectus

Christeson, G.L., Nakamura, Y., Buffler, R.T., Morgan, J., and Warner, M.,
2001. Deep crustal structure of the Chicxulub impact crater. Journal of
Geophysical Research: Solid Earth. 106(B10):21751-21769.
http://dx.doi.org/10.1029/2001JB000337

Claeys, P, Heuschkel, S., Lounejeva-Baturina, E., Sanchez-Rubio, G., and Sto6f-
fler, D., 2003. The suevite of drill hole Yucatan 6 in the Chicxulub impact
crater. Meteoritics & Planetary Science, 38(9):1299-1317.
http://dx.doi.org/10.1111/j.1945-5100.2003.tb00315.x

Cockell, C.S., Gronstal, A.L., Voytek, M.A., Kirshtein, ].D., Finster, K., Sanford,
W.E., Glamoclija, M., Gohn, G.S., Powars, D.S., and Wright Horton, ], Jr.,
2009. Microbial abundance in the deep subsurface of the Chesapeake Bay
impact crater: relationship to lithology and impact processes. In Gohn,
G.S., Koeberl, C., Miller, K.G., and Reimold, W.U. (Eds.), The ICDP-USGS
Deep Drilling Project in the Chesapeake Bay Impact Structure: Results
from the Eyreville Core Holes. Special Paper—Geological Society of Amer-
ica, 458:941-950. http://dx.doi.org/10.1130/2009.2458(40)

Cockell, C.S,, Lee, P, Broady, P, Lim, D.S.S., Osinski, G.R., Parnell, J., Koeberl,
C., Pesonen, L., and Salminen, J., 2005. Effects of asteroid and comet
impacts on habitats for lithophytic organisms—a synthesis. Meteoritics &
Planetary Science, 40(12):1901-1914.
http://dx.doi.org/10.1111/j.1945-5100.2005.tb00153.x

Cockell, C.S., Lee, P, Osinski, G., Horneck, G., and Broady, P., 2002. Impact-
induced microbial endolithic habitats. Meteoritics & Planetary Science,
37(10):1287-1298.
http://dx.doi.org/10.1111/j.1945-5100.2002.tb01029.x

Cockell, C.S., and Osinski, G.R., 2007. Impact-induced impoverishment and
transformation of a sandstone habitat for lithophytic microorganisms.
Meteoritics & Planetary Science, 42(11):1985-1993.
http://dx.doi.org/10.1111/j.1945-5100.2007.tb00555.x

Collins, G.S., 2014. Numerical simulations of impact crater formation with
dilatancy. Journal of Geophysical Research: Planets, 119(12):2600-2619.
http://dx.doi.org/10.1002/2014JE004708

Collins, G.S., Melosh, H.J., Morgan, ].V., and Warner, M.R., 2002. Hydrocode
simulations of Chicxulub crater collapse and peak-ring formation. Icarus,
157(1):24-33. http://dx.doi.org/10.1006/icar.2002.6822

Collins, G.S., Morgan, J., Barton, P, Christeson, G.L., Gulick, S., Urrutia, J.,
Warner, M., and Wiinnemann, K., 2008. Dynamic modeling suggests ter-
race zone asymmetry in the Chicxulub crater is caused by target hetero-
geneity. Earth and Planetary Science Letters, 270(3—4):221-230.
http://dx.doi.org/10.1016/j.epsl.2008.03.032

Coolen, M.J L., Orsi, W.D., Balkema, C., Quince, C., Harris, K., Sylva, S.P, Fili-
pova-Marinova, M., and Giosan, L., 2013. Evolution of the plankton
paleome in the Black Sea from the Deglacial to Anthropocene. Proceed-
ings of the National Academy of Sciences of the United States of America,
110(21):8609—8614. http://dx.doi.org/10.1073/pnas.1219283110

Coolen, M.].L., and Overmann, J., 2007. 217 000-year-old DNA sequences of
green sulfur bacteria in Mediterranean sapropels and their implications
for the reconstruction of the paleoenvironment. Environmental Microbi-
ology, 9(1):238-249.
http://dx.doi.org/10.1111/j.1462-2920.2006.01134.x

Ferriére. L., Koeberl, C., Ivanov, B.A., and Reimold, W.U., 2008. Shock meta-
morphism of Bosumtwi impact crater rocks, shock attenuation, and uplift
formation. Science, 322(5908):1678—1681.
http://dx.doi.org/10.1126/science.1166283

Gelinas, A., Kring, D.A., Zurcher, L., Urrutia-Fucugauchi, J., Morton, O., and
Walker, R.J., 2004. Osmium isotope constraints on the proportion of
bolide component in Chicxulub impact melt rocks. Meteoritics & Plane-
tary Science, 39(6):1003—-1008.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00941.x

Goderis, S., Paquay, F, and Claeys, P., 2012. Projectile identification in terres-
trial impact structures and ejecta material. I Osinski, G.R., and Pierazzo,
E. (Eds.), Impact Cratering: Process and Products: Oxford, United King-
dom (Blackwell Publishing, Ltd.), 223-235.
http://dx.doi.org/10.1002/9781118447307.ch15

Goto, K., Tada, R., Tajika, E., Bralower, T.J., Hasegawa, T., and Matsui, T.,
2004. Evidence for ocean water invasion into the Chicxulub crater at the
Cretaceous/Tertiary boundary. Meteoritics & Planetary Science,


http://dx.doi.org/10.1111/j.1945-5100.2003.tb00315.x
http://dx.doi.org/10.1002/9781118447307.ch15
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00941.x
http://dx.doi.org/10.1126/science.1166283
http://dx.doi.org/10.1111/j.1462-2920.2006.01134.x
http://dx.doi.org/10.1073/pnas.1219283110
http://dx.doi.org/10.1016/j.epsl.2008.03.032
http://dx.doi.org/10.1006/icar.2002.6822
http://dx.doi.org/10.1002/2014JE004708
http://dx.doi.org/10.1111/j.1945-5100.2007.tb00555.x
http://dx.doi.org/10.1111/j.1945-5100.2002.tb01029.x
http://dx.doi.org/10.1111/j.1945-5100.2005.tb00153.x
http://dx.doi.org/10.1130/2009.2458(40)
http://dx.doi.org/10.1130/2010.2465(07)
http://dx.doi.org/10.1017/S1473550414000123
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01130.x
http://dx.doi.org/10.1111/j.1945-5100.2007.tb00220.x
http://dx.doi.org/10.1016/j.icarus.2015.06.013
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01131.x
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01134.x
http://dx.doi.org/10.1029/2001JB000337
http://dx.doi.org/10.1016/j.epsl.2009.04.033

S. Gulick et al.

39(7):1233-1247.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01139.x

Grieve, R.A.F, Langenhorst, F,, and Stoffler, D., 1996. Shock metamorphism
of quartz in nature and experiment: II. Significance in geoscience. Meteor-
itics & Planetary Science, 31(1):6-35.
http://dx.doi.org/10.1111/j.1945-5100.1996.tb02049.x

Grieve, R.A.E, Reimold, W.U., Morgan, ], Riller, U., and Pilkington, M., 2008.
Observations and interpretations at Vredefort, Sudbury, and Chicxulub:
towards an empirical model of terrestrial impact basin formation. Meteor-
itics & Planetary Science, 43(5):855—-882.
http://dx.doi.org/10.1111/j.1945-5100.2008.tb01086.x

Gulick, S.PS., Barton, PJ.,, Christeson, G.L., Morgan, ].V., McDonald, M.,
Mendoza-Cervantes, K., Pearson, Z.F.,, Surendra, A., Urrutia-Fucugauchi,
J.» Vermeesch, M., and Warner, M.R., 2008. Importance of pre-impact
crustal structure for the asymmetry of the Chicxulub impact crater.
Nature Geoscience, 1(2):131-135. http://dx.doi.org/10.1038/nge0103

Gulick, S.P.SS., Christeson, G.L., Barton, PJ., Grieve, R.A.F,, Morgan, ].V,, and
Urrutia-Fucugauchi, J., 2013. Geophysical characterization of the Chicxu-
lub impact crater. Reviews of Geophysics, 51(1):31-52.
http://dx.doi.org/10.1002/rog.20007

Hecht, L., Wittmann, A., Schmitt, R.-T., and Stoffler, D., 2004. Composition of
impact melt particles and the effects of post-impact alteration in suevitic
rocks at the Yaxcopoil-1 drill core, Chicxulub crater, Mexico. Meteoritics
& Planetary Science, 39(7):1169-1186.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01135.x

Hildebrand, A.R., Penfield, G.T., Kring, D.A., Pilkington, M., Camargo, A.Z.,
Jacobsen, S.B., and Boynton, W.V.,, 1991. Chicxulub crater: a possible Cre-
taceous/Tertiary boundary impact crater on the Yucatan Peninsula, Mex-
ico. Geology, 19(9):867-871.
http://dx.doi.org/10.1130/0091-7613(1991)019<0867:CCAPCT>2.3.
CO;2

Ivanov, B.A., 1994. Geomechanical models of impact cratering: Puchezh-
Katunki structure. In Dressier, B.O., Grieve, R.A.F,, and Sharpton, V.L.
(Eds.), Large Meteorite Impacts and Planetary Evolution. Special Paper—
Geological Society of America, 293:81-92.
http://dx.doi.org/10.1130/SPE293-p81

Ivanov, B.A., 2005. Numerical modeling of the largest terrestrial meteorite
craters. Solar System Research, 39(5):381-409.
http://dx.doi.org/10.1007/s11208-005-0051-0

Jiang, S., Bralower, T.J., Patzkowsky, M.E., Kump, L.R., and Schueth, ].D., 2010.
Geographic controls on nannoplankton extinction across the Creta-
ceous/Palaeogene boundary. Nature Geoscience, 3(4):280—285.
http://dx.doi.org/10.1038/ngeo0775

Kenkmann, T., 2003. Dike formation, cataclastic flow, and rock fluidization
during impact cratering: an example from the Upheaval Dome structure,
Utah. Earth and Planetary Science Letters, 214(1-2):43-58.
http://dx.doi.org/10.1016/S0012-821X(03)00359-5

Kenkmann, T., Jahn, A., Scherler, D., and Ivanov, B.A., 2005. Structure and
formation of a central uplift: a case study at the Upheaval Dome impact
crater, Utah. In Kenkmann, T., Horz, E, and Deutsch, A. (Eds.), Large
Meteorite Impacts I1l. Special Paper—Geological Society of America,
384:85-115. http://dx.doi.org/10.1130/0-8137-2384-1.85

Kenkmann, T., Wittmann, A., and Scherler, D., 2004. Structure and impact
indicators of the Cretaceous sequence of the ICDP drill core Yaxcopoil-1,
Chicxulub impact crater, Mexico. Meteoritics & Planetary Science,
39(7):1069-1088.
http://dx.doi.org/10.1111/j.1945-5100.2004.th01129.x

Kettrup, B., Deutsch, A., Ostermann, M., and Agrinier, P., 2000. Chicxulub
impactites: geochemical clues to the precursor rocks. Meteoritics & Plan-
etary Science, 35(6):1229-1238.
http://dx.doi.org/10.1111/j.1945-5100.2000.tb01511.x

Koeberl, C,, Claeys, P, Hecht, L., and McDonald, I., 2012. Geochemistry of
impactites. Elements, 8(1):37-42.
http://dx.doi.org/10.2113/gselements.8.1.37

Kring, D.A., 2005. Hypervelocity collisions into continental crust composed
of sediments and an underlying crystalline basement: comparing the Ries
(~24 km) and Chicxulub (~180 km) impact craters. Chemie der Erde—

12

Expedition 364 Scientific Prospectus

Geochemistry, 65(1):1-46.
http://dx.doi.org/10.1016/j.chemer.2004.10.003

Kring, D.A., and Cohen, B.A., 2002. Cataclysmic bombardment throughout
the inner solar system 3.9-4.0 Ga. Journal of Geophysical Research: Plan-
ets, 107(E2):1-6. http://dx.doi.org/10.1029/2001JE001529

Kring, D.A., Horz, E,, Zurcher, L., and Urrutia Fucugauchi, J., 2004. Impact
lithologies and their emplacement in the Chicxulub impact crater: initial
results from the Chicxulub Scientific Drilling Project, Yaxcopoil, Mexico.
Meteoritics & Planetary Science, 39(6):879-897.
http://dx.doi.org/10.1111/.1945-5100.2004.tb00936.x

Lieger, D, Riller, U., and Gibson, R.L., 2009. Generation of fragment-rich
pseudotachylite bodies during central uplift formation in the Vredefort
impact structure, South Africa. Earth and Planetary Science Letters,
279(1-2):53—64. http://dx.doi.org/10.1016/j.epsl.2008.12.031

Luders, V., and Rickers, K., 2004. Fluid inclusion evidence for impact-related
hydrothermal fluid and hydrocarbon migration in Cretaceous sediments
of the ICDP-Chicxulub drill core Yaxcopoil-1. Meteoritics & Planetary
Science, 39(7):1187-1197.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01136.x

Mackenzie, G.D., Maguire, PK.H., Denton, P, Morgan, J., and Warner, M.,
2001. Shallow seismic velocity structure of the Chicxulub impact crater
from modelling of Rg dispersion using a genetic algorithm. Tectonophys-
ics, 338(2):97—112. http://dx.doi.org/10.1016/S0040-1951(01)00123-8

Melosh, H.J., 1979. Acoustic fluidization: a new geologic process? Journal of
Geophysical Research: Solid Earth, 84(B13):7513-7520.
http://dx.doi.org/10.1029/JB084iB13p07513

Melosh, H.J., and Ivanov, B.A., 1999. Impact crater collapse. Annual Review of
Earth and Planetary Sciences, 27(1):385-415.
http://dx.doi.org/10.1146/annurev.earth.27.1.385

Mohr-Westheide, T., Reimold, W.U., Riller, U,, and Gibson, R.L., 2009.
Pseudotachylitic breccia and microfracture networks in Archean gneiss of
the central uplift of the Vredefort Impact Structure, South Africa. South
African Journal of Geology, 112(1):1-22.
http://dx.doi.org/10.2113/gssajg.112.1.1

Morgan, J., and Warner, M., 1999. Chicxulub: the third dimension of a multi-
ring impact basin. Geology, 27(5):407-410.
http://dx.doi.org/10.1130/0091-
7613(1999)027<0407:CTTDOA>2.3.CO;2

Morgan, J., Warner, M., the Chicxulub Working Group, Brittan, J., Buffler, R.,
Carmargo, A., Christeson, G., Denton, P, Hildebrand, A., Hobbs, R., Mac-
intyre, H., Mackenzie, G., Maguire, P, Marin, L., Nakamura, Y., Pilking-
ton, M., Sharpton, V., Snyder, D., Suarez, G., and Trejo, A., 1997. Size and
morphology of the Chicxulub impact crater. Nature, 390(6659):472—476.
http://dx.doi.org/10.1038/37291

Morgan, J.V., Warner, M.R., Collins, G.S., Grieve, R.A.F, Christeson, G.L.,
Gulick, S.P.S., and Barton, PJ., 2011. Full waveform tomographic images
of the peak ring at the Chicxulub impact crater. Journal of Geophysical
Research: Solid Earth, 116(B6):B06303.
http://dx.doi.org/10.1029/2010JB008015

Morgan, J.V., Warner, M.R,, Collins, G.S., Melosh, H.]., and Christeson, G.L.,
2000. Peak-ring formation in large impact craters: geophysical constraints
from Chicxulub. Earth and Planetary Science Letters, 183(3—4):347-354.
http://dx.doi.org/10.1016/S0012-821X(00)00307-1

O’Keefe, ].D., and Ahrens, T.J., 1993. Planetary cratering mechanics. Journal of
Geophysical Research: Planets, 98(E9):17011-17028.
http://dx.doi.org/10.1029/93JE01330

Ortiz-Aleman, C., Urrutia Fucugauchi, J., and Pilkington, M., 2001. Three-
dimensional modeling of aeromagnetic anomalies over the Chicxulub
crater [presented at 32nd Lunar and Planetary Science Conference, Hous-
ton, Texas, 12—16 March 2001]. (Abstract 1962)

Osinski, G.R., Lee, P, Parnell, ], Spray, J.G., and Baron, M., 2005. A case study
of impact-induced hydrothermal activity: the Haughton impact structure,
Devon Island, Canadian High Arctic. Meteoritics & Planetary Science,
40(12):1859-1877.
http://dx.doi.org/10.1111/j.1945-5100.2005.tb00150.x

Osinski, G.R., Tornabene, L.L., Banerjee, N.R., Cockell, C.S., Flemming, R.,
Izawa, M.R.M., McCutcheon, J., Parnell, J., Preston, L.J., Pickersgill, A.E.,
Pontefract, A., Sapers, H.M., and Southam, G., 2013. Impact-generated


http://dx.doi.org/10.1111/j.1945-5100.2005.tb00150.x
http://dx.doi.org/10.1016/S0012-821X(00)00307-1
http://dx.doi.org/doi:10.1038/37291
http://dx.doi.org/10.1016/S0040-1951(01)00123-8
http://dx.doi.org/10.1130/0091-7613(1999)027<0407:CTTDOA>2.3.CO;2
http://dx.doi.org/10.2113/gssajg.112.1.1
http://dx.doi.org/10.1146/annurev.earth.27.1.385
http://dx.doi.org/10.1029/JB084iB13p07513
http://dx.doi.org/10.1016/j.epsl.2008.12.031
http://dx.doi.org/10.2113/gselements.8.1.37
http://dx.doi.org/10.1029/2001JE001529
http://dx.doi.org/10.1016/j.chemer.2004.10.003
http://dx.doi.org/10.1130/0-8137-2384-1.85
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01129.x
http://dx.doi.org/10.1130/SPE293-p81
http://dx.doi.org/10.1007/s11208-005-0051-0
http://dx.doi.org/10.1038/ngeo103
http://dx.doi.org/10.1130/0091-7613(1991)019<0867:CCAPCT>2.3.CO;2
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01135.x
http://dx.doi.org/10.1002/rog.20007
http://dx.doi.org/10.1111/j.1945-5100.1996.tb02049.x
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01139.x
http://dx.doi.org/10.1029/2010JB008015
http://dx.doi.org/10.1029/93JE01330
http://dx.doi.org/10.1038/ngeo775
http://dx.doi.org/10.1016/S0012-821X(03)00359-5
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00936.x
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01136.x

S. Gulick et al.

hydrothermal systems on Earth and Mars. Icarus, 224(2):347-363.
http://dx.doi.org/10.1016/j.icarus.2012.08.030

Pickersgill, A.E., Osinksi, G.R., and Flemming, R.L., 2015. Shock effects in pla-
gioclase feldspar from the Mistastin Lake impact structure, Canada.
Meteoritics & Planetary Science, 50(9):1546—1561.
http://dx.doi.org/10.1111/maps.12495

Pierazzo, E., Hahmann, A N, and Sloan, L.C., 2003. Chicxulub and climate:
radioactive perturbations of impact-produced S-bearing gases. Astrobiol-
o0gy, 3(1):99-118. http://dx.doi.org/10.1089/153110703321632453

Pope, K.O,, Baines, K.H., Ocampo, A.C,, and Ivanov, B.A., 1997. Energy, vola-
tile production, and climatic effects of the Chicxulub Cretaceous/Tertiary
impact. Journal of Geophysical Research: Planets, 102(E9):21645-21664.
http://dx.doi.org/10.1029/97JE01743

Quesnel, Y., Gattacceca, J., Osinski, G.R., and Rochette, P, 2013. Origin of the
central magnetic anomaly at the Haughton impact structure, Canada.
Earth and Planetary Science Letters, 367:116—122.
http://dx.doi.org/10.1016/j.epsl.2013.02.032

Rae, A.S.P, Morgan, ].V,, Collins, G.S., Osinski, G.R., and Grieve, R.A.F, 2015.
Observational constraints on structural uplift formation: the West Clear-
water impact structure [presented at 46th Lunar and Planetary Science
Conference, The Woodlands, Texas, 16—20 March 2015]. (Abstract 1451)
http://www.hou.usra.edu/meetings/lpsc2015/pdf/1451.pdf

Rebolledo-Vieyra, M., and Urrutia-Fucugauchi, J., 2004. Magnetostratigraphy
of the impact breccias and post-impact carbonates from borehole Yaxco-
poil-1, Chicxulub impact crater, Yucatan, Mexico. Meteoritics & Planetary
Science, 39(6):821-830.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00932.x

Rebolledo-Vieyra, M., and Urrutia-Fucugauchi, J., 2006. Magnetostratigraphy
of the Cretaceous/Tertiary boundary and early Paleocene sedimentary
sequence from the Chicxulub impact crater. Earth, Planets and Space,
58(10):1309-1314.
http://link.springer.com/article/10.1186%2FBF03352626#page-1

Rebolledo-Vieyra, M., Urrutia-Fucugauchi, J., and Lépez-Loera, H., 2010.
Aeromagnetic anomalies and structural model of the Chicxulub multiring
impact crater, Yucatan, Mexico. Revistas Mexicana de Ciencias Geologi-
cas, 27:185-195. (in Spanish with English abstract)
http://www.redalyc.org/pdf/572/57214937016.pdf

Reimold, W.U., and Gibson, R.L., 2005. “Pseudotachylites” in large impact
structures. In Koeberl, C., and Henkel, H. (Eds.), Impact Studies (Volume
6): Impact Tectonics. Koeberl, C. (Series Ed.): New York (Springer-Verlag),
1-53. http://dx.doi.org/10.1007/3-540-27548-7_1

Renne, P.R., Deino, A.L., Hilgen, F.J., Kuiper, K.F., Mark, D.E,, Mitchell, W.S.,
III, Morgan, L.E., Mundil, R., and Smit, J., 2013. Time scales of critical
events around the Cretaceous-Paleogene boundary. Science,
339(6120):684—687. http://dx.doi.org/10.1126/science.1230492

Riller, U,, and Lieger, D., 2008. Geological evidence for acoustic fluidization in
large impact structures [presented at Large Meteorites and Planetary Evo-
lution IV, Vredefort Dome, South Africa, 17-21 August 2008]. (Abstract
3025) http://www.lpi.usra.edu/meetings/lmi2008/pdf/3025.pdf

Riller, U, Lieger, D., Gibson, R.L. Grieve, R.A.F,, and Stoffler, D., 2010. Origin
of large-volume pseudotachylite in terrestrial impact structures. Geology,
38(7):619—-622. http://dx.doi.org/10.1130/G30806.1

Rowe, A.J., Wilkinson, ].]J, Coles, B.J., and Morgan, ].V., 2004. Chicxulub: test-
ing for post-impact hydrothermal inputs into the Tertiary ocean. Meteor-
itics & Planetary Science, 39(7):1223-1231.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01138.x

Sanford, ].C., Snedden, J.W., and Gulick, S.P.S., in press. The Cretaceous-
Paleogene boundary deposit in the Gulf of Mexico: large-scale oceanic
basin response to the Chicxulub impact. Journal of Geophysical Research:
Solid Earth. http://dx.doi.org/10.1002/2015]B012615

Sato, H., Onoue, T., Nozaki, T., and Suzuki, K., 2013. Osmium isotope evi-
dence for a large late Triassic impact event. Nature Communications,
4:2455. http://dx.doi.org/10.1038/ncomms3455

Sato, H., Shirai, N., Ebihara, M., Onoue, T., and Kiyokawa, S., 2016. Sedimen-
tary PGE signatures in the late Triassic ejecta deposits from Japan: impli-
cations for the identification of impactor. Palaeogeography,

13

Expedition 364 Scientific Prospectus

Palaeoclimatology, Palaeoecology, 442:36—47.
http://dx.doi.org/10.1016/j.palaeo.2015.11.015

Senft, L.E., and Stewart, S.T., 2009. Dynamic fault weakening and the forma-
tion of large impact craters. Earth and Planetary Science Letters, 287(3—
4):471-482. http://dx.doi.org/10.1016/j.epsl.2009.08.033

Sharpton, V.L., Marin, L.E., Carney, ].L,, Lee, S., Ryder, G., Schuraytz, B.C.,
Sikora, P, and Spudis, P.D., 1996. A model of the Chicxulub impact basin
based on evaluation of geophysical data, well logs, and drill core samples.
In Ryder, G., Fastovsky, D.E, and Gartner, S. (Eds.), The Cretaceous-Ter-
tiary Event and Other Catastrophes in Earth History. Special Paper—
Geological Society of America, 307:55-74.
http://dx.doi.org/10.1130/0-8137-2307-8.55

Smit, J., Van Der Gaast, S., and Lustenhouwer, W., 2004. Is the transition
impact to post-impact rock complete? Some remarks based on XRF scan-
ning, electron microprobe, and thin section analyses of the Yaxcopoil-1
core in the Chicxulub crater. Meteoritics & Planetary Science, 39(7):1113—
1126. http://dx.doi.org/10.1111/j.1945-5100.2004.tb01132.x

Spray, J.G., 1992. A physical basis for the frictional melting of some rock-
forming minerals. Tectonophysics, 204(3—4):205-221.
http://dx.doi.org/10.1016/0040-1951(92)90308-S

Stewart, H.A., Gulick, S., Goff, J., Duncan, D., Saustrup, S., and Davis, M.,
2013. ECORD geophysical and geotechnical hazard site survey offshore
Yucatan, Mexico. Cruise 2013/4_ECORD. British Geological Survey Com-
missioned Report, CR/13/049.

Stoffler, D., Artemieva, N.A., Ivanov, B.A., Hecht, L., Kenkmann, T., Schmitt,
R.T., Tagle, R.A., and Wittmann, A., 2004. Origin and emplacement of the
impact formations at Chicxulub, Mexico, as revealed by the ICDP deep
drilling at Yaxcopoil-1 and by numerical modeling. Meteoritics & Plane-
tary Science, 39(7):1035-1067.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01128.x

Tagle, R., and Hecht, L., 2006. Geochemical identification of projectiles in
impact rocks. Meteoritics & Planetary Science, 41(11):1721-1735.
http://dx.doi.org/10.1111/j.1945-5100.2006.tb0044:8.x

Tikoo, S.M., Gattacceca, J., Swanson-Hysell, N.L., Weiss, B.P,, Suavet, C., and
Cournede, C., 2015. Preservation and detectability of shock-induced
magnetization. Journal of Geophysical Research: Planets, 120(9):1461—
1475. http://dx.doi.org/10.1002/2015JE004840

Tomioka, N., Tomeoka, K., Nakamura-Messenger, K., and Sekine, T., 2007.
Heating effects of the matrix of experimentally shocked Murchison CM
chondrite: comparison with micrometeorites. Meteoritics & Planetary
Science, 42(1):19-30.
http://dx.doi.org/10.1111/j.1945-5100.2007.tb00214.x

Unsworth, M., Campos-Enriquez, O., Belmonte, S., Arzate, J., and Bedrosian,
P, 2002. Crustal structure of the Chicxulub impact crater imaged with
magnetotelluric exploration. Geophysical Research Letters, 29(16):1—4.
http://dx.doi.org/10.1029/2002GL014998

Urrutia-Fucugauchi, J., Camargo-Zanoguera, A., Pérez-Cruz, L., and Pérez-
Cruz, G., 2011. The Chicxulub multi-ring impact crater, Yucatan carbon-
ate platform, Gulf of Mexico. Geofisica Internacional, 50(1):99-127.
http://www.scielo.org.mx/pdf/geoint/v50n1/v50n1a9.pdf

Urrutia-Fucugauchi, J., Chavez-Aguirre, .M., Pérez-Cruz, L., and De La Rosa,
J.L., 2008. Impact ejecta and carbonate sequence in the eastern sector of
the Chicxulub crater. Comptes Rendus Geoscience, 341(12):801-810.
http://dx.doi.org/10.1016/j.crte.2008.09.001

Urrutia-Fucugauchi, J., Marin, L., and Trejo-Garcia, A., 1996. UNAM scien-
tific drilling program of Chicxulub impact structure—evidence for a 300
kilometer crater diameter. Geophysical Research Letters, 23(13):1565—
1568. http://dx.doi.org/10.1029/96GL01566

Urrutia-Fucugauchi, J., Morgan, ., Stoffler, D., and Claeys, P, 2004. The
Chicxulub Scientific Drilling Project (CSDP). Meteoritics & Planetary Sci-
ence, 39(6):787-790.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00928.x

Vellekoop, J., Sluijs, A., Smit, J., Schouten, S., Weijers, ].W.H., Sinninghe Dam-
sté, ].S., and Brinkhuis, H., 2014. Rapid short-term cooling following the
Chicxulub impact at the Cretaceous-Paleogene boundary. Proceedings of
the National Academy of Sciences of the United States of America,
111(21):7537-7541. http://dx.doi.org/10.1073/pnas.1319253111


http://dx.doi.org/10.1111/j.1945-5100.2007.tb00214.x
http://dx.doi.org/10.1073/pnas.1319253111
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00928.x
http://dx.doi.org/10.1029/96GL01566
http://dx.doi.org/10.1016/j.crte.2008.09.001
http://www.scielo.org.mx/pdf/geoint/v50n1/v50n1a9.pdf
http://dx.doi.org/10.1029/2002GL014998
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01128.x
http://dx.doi.org/10.1002/2015JE004840
http://dx.doi.org/10.1111/j.1945-5100.2006.tb00448.x
http://dx.doi.org/10.1016/j.epsl.2009.08.033
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01132.x
http://dx.doi.org/10.1130/0-8137-2307-8.55
http://dx.doi.org/10.1038/ncomms3455
http://dx.doi.org/10.1016/j.palaeo.2015.11.015
http://dx.doi.org/10.1089/153110703321632453
http://dx.doi.org/10.1002/2015JB012615
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01138.x
http://dx.doi.org/10.1130/G30806.1
http://www.lpi.usra.edu/meetings/lmi2008/pdf/3025.pdf
http://dx.doi.org/10.1126/science.1230492
http://dx.doi.org/10.1007/3-540-27548-7_1
http://dx.doi.org/10.1186/BF03352626
http://www.redalyc.org/pdf/572/57214937016.pdf
http://link.springer.com/article/10.1186%2FBF03352626#page-1
http://dx.doi.org/10.1111/j.1945-5100.2004.tb00932.x
http://www.hou.usra.edu/meetings/lpsc2015/pdf/1451.pdf
http://dx.doi.org/10.1016/j.epsl.2013.02.032
http://dx.doi.org/10.1029/97JE01743
http://dx.doi.org/10.1111/maps.12495
http://dx.doi.org/10.1016/j.icarus.2012.08.030
http://dx.doi.org/10.1016/0040-1951(92)90308-S

S. Gulick et al.

Vermeesch, P.M., and Morgan, J.V., 2008. Structural uplift beneath the Chicx-
ulub impact structure. Journal of Geophysical Research: Solid Earth,
113(B7):B07103. http://dx.doi.org/10.1029/2007JB005393

Ward, W.C., Keller, G., Stinnesbeck, W., and Adatte, T., 1995. Yucatdn subsur-
face stratigraphy: implications and constraints for the Chicxulub impact.
Geology, 23(10):873—-876. http://dx.doi.org/10.1130/0091-
7613(1995)023<0873:YNSSIA>2.3.CO;2

Whalen, M.T., Gulick, S.P.S., Pearson, Z.F.,, Norris, R.D., Perez Cruz, L., and
Urrutia Fucugauchi, J., 2013. Annealing the Chicxulub impact: Paleogene
Yucatan carbonate slope development in the Chicxulub impact basin,
Mexico. In Verwer, K., Playton, T.E., and Harris, PM. (Eds.), Deposits,
Architecture, and Controls of Carbonate Margin, Slope and Basinal Set-
tings. Special Publication—SEPM (Society for Sedimentary Geology),
105:282-304.

Whalen, M.T., Pearson, Z.F.,, Gulick, S.P.S., and Norris, R.D., 2008. Sequence
stratigraphy of the Chicxulub crater infill and Yucatén carbonate platform
development: implications for the evolution of large terrestrial impact
craters. Geological Society of America Abstracts with Programs, 40(6):407.
https://gsa.confex.com/gsa/2008 AM/finalpro-
gram/abstract_151599.htm

14

Expedition 364 Scientific Prospectus

Wittmann, A., Kenkmann, T., Schmitt, R.T., Hecht, L., and Stoffler, D., 2004
Impact-related dike breccia lithologies in the ICDP drill core Yaxcopoil-1,
Chicxulub impact structure, Mexico. Meteoritics & Planetary Science,
39(6):931-954. http://dx.doi.org/10.1111/j.1945-5100.2004.th00938.x

Wiinnemann, K., Morgan, ].V., and Jodicke, H., 2005. Is Ries crater typical for
its size? An analysis based upon old and new geophysical data and numer-
ical modeling. In Kenkmann, T., Horz, E,, and Deutsch, A. (Eds.), Large
Meteorite Impacts Ill. Special Paper—Geological Society of America,
384:67—-83. http://dx.doi.org/10.1130/0-8137-2384-1.67

Yamaguchi, K.E., Johnson, C.M., Beard, B.L., and Ohmoto, H., 2005. Biogeo-
chemical cycling of iron in the Archean—Paleoproterozoic Earth: con-
straints from iron isotope variations in sedimentary rocks from the
Kaapvaal and Pilbara Cratons. Chemical Geology, 218(1-2):135-169.
http://dx.doi.org/10.1016/j.chemgeo.2005.01.020

Ziircher, L., and Kring, D.A., 2004. Hydrothermal alteration in the core of the
Yaxcopoil-1 borehole, Chicxulub impact structure, Mexico. Meteoritics &
Planetary Science, 39(7):1199-1221.
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01137.x


http://dx.doi.org/10.1111/j.1945-5100.2004.tb00938.x
http://dx.doi.org/10.1016/j.chemgeo.2005.01.020
http://dx.doi.org/10.1130/0-8137-2384-1.67
https://gsa.confex.com/gsa/2008AM/finalprogram/abstract_151599.htm
http://dx.doi.org/10.1130/0091-7613(1995)023<0873:YNSSIA>2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1995)023<0873:YNSSIA>2.3.CO;2
http://dx.doi.org/10.1029/2007JB005393
http://dx.doi.org/10.1111/j.1945-5100.2004.tb01137.x

S. Gulick et al. Expedition 364 Scientific Prospectus

Table T1. Location and elevation of proposed primary and contingency sites, Expedition 364.

Water depth Penetration

Site name Position (m) (m) Preference
Chicx-03B 21°27.002'N, 89°56.967'W 17.6 1500 Primary site
Chicx-02B 21°27.364'N, 89°57.147'W 18.1 1500 Contingency site
Chicx-04B 21°28.632'N, 89°57.446'W 17.3 1500 Contingency site

Table T2. Summary of science party and operator (ESO) personnel, Expedition 364.

Science party

ESO(17) Offshore science team (12) Expedition scientists
ESO Operations Manager 1 Co-Chiefs 2 Comprises the offshore science team, additional
ESO Expedition Project Managers2 ~ Core describers 2 invited scientists, Expedition Project Manager,
ESO Curators 2 Paleontologists 2 and Petrophysics Staff Scientist. The exact
ESO Geochemist 1 Microbiologists 2 make-up of expertise of the science party will
ESO Petrophysics Staff Scientist 1 Petrophysicist 1 be chosen by ESO and the Co-Chief Scientists.
ESO Petrophysicist 1 Geophysicist 1 A maximum of 33 invited scientists will join the
ESO Data Manager 1 Geochemists 2 science party.

ESO Dirilling Coordinators 2
Logging Contractors 6

Offshore team total 29
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Figure F1. Peak rings are roughly circular rings of rugged hills and massifs that stand above the otherwise flat crater floor. In peak-ring basins, the crater rim is

the outer edge of a terrace zone. In multiring basins, two or more rings (inward-facing asymmetric scarps) lie outboard of the central basin. Image source:
NASA.
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Figure F2. Location of site survey data overlain on the gravity field. Coastline is in white. Marine seismic profiles acquired in 1996 and 2005 are shown in black
dashed and solid lines, respectively. Offshore and onshore seismometer locations in the 1996 and 2005 surveys are shown with large black and white circles,
respectively. Modified from Gulick et al., 2013; copyright American Geophysical Union 2013.
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Figure F3. Seismic reflection data along Line Chicx-A. About 20-30 km outboard of the crater rim at Chicxulub, the relatively undisturbed, flat-lying, preimpact
stratigraphy is abruptly offset vertically by 400-500 m (outer ring). Outer ring faults are observed to radial distances of 90-120 km, giving a crater diameter of
~195-210 km (Morgan et al., 1997; Gulick et al., 2008). Modified from Gulick et al., 2008; copyright Nature Geoscience 2008.

Radial distance (km)

Two-way traveltime (s)

Time

interp_age [s
e E:

17



S. Gulick et al. Expedition 364 Scientific Prospectus

Figure F4. Proposed Hole Chicx-03B projected on to a seismic reflection profile and velocity model obtained from full-waveform inversion. Coring will start at
500 m; total proposed depth is 1500 m. The principal targets are the PETM at ~600 m, followed by the K-Pg boundary at ~650 m, and then we will penetrate
~850 m of rocks that form the peak ring. The uppermost peak-ring rocks are formed from 100-150 m of low-velocity material and are most likely to be alloch-
thonous impact breccias. A low-frequency reflector is coincident with an increase in velocity and likely represents a transition to true peak-ring lithologies.
Modified from Morgan et al., 2011; copyright American Geophysical Union 2011.
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Figure F5. Hydrocode simulation of the formation of the Chicxulub crater (Collins et al., 2002; Morgan et al,, 2011). Layering shows stratigraphy; impact point
and center of crater are at a horizontal distance of 0 km. (A) Sediments that form the transient cavity rim collapsed inward and downward, whereas (B) material
in the central crater collapsed upward. C. In this model, the stratigraphically uplifted material (central uplift) collapses outward across the downthrown rim
material to form a peak ring. D. Cross section through the final crater. Colors = maximum shock pressures rocks were subjected to during crater formation.
Dashed line = location of sediments that originally formed the transient cavity rim (see A). Modified from Morgan et al., 2011; copyright American Geophysical
Union 2011.
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Figure F6. A. Location map showing onshore drill holes from the UNAM scientific drilling program (U1-U8), the ICDP borehole (Yax-1), and Pemex drilling.
Modified from Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; copyright 2004 The Meteoritical Society. B. Lithologic columns and stratigraphy from Pemex
boreholes and Hole Yax-1. Hole Chicx-03B is ~45 km from the crater center. Reproduced from Rebolledo -Vieyra and Urrutia-Fucugauchi (2004).
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Figure F6 (continued). C. Lithologic columns and stratigraphy from UNAM boreholes and Hole Yax-1. Reproduced from Rebolledo -Vieyra and Urrutia-
Fucugauchi (2004).
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Figure F7. Site locations, Expedition 364. Bathymetry reproduced from Stewart et al., 2013; copyright NERC 2013.
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