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Abstract A new set of physical property measurements was undertaken on 29 peak-ring samples from

the IODP-ICDP Expedition 364. Among the studied lithologies, the dominant one recovered in the peak ring
consists of shocked granitoid rocks (19 samples). Porosity measurements with two independent methods (triple
weight and C-PMMA porosity mapping) concur and bring new observations on the intensity and distribution
of fracturing and porosity in these shocked target rocks. Characterization of the porous network is taken a step
further with two other independent methods (electrical and permeability measurements). Electrical properties
such as the cementation exponent (1.59 < m < 1.87) and the formation factor (21 < F < 103) do not compare
with other granites from the published literature; they point at a type of porosity closer to clastic sedimentary
rocks than to crystalline rocks. Permeabilities of the granitoid rocks range from 0.1 to 7.1 mD under an effective
pressure of ~10 MPa. Unlike other fresh to deformed and altered granitoid rocks from the literature compared
in this study, this permeability appears to be relatively insensitive to increasing stress (up to ~40 MPa), with
implications for the nature of the porous network, again, behaving more like cemented clastic rocks than
fractured crystalline rocks. Other analyzed lithologies include suevite and impact melt rocks. Relatively low
permeability (103 mD) measured in melt-rich facies suggest that, at the matrix scale, these lithologies cutting
through more permeable peak-ring granitoid rocks may have been a barrier to fluid flow, with implications for
hydrothermal systems.

Plain Language Summary Sixty-six million years ago, a 10~15 km sized meteorite ended its
trajectory on Earth. The resulting crater, Chicxulub, is still preserved to this day in Mexico. The impact had
dramatic consequences on Earth's organisms. Drilled core samples from its peak ring help to better understand
what are the physical mechanisms involved in such large impact events, on Earth and other planets. This study
looks at how the rocks shocked during the impact have been affected, they consist principally of granites. Intact
granites are crystalline rocks known to have low porosity (<2%), typically resulting from microscopic cracks.
Granites recovered from the crater have higher porosities (~10%) and are so densely cracked that they behave
more like a sandstone than cracked crystalline rocks. This observation results from physical measurements,
presented in this paper, that also suggested that fluid can flow relatively easily in these granites, with
implications for hydrothermal systems and life in the aftermath of the impact.

1. Introduction

Physical properties of impact structures are critical in understanding how the target rocks are affected during and
after an impact event. They provide observational constraints that can calibrate numerical models used to simulate
cratering and postimpact processes. Existing models suggest that large impact events will heat subsurface water in
porous permeable crater interiors and generate hydrothermal systems (Abramov & Kring, 2004, 2007; Rathbun
& Squyres, 2002). Hydrothermal alteration is observed in impact sites (Kring & Boynton, 1992; McCarville &
Crossey, 1996; Morgan et al., 2016; Naumov, 1996; Osinski et al., 2001) and such systems may have provided
niches for microbial ecosystems early in Earth history (Cockell, 2006; Kring, 2000; Kring & Bach, 2021; Kring
et al., 2020, 2021). A key parameter in existing models is permeability, which can strongly affect the duration
of impact-generated hydrothermal activity. Large, well preserved, impact structures are uncommon on Earth's
surface, therefore opportunities to test those models with direct measurements of permeability and other physical
parameters of crater lithologies are rare.
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The best preserved impact basin on Earth is the Chicxulub impact crater, which sits beneath the northern coast
of Yucatan. Although the crater is not accessible at the surface, it is preserved from erosion under Cenozoic
sediments. The Chicxulub crater is an ideal candidate to explore the physical properties of an impact structure. Its
peak ring was successfully sampled offshore in 2016 by the IODP-ICDP Expedition 364 (Morgan et al., 2017),
from 617.33 to 1334.68 m below the seafloor (mbsf). The Chicxulub impact crater target rocks from that core
consist mostly of granitoid rocks that were shocked during the impact, suevites, and impact melt rocks. This study
integrates new petrophysical measurements of those peak-ring rocks in order to help understand their transport
properties, i.e., the permeability and electrical conductivity, in relation with the porosity (including porosity
mapping autoradiography).

The dominant lithology from the recovered section consists of granitoid rocks that are pervasively shocked and
structurally altered (Rae et al., 2019a, 2019b; Riller et al., 2018). Compared to intact granites, the main petrophys-
ical change observed in those shocked granitoid rocks is an increase in porosity, associated with a decrease in bulk
density (Christeson et al., 2018; Morgan et al., 2016, 2017). In terms of crater size and peak-ring lithologies, there
are few known equivalents on Earth, and none with available peak-ring data to compare it with. The petrophysical
data collected on Chicxulub's granitoid rocks presented in this study are compared with other existing intact and
altered granite data from the literature, representing a variety of geological settings (e.g., water reservoirs, tecton-
ically active settings, hydrothermal systems, nuclear waste site storage investigations).

2. Geological Context
2.1. Hole M0077A

The Chicxulub impact crater is ~180 km in diameter and features a peak ring, which is an inner ring of uplifted
rock ~80-km diameter that is typical of large impact structures. The 2016 IODP-ICDP Expedition 364 drilled off
the coast of Yucatan, in part to recover core of the peak ring that could be used to evaluate the physical processes
involved in the formation of large impact craters and peak rings (Gulick et al., 2016). Hole MOO77A reached a
total depth of 1334.68 mbsf. Core lithologies recovered include postimpact carbonate sediments (Unit 1, 505.7—
617.33 mbsf) deposited on the top of the peak ring, consisting of impact melt-bearing polymict breccias called
suevites (Unit 2, 617.33-721.62 mbsf), impact melt rocks (Unit 3, 721.62-747.02 mbsf), and shocked target rocks
with intervals of suevite and impact melt rocks (Unit 4, 747.02-1334.68 mbsf; Morgan et al., 2017).

Among the set of IODP shipboard data, physical properties collected (on cores and downhole) from the peak ring
were crucial to understand the physical processes that occurred during and after the impact (Morgan et al., 2016;
Riller et al., 2018). The formation of the peak ring results from the outward collapse of the central uplift of the
target rocks (basement) during crater formation. Granitoid rocks recovered during the expedition moved >20 km
in <10 min at the time of the impact (Morgan et al., 2016). Petrophysical measurements, computed tomography
(CT-scans), and core descriptions indicate the rocks of the peak ring, dominated by shocked granitoid rocks,
have higher porosity and lower density than intact granites (Christeson et al., 2018; Morgan et al., 2017; Rae
et al., 2019a). These changes in physical properties result mainly from shock-induced microfracturing during the
impact event (Rae et al., 2019a, 2019b; Riller et al., 2018). Alteration of the rocks also suggests fluid circulation
in the peak ring in the aftermath of the impact, associated with an hydrothermal system that may have lasted >2
million years (Kring et al., 2020, 2021; Simpson et al., 2020; Timms et al., 2020).

2.2. Sample Description

In addition to expedition shipboard data already published (Christeson et al., 2018; Morgan et al., 2017), this
study provides new laboratory petrophysical data relevant to the nature of the porosity in the peak ring. In order to
represent the diversity of recovered lithologies and alteration, a selection of 29 samples (6 suevites, 3 impact melt
rocks, 1 mixture of granite and cataclasite, and 19 granitoid rocks—Figure 1) was measured for density, porosity,
permeability, electrical conductivity (allowing the calculation of the formation factor and surface conductivity),
and dry and wet P wave velocity. Of these samples, two granitoid rocks were also analyzed with autoradiogra-
phy “C-PMMA method.

The samples (mini-cores) selected for this study consist of 2-cm diameter plugs, ~3-cm long extracted from
the working halves of the cores; these same samples were originally used to measure discrete P wave (DPW)
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Figure 1. MO0O77A. Location, units, lithostratigraphy, and selected samples overview. Image patches are ~7.2 X 7.2 cm and
were extracted from the linescans (https://doi.pangaea.de/10.1594/PANGAEA.881718) of the core archive halves, to the
corresponding depth of the samples that were extracted from the working halves.

velocities at the time of the expedition. An illustrated summary of those sample lithologies is shown in Figure 1.
Each sample is matched with a representative image patch (squares with an edge of ~7.2 cm) extracted at the
same depth on the archive half digital scan of the core.

2.2.1. Suevites

Suevites are polymict breccias that contain fragments of solidified melt produced by impact events (Stoffler &
Grieve, 2007). Suevite occurs at several intervals in the core. The top of the peak ring in Hole MO077A is covered
with ~104 m of suevite with variable clast size and lithology (Kaskes et al., 2021). Clast dimensions range from
submillimeter to several centimeters; in general, clast size increases with depth (Gulick et al., 2019; Morgan
et al., 2017). This portion of suevite is Unit 2 in the logged upper peak-ring sequence. Samples 1, 2, and 3 in this
study are clast-supported suevites from this unit. Clasts consist principally of limestones and solidified melt that
are cemented by a micritic carbonate matrix.
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Sample 25 occurs in Unit 4 toward the bottom of the hole, in a complex ~2-m-thick interval, where mixed melt
and suevite cut through granitic target rocks (or a block derived from target rocks). This sample consists princi-
pally of a cm-scale partially melted granite fragment in contact with a dense fine-grained suevite (sub-mm clasts).
Samples 26 and 28 were collected from suevite intervals that are mingled with impact melt rocks. Suevite from
Unit 4 is not sorted like in Unit 2 and does not include any sedimentary clasts (Morgan et al., 2017). Samples
26 and 28 are matrix-supported suevites that include melt, granitoid rocks, and mafic sub-cm clasts. All suevite
samples from Unit 4 belong to the lower impact melt rock-bearing unit described by de Graaff et al. (2021).

2.2.2. Impact Melt Rocks

Solidified impact melt rocks in Unit 3, or the upper impact melt rock unit from de Graaff et al. (2021), are a
mixture of dark green and black melt rock supporting sub-cm angular target rocks, melt clasts, and a carbonate
signature (de Graaff et al., 2021; Schulte et al., 2021). This study includes two samples (numbers 4 and 5) of
that unit. Solidified impact melt rocks are also found in Unit 4, or the lower impact melt rock-bearing unit from
de Graaff et al. (2021), it consists of a brecciated impact melt rock that is not associated with carbonate dilution.
Following peak-ring lithology classification from Morgan et al. (2017), this study includes a single impact melt
rock sample from Unit 4, near the bottom of the hole (number 27). However, suevite samples 25, 26, and 28 from
Unit 4 are also part of de Graff et al. (2021) lower impact melt rock-bearing unit. The upper impact melt rock unit
and the lower impact melt rock-bearing unit both initiated from the same initial impact melt material but their
different compositions and facies reflect different emplacement history, as discussed by de Graaff et al. (2021).

2.2.3. Cataclasite

Cataclasite zones have been described in the granitoid target rocks at the microscopic and macroscopic scale
(McCall et al., 2021; Rae et al., 2019a; Riller et al., 2018). Sample 7 was extracted from near the top of Unit 4
where impact melt rock is juxtaposed with granitoid rocks. Along the contact between those two lithologies is a
5-cm wide zone of cataclasite. The sample includes a sharp contact between cataclasite (two-thirds of the sample)
and granitoid rock (one-third of the sample).

2.2.4. Granitoid Rocks

Granitoid rocks are the main lithologies in the recovered peak-ring cores. The texture of the target rock is gener-
ally coarse, with pink to reddish alkali-feldspar, white to pale yellow plagioclase, gray to white quartz, and dark
minerals (principally biotite). The original rock underwent pervasive fracturing during the impact, followed by
further deformation such as cataclasis, shear faulting (Riller et al., 2018), and impact-induced crack porosity (Rae
et al., 2019a) during formation of the peak ring. Sample locations within the granitoid rocks were selected to
cover both strongly altered intervals (e.g., crenulated foliation in samples 8 and 12, hydrothermalization in sample
29), as well as facies in shocked intervals that seem to have kept a more pristine texture.

3. Data and Method
3.1. Density and Porosity

Standard shipboard measurements of Moisture And Density (MAD, using a pycnometer) and DPW were acquired
as part of Expedition 364 (Morgan et al., 2017). Those discrete measurements were made during the Onshore
Science Party (OSP) on ~6 cm?, 2-cm diameter plugs, extracted every ~1.5 m down the length of the core. MAD
and DPW analyses were made on samples up to 10 cm apart, but always within the same lithology. This study
reuses the DPW samples from the expedition to perform the measurements described in this method section, and
they are compared to the shipboard MAD data set. Porosity was measured at the University of Montpellier on the
(1 g/L NaCl), and immersed
samples m. ) with a balance providing an accuracy of 1072 g. The porosity is given by

mm

mini-cores by the triple weight method (mass of dry m,,, (80 °C oven), saturated m,

sat

Msar — Myry
p=—"-+—

Msat — Mimm
This technique also provides the grain and bulk density of the sample

Mary X P fluid
Pgrain = ————————— and Pbulk =
Mary — Mimm Msat — Mimm

Mgar X P fluid
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where py., = 1 g/em?.

The triple weight method offers an excellent control on water saturation for m . Dry samples are placed into a
vacuum, then satrated with a degassed fluid, ensuring all connected pore space is filled with fluid. This might
not always be the case with MAD shipboard measurements, where a sample may lose some of its water content
between the expedition and the measurement; and also between sampling and m,, measurement.

3.2. Electrical Properties

A series of electrical conductivity measurements were carried out at the University of Montpellier on the mini-
cores in order to determine the electrical properties and the geometry of the pore space (i.e., formation factor F
and surface conductivity C,). The samples were first dried (vacuum setting during 48 hr), then saturated with
five different saturating fluid conductivities (using NaCl, C,, ranging from 0.1 to 5 S/m). For each salinity,
measurements of the saturated rock conductivity C, were made at room pressure and temperature. The electrical
resistance R (in Ohm) of the mini-cores was measured using a solartron SI 1260 impedance meter at a frequency
of 1,000 Hz, and C, was then calculated with the equation

where L and S are the length and the section of the mini-core. The formation factor and the surface conductiv-
ity were then obtained with the Waxman and Smits (1968) equation, which takes into account the electrolytic
conductivity into the pore space (C,/F) and the excess conductivity (C,) due to surface conduction

Cuw
Co=— +C;
F

F is related to the porosity (¢) and the microgeometry of the pore space. Knowing the porosity and the formation
factor, it is possible to use Archie's law (Archie, 1942)

F=¢™"

and calculate the cementation exponent (). m gives an indication on how well pores are connected. Using F and
¢ also allows the determination of electrical tortuosity (z2; Walsh & Brace, 1984)

= Fx¢

giving information about the complexity of the path electrical currents (carried by the fluid) take to travel through
the rock porosity. The other variable deduced from Waxman and Smits equation is the surface conductivity C.. It
increases with the presence of altered minerals, typically occurring at the surface of the grains.

3.3. Permeability

The gas permeability was measured at the University of Montpellier on oven dried mini-core samples under
steady state conditions using the standard steady state method and Darcy's law as described in Tanikawa and
Shimamoto (2009). Measurements were performed at different isotropic confined pressures ranging from ~5 to
~40 MPa, applied on the samples and a coreholder. All measured samples have at least two measurement points,
at 10 and 40 MPa. Argon was injected at a constant pressure applied to one end of the sample, while the other
downstream end of the sample was at atmospheric pressure. A differential pressure applied was in the range
0.02-1.5 MPa, and the argon flow rate was measured with a mass flow meter (one in the range 0-5.10~* L/min, or
another in the range 0-0.3 L/min). The Klinkenberg gas slippage effect was corrected (Klinkenberg, 1941; Tani-
kawa & Shimamoto, 2009). Note that sample 5 was not measured for permeability because it was too damaged.
Permeability data are presented in milliDarcy (1 mD = 10715 m?).

3.4. Pore Space Mapping Using “C-PMMA Method

The petrophysical parameters of the peak-ring rocks being function of the architecture of the rock porosity, a
preliminary study was undertaken to map the connected pore space of two impacted granites having two different
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degrees of deformation. Sample 12 has undergone intense brittle deformation, presenting crenulated foliations,
and cataclasite at the microscopic scale while sample 14 is not intersected by shear faults.

The “C-PMMA (polymethylmethacrylate) method was chosen because it allows to obtain a quantitative 2D
porosity mapping for all the connected pores (from nm to cm) on a multicentimeter-sized sample (Hellmuth
et al., 1993). The '*C-PMMA method was applied in the University of Helsinki (Finland). The two samples
were dried at 55 °C for 14 days and then impregnated with '“C-MMA for 6.5 months. After polymerization, the
samples were cut and the sections were polished (more details are given in Siitari-Kauppi (2002) and Sardini
et al. (2009, 2015)). The monomer used had a nominal activity AQ = 274 kBg/ml. The connected porosities were
calculated using film autoradiograph (Biomax MA, Kodak) of the sections. The films were digitized using a
desktop transmission light scanner Microtek Artix scan F1 (8-bit mode, pixel size 10.58 um). Total connected
porosities were calculated on the whole studied sections. Porosities were also determined on regions of interests
(ROI) of sections such as primary minerals, or deformation figures.

3.5. P Wave Velocity

Rock seismic velocities of compressional waves (V) were measured at the University of Montpellier. Measure-
ments were performed at ambient temperature (~20 °C) and atmospheric pressure using coupled piezoelectric,
a pulse generator, and a digital oscilloscope. P wave velocities were obtained on dry and saturated samples at
a 500 kHz ultrasonic frequency (wavelength of a few mm). These new P wave velocities are not described in
Section 4 as equivalent expedition data have been extensively described and discussed in previous publications
(Christeson et al., 2018, 2021; Morgan et al., 2016), but presented in Table 1 and referred to in Section 5.2 when
comparing Chicxulub granite to other granitoid rocks from the literature.

4. Results and Interpretation

All measurements except for “C-PMMA are presented in Table 1, Figures 2 and 3. Sample 5, an impact melt
rock, was damaged after electrical measurements, preventing the acquisition of permeability data. '“C-PMMA
porosity mapping is presented in Figure 4.

4.1. Density and Porosity

Figure 2 compares shipboard discrete porosity and density (OSP MAD) data and this study's data. Both data sets
follow the same trend, but the porosity and densities measured by the triple weight method are, respectively, lower
and higher than shipboard data. This observation supports numerical models of the formation of the Chicxulub
crater (Rae et al., 2019a), which found that predicted porosities in the peak ring (7 + 2%) were lower than the
porosities indicated by OSP MAD data (14.3 + 8%, consisting of 70% of shocked granite samples with an aver-
age porosity of 10.4 + 2.7%). Measurements made on granite samples selected for this study sit between these
values (9.6 + 2.9%). The average bulk and grain densities of the granites are 2.47 and 2.63 g/cm?, higher than
the expedition data set (2.42 and 2.61 g/cm?). Differences between expedition OSP measurements and this study
could be due to the control of saturation and drying of the samples between the two methods used. The porosity
column in Figure 2 also includes a porosity model (Clifford, 1993) used by Abramov and Kring (2004). This
model is discussed in Section 5.3.

Porosity and bulk density measured on the suevites range from 8.00% to 31.53% and 2.08-2.6 g/cm?, and they can
be separated into two groups corresponding to the units they have been collected from. Suevites collected in Unit
2 have higher porosity (25.56-31.53%) and lower bulk density (2.08-2.22 g/cm?) than two of the suevite samples
26 and 28 collected from Unit 4 (8.00-11.35%, 2.5-2.6 g/cm?). These differences in values are interpreted to be
due to different fabrics, with higher porosities and lower densities resulting from grain-supported and clast-sup-
ported fabrics (Unit 2), which is not the case in the melt-rich suevite from samples 26 and 28 (Unit 4). Note that
sample 25 is also a suevite that occurs in Unit 4, but with a rather mixed and complex fabric that integrates a
majority of granitic target rocks. This mixed composition is reflected by porosity and density (16.35%, 2.35 g/
cm?) values sitting between the suevites from Unit 2 and the two other suevites from Unit 4 (Figure 3a).

The porosity and density values in the suevite samples can be compared (see Figure 3a) to data collected from
suevites of the onshore ICDP well Yaxcopoil-1 (Yax-1; Elbra & Pesonen, 2011; Mayr et al., 2008a) found between
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Figure 2. Porosity, bulk density, grain density, and permeability. Porosity and densities are plotted with expedition data (OSP
MAD) for comparison. Permeabilities were measured at two different effective pressures (10 MPa, displayed with a black
edge; 40 MPa, displayed with a red edge). Porosity and permeability models (dashed lines are plotted as ¢(z) = ¢, X e(—z/K)
and k(z) = ky X e(—z/K); Clifford, 1993) are plotted after Abramov and Kring (2004) with K = 1.07, ¢, = 25%, k, = 1 mD
and z,, = 0 shifted to 617 mbsf in the case of M0077A, the top of the peak ring). Figure designed using Python (pandas,
matplotlib, and numpy).

preimpact and postimpact carbonates. In Yax-1, the lowermost impact melt rock-bearing units have lower poros-
ities (1.95-13.1%) and higher densities (2.34-2.64 g/cm?®) compared to suevites higher in the sequence (16.6—
36.8%, 2.05-2.36 g/cm?; Mayr et al., 2008a). A similar observation can be made in Hole MO077A where suevite
samples from Unit 4 have lower porosities and higher densities than suevites from Unit 2. This may reflect differ-
ent depositional processes between the lowermost and uppermost melt-bearing units, both in the case of Yax-1
(Kring et al., 2004; Wittmann et al., 2007) and in MO077A (de Graaff et al., 2021; Kaskes et al., 2021), wherein
the lowermost suevite intervals (or the lower impact melt rock-bearing unit (de Graaff et al., 2021) were produced
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Figure 3. Summary of physical properties. (a) Porosity versus density. Note that Yax-1 data points represent average values for the different suevite units (Elbra &
Pesonen, 2011; Mayr et al., 2008a) from the onshore hole Yaxcopoil-1. (b) Porosity versus permeability. Only permeabilities at 10 MPa of effective pressure are plotted.
Points marked with numbers correspond to suevite and melt rock samples. (c) Porosity versus formation factor. Colored areas are for reference, giving an overview of
the range of expected values for other lithologies, based on the cementation exponent m from Archie's laws (1942) where F = ¢=". Where 1.1 < m < 1.6 (pink area) is
typical of fractured crystalline rocks; 1.6 < m < 2.5 (yellow area) is typical of sandstones; m > 2.5 (blue area) is typical of highly cemented sedimentary rocks. Gray
points are Yax-1 suevite from Mayr et al. (2008b). (d) Porosity versus electrical tortuosity. Where 72 = F X ¢. (e) Porosity versus cementation exponent m, following
Archie's law (1942), where F = ¢~ (f) Porosity versus surface conductivity. Figure designed using Python (pandas, matplotlib, and numpy).

in an early stage of the excavation flow, while suevites in higher intervals are more characteristic of airborne and
waterborne debris and the collapse of an ejecta plume (Kaskes et al., 2021). In the case of MO077A, Unit 2 suevite
is likely an equivalent to the fallback of the upper suevite in Yax-1, although Unit 2 suevite was also affected
by ocean currents (Gulick et al., 2019). Suevite of Unit 4 is part of an imbricate thrust zone, interspersed with
impact melt rock within the target rock (Riller et al., 2018), and the result of an earlier stage of crater formation
when impactites were buried by a central uplift that collapsed to form the peak ring (de Graaff et al., 2021; Kring
et al., 2017; Riller et al., 2018). Beyond this crater, Popov et al. (2014) synthesized porosity values from other
impact structures, from which suevitic lithologies show a similar range of values, with average values between
7.4% and 27.9%.

Impact melt rocks from Units 3 and 4 have porosities (8.6-17.9%) and densities (2.4-2.7 g/cm?) that compare
well with the lowermost suevite of Unit 4 (8-16.3%, 2.3-2.5 g/cm?). Sample 7 from the contact of impact melt
rock and granitoid rock, where cataclasite and granite coexist, has a porosity of 18.4% and density of 2.35 g/cm?,
intermediate between suevite and granitoid rock elsewhere in the core.

Granite porosity and density values are 6.9—-16.6% and 2.3-2.5 g/cm?, respectively. Two granite samples (8 and
12) occur in more sheared, crenulated intervals than the others. Both those samples have a porosity of ~16%,
which is greater than the values in other Chicxulub granites (that together without these two samples average an
8.7% porosity), and is closer to suevite and cataclasite values.
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Figure 4. Samples (upper row) and corresponding porosity maps (lower row) of granitoid rocks. (a and b) Samples 12 and
14 from this study. (c) Palmottu granite. The color scales of Chicxulub samples are the same, but the one used for Palmottu
granite was adapted for observing the low porosity of the rock (0.5%). Sample diameters: 2 cm for Chicxulub granite, and
4.5 cm for Palmottu granite. Qz, quartz; Pl, plagioclase; KF, K-feldspar; cci, cataclasite.

4.2. Porosity Mapping

The porosity maps obtained for the two studied granitoid rock samples do not present any artifacts due to the
method itself; it is assumed that the connected porosity of these samples was totally impregnated using the
experimental protocol. This assumption was verified by calculating the total connected porosity of these samples
using '“C-PMMA method. The total porosities of the two impregnated granites obtained from “C-PMMA
method are 16.5% and 8.1% for samples 12 and 14, respectively. These values are similar to the ones determined
by the triple weight method (Table 1): 16.4% and 8.1% for samples 12 and 14, respectively. Porosity maps
obtained for these two samples look very different (Figures 4a and 4b) and are compared for reference with an
intact granite (Palmottu granite; Figure 4c).

The main visible feature on the porosity map of sample 12 is the occurrence of cataclasite and shear faults tran-
secting the samples. These shear faults are more porous than the average porosity of the sample (average porosity
of the shear faults determined on ROI is 26.2%). These bands are made of an assemblage of small clasts (clasts
size ranging from mm to <um) and a matrix which is difficult to resolve by Scanning Electron Microscopy. Due
to their small size, it is not possible to separate the porosity of these clasts from the matrix using the “C-PMMA
method. At a greater scale of investigation, this sample contains large quartz (average porosity 7.7%) and K-feld-
spar aggregates (average porosity 14%), crosscut by transgranular fractures which are well visible by autoradiog-
raphy. Plagioclase are rare in this sample. This sample also contains macropores (pore size >500 pm), which are
associated with dark mineral aggregates (biotite/chlorite assemblage, average porosity 71.4%).

Sample 14 does not present shear faults and has an appearance closer to the majority of granitoid rock samples
recovered in Hole MOO77A. Four mineral aggregates are present (K-feldspar, plagioclase, quartz, and dark miner-
als), as described in Morgan et al. (2017). The porosities of these aggregates are quite contrasted as determined
on ROI: K-feldspar 1.9%, plagioclase 10.6%, quartz 10.6%. The dark minerals are ignored here because of their

LE BER ET AL.

10 of 24



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023801

relatively low abundance. K-feldspar is a relatively lowly porous mineral in this sample, the main 3D connected
porosity of this rock being formed by the quartz/plagioclase aggregates, as already reported by Rae et al. (2019a).
Quartz and plagioclase can be distinguished in the autoradiography. The only porosity observed in quartz is due
to transgranular fractures. The plagioclase is very densely cracked, but the fractures are not well resolved by
autoradiography because their density is too high. The high porosity found in plagioclase aggregates (10.6%) can
thus be mainly attributed to crack porosity.

4.3. Permeabilities

At an effective pressure (P,) of 10 MPa, which corresponds roughly to the pressure at the top of the submerged
peak ring soon after impact, clast-supported suevites from Unit 2 together with the high-porosity, granite-rich
suevite (sample 25) from Unit 4 have similar permeability values (0.3-2.4 mD). These are 2-3 orders of magni-
tude higher than melt-rich suevites and impact melt rocks from Units 3 and 4 (1.7 x 1073-5.2 X 1073 mD). These
two groups of samples (1, 2, 3,25 and 4, 26, 27, 28) form two clear clusters in Figure 3b. Granites have rather high
permeabilities (0.1-7.1 mD), comparable to the clast-supported suevites from samples 1, 2, 3, and 25, despite
having lower porosities, that are comparable with melt-rich suevites and impact melt from samples 4, 26, 27,
and 28. The mixed cataclasite and granite sample (sample 7) also have a relatively high permeability of 5.7 mD.

Apart from the melt-rich samples (4, 26, 27, and 28), other lithologies have permeabilities of 10~'~1 mD that
compare with values typically measured in sandstones, volcanic rocks or limestones for similar porosity ranges
(Brace, 1980; Schon, 2015) at P, < 10 MPa. Granite samples, as well as samples rich in granites (7 and 25)
also show a limited sensitivity to increasing P from 10 to 40 MPa (Figure 2, fourth column and Figure 6), with
permeability rarely decreasing by 1 order of magnitude. Permeability of granitoid rocks is further discussed in
Section 5.2. Values are consistent with previous hydrothermal models for Chicxulub crater and peak ring that
considered surface permeabilities of 107!, 1, and 10 mD (e.g., Abramov & Kring, 2007), and are discussed in
Sections 5.1 and 5.3.

4.4. Electrical Properties

In the clast-supported, high-porosity suevites from Units 2 and 4 (samples 1, 2, 3, and 25), F is between 10 and
30, 10 times lower than in melt-rich suevites and impact melts from Units 3 and 4 (samples 4, 26, 27, and 28;
Figure 3c). The former has porosities and formation factors both comparable to suevitic breccia from Yax-1
(Mayr et al., 2008b) and also compare well with the mixed granite-cataclasite sample (F' = 25). Except for the
granite-rich suevite sample 25, the cementation exponent in the suevites and impact melt rocks ranges between
2.2 and 2.9, averaging 2.3 (Figures 3c and 3e). In granites, formation factors range from ~20 for the more porous
samples to ~100 for the less porous samples. The average cementation exponent is 1.7 (ranging from 1.59 to
1.87). Samples 7 (granite/cataclasite) and 25 (granite-clast-dominated suevite occurring near a melt interval)
have cementation exponents (1.91 and 1.85, respectively) closer to granites than suevites or impact melt rocks.

Electrical tortuosity is below 10 in all samples except in the melt and melt-rich suevites (samples 4, 26, 27, 28),
where it is between ~15 and ~30. Above a porosity of 10%, the tortuosity of the granites remains between ~3.5
and ~4, it tends to be more scattered between ~4.5 and ~8.5 with lower porosities (Figure 3d).

Surface conductivities C, (Table 1 and Figure 3f) are typically higher in the three suevites from Unit 2, with
values between 25 and 69 mS/m. Impact melt rocks and other suevites (and the granite/cataclasite sample 7)
have values between 4—7 and 1.8—4.5 mS/m, respectively. Granites have lower values close to 1 mS/m, except for
sample 12, which has a value of 2.3 mS/m.

5. Discussion
5.1. Physical Properties of the Peak Ring

In petrophysics, the cementation exponent (), calculated from the formation factor and the porosity, reflects
the porosity microgeometry and the degree of cementation of rocks. It can roughly be divided into three main
domains. Archie (1942) first observed that m typically ranged between 1.8 and 2 in consolidated sandstones.
Glover et al. (1997) and Revil and Cathles (1999) synthesized values of m to fall between 1.5 and 2.5 in sandstones.
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Lower ranges of m values, from 1.1 to 1.6, are generally measured in fresh igneous rocks (Belghoul, 2007) as a
signature of a well-connected porosity through microfractures and/or microcracks. Finally, higher m values (e.g.,
m > 2.5) are observed in rocks with a poorly connected porosity such as highly cemented sandstones and vuggy
carbonates.

In the present study (Figure 3e), granites and samples 7 (cataclasite/granite) and 25 (granite-rich suevite) have
cementation exponents (1.6—1.9) that are not typical of fractured crystalline rocks (m < 1.6). They are closer to
values observed in consolidated sandstones (1.5 < m < 2.5). The two granite samples impregnated by “C-PMMA
have a cementation factor of 1.76 (sample 12) and 1.84 (sample 14), falling in the category of consolidated
sandstone. These unusually high values of m can be qualitatively explained by the spatial distribution of pore
space. Pore space of these rocks is not at all similar to fresh or deformed granites previously investigated such
as Palmottu granite, Finland (Oila et al., 2005; Figure 4). The high porosities of these shocked samples stems
from the impact-derived structures (shear faults, microcracks). Although present, microcracks are not the main
connected structures of sample 12. The presence of large, and porous shear faults crosscutting the sample, form-
ing cataclasites, modifies the connectivity of pore space, and influences the value of m compared to a fresh gran-
ite. For sample 14, it was observed that plagioclase/quartz aggregates contain a dense network of intragranular
cracks. Thus, these polymineral aggregates form the main continuous porous network through the rock. This
porous aggregate is so densely microcracked that it can be suggested that it behaves as a cohesive or moderately
cemented clastic rock, as reflected by their cementation exponents. The three clast-supported suevites from Unit
2 have higher cementation exponents (2.2-2.3) than the granite samples, typical of a highly cemented sandstone.
Finally, the rest of the (melt-rich) suevites (samples 26 and 28) and the three impact melt rocks (samples 4, 5, and
27) have the highest cementation exponents (2.2-2.9), reflecting the least connected porosity. These five melt-
rich samples also happen to have higher electrical tortuosity.

Electrical tortuosity (z2), also calculated from the formation factor and the porosity, reflects more the complexity
of the path followed by the electrical current (Ildefonse & Pezard, 2001). Samples fall into two ranges of values,
melt-rich samples have higher tortuosity (>15) than all other samples (<10; Figure 3d). It means that according
to the measurements performed on the samples, electrical current travels less efficiently in melt-rich lithologies,
likely as a result of a more complex, less connected pore network compared to granites and clast-supported
suevites. This is also reflected by the lower permeabilities observed in the melt-rich lithologies. These observa-
tions suggest that, at the matrix scale and open fractures aside, impact melt rocks cutting through the peak ring
may have acted like a barrier that stopped, deviated, or slowed the fluid flow within the formation below the
crater. On the other hand, the granite and grain-supported suevites were and still are relatively more porous and
more permeable lithologies. The electrical tortuosity, function of porosity, of granite sample 14 (8.20) was found
to be significantly higher than that of sample 12 (3.98). The path followed by the electric current is probably less
complex in sample 12 due to the presence of porous shear faults crosscutting the whole sample (Figure 4). The
same conclusions are valid for fluid flow, permeability of sample 12 being 1 order of magnitude higher than
permeability of sample 14 (Table 1).

That finding has important implications for models of hydrothermal flow. While individual rock units may have
permeabilities of 1-10 mD, a representative permeability for the entire system, which accommodates barriers to
flow like that of impact melt rocks, may be closer to 0.1 mD. Thus, future models may need to adjust permeability
values depending on the scale being modeled. If a model is addressing circulation in the uppermost 100 m of the
peak-ring sequence, then permeabilities of order of 1 and 10 mD are appropriate. If a model is addressing circu-
lation for depths of 1 km or greater, then a permeability of order 0.1 mD may be appropriate. This observation is,
strictly speaking, limited to the peak-ring section sampled at site MOO77A. Other types of crater heterogeneities
should be explored in future models, possibly implementing a layered approach to account for potential barriers
cutting through the shocked target rocks.

The surface conductivity measured in the 19 granitoid rock samples is low, this indicates that there are a few
altered minerals present in these samples, possibly cleared out by fluid circulation after the hydrothermal process,
or that altered minerals are poorly conductive. Suevites and impact melt rocks have higher surface conduc-
tivity because they contain more altered minerals, principally smectites which were well characterized from
geochemical analysis as part of IODP-ICDP Expedition 364 (Morgan et al., 2017; Figure F21; see also Simpson
et al., 2020). The granite was affected by hydrothermal alteration after the impact (Kring et al., 2020; Morgan
etal., 2017).
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Table 2

Granitoid Rock Formations Used to Compare Physical Properties

Granitoid

rock

formation Study/site Sample Alteration Reference

Barre Research on nuclear waste storage, Core from block Intact Kranz et al. (1979)°¢ and Owens (1979)°

research on hydraulic properties
Chelmsford  Research Core from block Intact Bernabe (1988)"¢
Grimsel Research on nuclear waste storage Core from tunnel Shear zone Schild et al. (2001)P<
Core from tunnel Intact David et al. (2018)"<
Illinois Research Core (700-1,600 mbgl) Intact Morrow and Lockner (1997)P¢
Nojima Fault zone Core (200-750 mbsf) Intact to altered Pezard et al. (1999b)°
Core from outcrops (Funaki Intact to altered (fractured, Mizoguchi et al. (2008))¢
and Hirabayashi) breccia, cataclasite (cci))
Palmottu Research on nuclear waste storage Core (<100 mbgl) Intact Oila et al. (2005)? and Sardini et al. (2007)?
La Peyratte  Research Core from block Thermally and mechanically David et al. (1999)°
cracked

Ploemeur Fractured aquifer Core (<100 mbgl) Intact to hydrothermally altered Belghoul (2007)°

Poitou Research on nuclear waste storage Core (200600 mbgl) Intact to hydrothermally altered Belghoul (2007)" and Pezard
et al. (1999a)®

Soultz Geothermal energy Core (1,400-2,200 mbgl) Intact to hydrothermally altered Géraud et al. (2010)" and Rosener (2007)°

Takidani Research Core from block Intact Benson et al. (2006)¢

Westerly Research Core from block Intact and thermally cracked Brace (1977)®, Brace et al. (1968)¢,
Nasseri et al. (2009)¢, and Nur and
Simmons (1969)°

Note. Samples from Nojima (Pezard et al., 1999b), Ploemeur, and Poitou shown in Figure 5 were all analyzed following the same methods as the ones used in this study.
mbsf, meters below sea floor; mbgl, meters below ground level.

aUsed in Figure 4. *Used in Figure 5. Used in Figure 6.

5.2. Comparing the Chicxulub Granite With Other Granitoid Rocks

In order to characterize to which degree the target rocks from Chicxulub's peak ring have been affected, collected
data are compared with similar measurements on physical samples from other granitoid rocks from the litera-
ture (Table 2, Figures 4, 5, and 6). Selected granitoid rocks cover intact formations from the surface and from
borehole, as well as formations modified by natural processes (faults, hydrothermal activity) or lab experiments.
In Figure 5, porosity data from Chicxulub samples and other granites are plotted against, when available: bulk
density, formation factor, permeability, tortuosity, and surface conductivity. Values for the samples from the
Poitou have been averaged by depth intervals of similar lithologies/alteration (intervals typically <3 m) owing
to the large number of total measured samples (>60) that would clutter the plots. For Soultz samples (Géraud
et al., 2010) if several measurements exist for one sample or depth, they have been averaged. Overall, Chicxulub
samples have values that are outside the ranges of other granitoid rocks, intact, or altered.

Of the selected granitoid rocks shown in Table 2, only a 40-cm thick interval of heavily hydrothermally altered
Poitou tonalite, from which were measured 11 samples, has porosities (8.54—15.95%) and formation factors
(40-306) comparable to Chicxulub granites. Values from this interval have been averaged into one point
(¢ =10.8%, p, =251, F =97, =05, C, = 23.3 mS/m) shown in Figures 5a, 5c, 5d, and 5e. However, the
surface conductivity of this granitoid rock interval (5.7-37.9 mS/m) averages 23.3 mS/m, it is higher than the
surface conductivity measured on Chicxulub shocked granites (<2.7 mS/m). In this interval from the Poitou,
except for quartz, the original matrix and later veins are pervasively replaced and filled by sericite and chlorite.
In fact, samples from this interval were so altered that the majority were partially destroyed after being dried then
resaturated multiple times in the process of calculating F and C,. Chicxulub granite underwent hydrothermal
alteration (Kring et al., 2020; Timms et al., 2020) but not as extensively as this granitoid rock from the Poitou. In
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Figure 5. Comparison of physical properties between different granitoid rock formations. Marker shapes correspond to granitoid rock formations (see Table 2), and
associated colors to different types of alterations. (a) Porosity versus bulk density. (b) Porosity versus permeability. (c) Porosity versus formation factor. Dashed lines
are for reference, giving an overview of the range of expected values for other lithologies, based on the cementation exponent m from Archie's laws (1942) where

F=¢™. Where 1.1 <m < 1.6 (pink area) is typical of fractured crystalline rocks; 1.6 < m < 2.5 (yellow area) is typical of sandstones; m > 2.5 (blue area) is typical
of highly cemented sedimentary rocks. For Chicxulub granite samples, m ranges from 1.59 to 1.87, for a mean value of 1.71. (d) Porosity versus electrical tortuosity,
where 72 = F X ¢. (e) Porosity versus surface conductivity. Figure designed using Python (pandas, matplotlib, and numpy).

the peak ring, hydrothermal alteration is principally observed near the contacts between melt zones and granites
(e.g., samples 6 and 29), and along cracks, yet no complete replacement of the original minerals was observed.
The granite preserved most of its original texture and its unusual physical (and resulting electrical) proper-

ties are interpreted to be impact-induced (e.g., shock metamorphism, dynamic collapse of the peak ring; Rae
et al., 2019a, 2019b).

From all the plotted granitoid rocks in Figure 5b, only two Soultz samples and one cracked Westerly sample
show similar range of permeability (>10~! mD), comparable to Chicxulub samples under P, < 10 MPa. The
Soultz samples are fractured (Rosener, 2007) in addition to being hydrothermally altered, explaining the high
permeability values. For the Westerly granite, cracks were formed by heating it up to a temperature of 850 °C
(Nasseri et al., 2009). The effect of increasing P, on permeability on that same sample is shown in Figure 6
(right—Westerly—=850 °C). In comparison with Chicxulub samples that have a similar permeability range of
values under low stress, cracks causing high permeability in the Westerly sample tend to close with increasing

P, while Chicxulub samples remain relatively insensitive. The effect of cracks and stress on crystalline rocks is
discussed in the following sections.

5.2.1. Cracks and Microcracks in Granitoid Rocks

Microcracks are the dominant form of porosity observed in granitoid rocks (see references in Table 2), Figure 5
illustrates that fresh granites tend to have a porosity mainly <1%. In fresh granitoid rocks, intragranular porosity
of primary minerals is always low: plagioclase porosity ranges from 0.1% to 1.14%, quartz porosity ranges from
0.15% to 0.68%, and K-feldspar porosity ranges from 0.15% to 0.70% (Cassiaux, 2004; Kelokaski et al., 2006;
Sardini et al., 2006; Voutilainen et al., 2019). When a sample porosity is <0.5%, the porosity of quartz and feld-
spar often falls below the detection limit of the '“C-PMMA method and grain boundary porosity is dominating.
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Python (pandas, matplotlib, and numpy).

In granitoid rocks, cracks affect brittle minerals (quartz and feldspars) the same way. For instance, the crack
density observed in fresh granites like Palmottu granite (Oila et al., 2005) is quite homogeneous (Figure 4c).
Palmottu granite has a mineralogy comparable to the samples from this study, and has a porosity in the classic
range of fresh granitoid rocks (~0.5%). In this fresh granite, the porosity of plagioclase (1.14%), quartz (0.56%),
and K-feldspar (0.48%) is quite similar (Oila et al., 2005), because the porosity of these minerals is mainly due to
intragranular cracks (but plagioclase also exhibits intragranular microporosity, see porous patches in Figure 4c).

As a granitoid rock is altered, the density and aperture of cracks increases, associated with an increase in porosity.
Even in naturally or artificially cracked granitoid rocks, excluding weathering, porosity rarely exceeds 5%. Chicx-
ulub samples have a porosity of 9.6 + 2.9%. In Chicxulub sample 14, '“C-PMMA method provides a porosity
of 10.6% for both quartz and plagioclase, and a much lower porosity in K-feldspar (1.9%). The porosity of these
three minerals results mainly from intragranular cracks. These minerals are more porous than the maximal poros-
ity found in different unaltered granitoid rocks synthesized above. One major specificity of Chicxulub shocked
granite is the important and unexpected contrast of porosity (microcrack porosity) between quartz + plagioclase
and K-feldspar. K-feldspar crystals form isolated lowly porous aggregates in a matrix about five times more
porous. This difference is supposed to be inherent to the differential mechanical deformation of the rock during
the cratering (Riller et al., 2018). The mineral aggregates were so affected during cratering that the porosity
spatial distribution of the sample does not compare to other porosity distribution usually observed in granitoid
rocks (as described in Sardini et al. (2007)). The microcrack density and associated electrical properties suggest
that Chicxulub granite could be compared, e.g., to a moderately cemented sandstone in terms of porosity and
formation factor. To further assess this assumption, it is interesting to observe how the samples behave in response
to increasing stress during permeability measurements.

5.2.2. Effect of Stress Relief

Permeability data shown in Figure 6 compare measurements collected from the Chicxulub core samples with
intact (left) and intact to altered (right) granites. When a reference gives several sets of measurements, only a
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selection is plotted to reflect the range of values of the data set. Overall, permeabilities from Chicxulub's target
rocks range within 0.1 to <10 mD. From 10 to 40 MPa of effective pressure (P,), the permeability of the samples
decreases within the same order of magnitude as they started in. Under the same P, range, fresh granites have
lower permeabilities (1072-10~° mD) at 1-10 MPa, and they typically decrease by 1 or 2 orders of magnitude
when reaching 40 MPa (Figure 6, left). Permeability measurements performed on samples extracted from bore-
holes tend to be more sensitive to increasing stress (e.g., Illinois, Grimsel), it is not the case for Chicxulub samples
that were extracted from ~750 to ~1,330 mbsf). In other granites, Morrow and Lockner (1994, 1997) suggest
that these trends are associated with the damaging of the samples during coring (thermal cracks, stress relief
cracks). These damages increase the permeability compared to what it would be in situ. During laboratory meas-
urement, as P, increases, sampling-induced cracks are closed and the permeability decreases significantly. For
these samples, measurements at higher pressure may reflect in situ stress more accurately; however, permeability
values may still be dominated by sampling-induced cracks as their formation is irreversible. Schild et al. (2001)
also studied the effect of stress relief associated with sampling on the Grimsel granodiorite. Some of their results
for samples extracted underground, in the vicinity of a shear zone, are plotted in Figure 6 (right). Other measure-
ments on intact Grimsel granodiorite samples are plotted in Figure 6 (left), following a permeability benchmark
study by David et al. (2018). Despite having been sampled in situ at depth >750 mbsf, Chicxulub specimens do
not exhibit the same behavior as other granitoid rocks that underwent stress relief during sampling in situ.

Surface samples (e.g., Chelmsford, Westerly, Barre, Takidani—Figure 6 (left)) are less sensitive to changes in
pressure during measurement because they did not undergo stress relief and associated crack formation, or at least
not to the same extent than borehole samples, at collection. Yet, due to weathering and other surface processes,
permeabilities from such samples are likely to be higher to what they would be if an intact sample was collected
from a deep drillhole counterpart (Morrow & Lockner, 1994). Chicxulub granitoid rock samples are less sensitive
to increasing stress than fresh granitoid rock surface samples.

5.2.3. Deformed Granitoid Rocks

Samples from a tectonically active area, the Nojima fault, have been studied both with surface samples (Mizogu-
chi et al., 2008) and from core samples (Lockner et al., 2009). Altered surface samples collected within 10 m from
the fault core have permeability values of 1 and 10 mD (fractured granite, granitic cataclasite) and up to 10> mD
(granitic breccia) under low P, of 5-10 MPa, these values decrease by 1-2 orders of magnitude when P,
increases to 50 MPa. A selected set of data from Mizoguchi et al. (2008) is plotted in Figure 6 (right), including
a fresh granite collected 100 m away from the fault. Surface Nojima fractured granites and cataclasite compare
well with Chicxulub granite samples in terms of permeability values under low P, but are more sensitive to
increasing stress.

Borehole samples (Lockner et al., 2009), collected within ~18 m from the fault, including damaged granitoid
rocks (brecciated, fractured, sheared; Moore et al., 2009) have permeabilities of 1073 to <10 mD under a confin-
ing pressure of 10 MPa. Although having lower permeability values than surface samples, both of these data sets
overlap within a range of permeability values comparable to Chicxulub samples (10~'~10 mD) under low stress.
However, unlike Chicxulub granites, their permeability decreases similarly by 1-2 orders of magnitude when
pressure is increased to 50 MPa. Overall, if permeability values from surface and borehole tectonized granitoid
rock samples from the Nojima fault can be compared with granites from Chicxulub, the latter are relatively insen-
sitive to increasing stress.

5.2.4. Experimentally Cracked Granitoid Rocks

Rae et al. (2019a) observed that the largest contributor to porosity in Chicxulub granites were intragranular
fractures (55%), followed by intergranular pores (24%), and cataclasite (21%). Although it is challenging to
reproduce stress conditions to generate similar shock-induced porosity, thermally cracked granites develop both
intragranular and grain boundary cracks (Nasseri et al., 2007). Permeability measurements performed on intact
and thermally cracked Westerly granite samples (Nasseri et al., 2009) are shown in Figure 6 (right). After being
heated to 850 °C, the permeability of the Westerly granite is within the lower part of the range of values from
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Chicxulub samples at P, ~ 5 MPa. However, its permeability decreases by 2 orders of magnitude when P, is
increased to 35 MPa.

Thermally cracked samples are also characterized by a significant decrease in dry P wave velocities. Nasseri
etal. (2007) reports values of 4.48 km/s (porosity <1%) on intact samples that drop to 0.98 km/s (porosity = 3.8%)
after being heated to 850 °C. Chicxulub granite samples have an average dry P wave velocity of 3.4 km/s and an
average porosity of 9.6%. Compared to granites heated at 800 °C and more, these values are >three times higher
for V, (Nasseri et al., 2007; Yang et al., 2017; Zhang et al., 2018) and >1.5 times higher for porosities (Nasseri
et al., 2007, 2009; Sueyoshi et al., 2020; Yang et al., 2017; Zhang et al., 2018). Nasseri et al. (2009) point out
that the aperture of the cracks and their density are important controlling factors to porosity and permeability
reduction with increasing pressure. Porosity decreases more significantly in samples with lower crack density and
aspect ratio than in heated samples showing higher crack density and apertures. This could suggest that the high
crack density of Chicxulub granites makes them less sensitive to increasing stress compared to other granites.

5.2.5. Mechanical Behavior of Chicxulub's Granitoid Rock

For the selected granitoid rocks from the literature, decrease in permeability is typically associated with the
closure of cracks and microcracks. At P, < 10 MPa, samples from this study have rather high permeabili-
ties, comparable to naturally or experimentally deformed granites, but have higher porosities and appear to be
relatively insensitive to increasing P up to 40 MPa. Limited sensitivity to increasing P, can be observed in
cracked rock samples as a result of fracture surface roughness and offset (e.g., Pérez-Flores et al., 2017; Sarout
et al., 2017). In cataclasite zones where offsets can be observed (McCall et al., 2021; Riller et al., 2018), this
phenomenon could be a contributing factor to the lack of sensitivity in response to increasing stress. However,
in the rest of the shocked Chicxulub granitoid rocks, it is suggested that the pervasive fracturing fragmented
the original structure of the target rock and grains without clear offset (Figures 4a and 4b; also see Figure 4 in
Rae et al. (2019a)), making it behave like a moderately cemented clastic rock, as observed with electric proper-
ties. This insensitivity to increasing P up to 40 MPa and the associated permeability values are also closer to
what can be observed in clastic rock formations. For example, measurements performed on the Bradford sand-
stone by Wyble (1958) provide comparable porosity (9-11.6%), formation factor (56—127), and permeability
(0.48-2.48 mD) values, with slightly higher cementation exponents (1.8-2.1) and tortuosity (6.3—12.3). Another
example is the Fontainebleau sandstone, that for similar porosity range (6.7-12.6%), has comparable formation
factors (28-130) and cementation exponents (1.3—1.87) and tortuosity (2.3-9.5; Revil et al., 2014). In the case of
the Fontainebleau sandstone, however, permeabilities are up to 2 orders of magnitude higher than for Chicxulub
granitoid rocks (Figure 6). Under increasing stress permeabilities of these sandstones tend to decrease within
the same order of magnitude, like the shocked granite samples from this study. In terms of permeability reduc-
tion against increasing stress, other rock formations show comparable insensitivity under increasing confining
or effective pressure. This is the case for volcanic rocks with porosities ranging from ~4 to >40% (e.g., Fortin
et al., 2011; Heap et al., 2018; Kennedy et al., 2020; Nara et al., 2011); however, few studies combine these
permeability measurements with a characterization of the porous space with electric measurements. Investigation
of electrical properties on volcanic rocks ranging between 6% and 12% point at a cementation exponent m closer
to the range 1.8-2.9, and tortuosity in the range 6-90 (e.g., Bernard et al., 2007; Ghorbani et al., 2018; Revil
et al., 2019; Soueid Ahmed et al., 2018), overall higher than the values (1.59 < m < 1.87 and 3.48 < 7% < 8.53)
observed on Chicxulub granitoid rocks, and therefore likely associated with a less connected porosity.

Different mechanical behavior or porous media under increasing effective pressures have been divided in three
types by David et al. (1994). Crystalline rocks are Type I, the most sensitive to an increasing stress as microcracks
close. Intact or deformed, most samples plotted in Figure 6 fit this Type I, except for Chicxulub samples that
remain insensitive. Type II is typically observed in porous clastic rocks, where the limited decrease in permea-
bility is dependent on adjustment of grains under increasing stress. Finally, Type III is more typical of unconsol-
idated materials: almost insensitive to increasing stress, until reaching a critical pressure beyond which grains
start being crushed, leading to an abrupt decrease in permeability. In the present study, samples follow a Type II
trend within the range of studied pressure (P, max = 40 MPa). This maximum pressure is already ~three times
higher than the stress of the formation downhole, the permeability values are therefore representative of in situ
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conditions. Future investigations should put the samples under higher stress to observe their behavior and the
effect on permeability at greater depths; insensitivity to increasing pressure could affect hydrothermal models.

Shock metamorphism, combining high pressure and high temperature, as well as movement of the recovered
section by >20 km within 10 min during the impact event (Morgan et al., 2016) resulted in the observed physical
properties of Chicxulub granites. Microscopic observation of Chicxulub granite samples (Figures 4a and 4b; Rae
et al., 2019a; Riller et al., 2018) point at a range of rock damaging modes (e.g., pervasive fracturing, fragmen-
tation of the minerals and shear faulting) that result from the stress during the impact and crater formation. The
shock pressure and release shattered the original texture and crystals, and eventually formed cataclasite (McCall
et al., 2021; Rae et al., 2019a). The target rocks have been deformed in such a way that, at the studied scale
(cm-scale samples), it could be suggested that they behave more like a cohesive or moderately cemented clastic
rock than a fractured crystalline rock.

5.2.6. Other Shocked Granitoid Rocks

Shock effects on physical properties have been investigated in the Ries crater (Popov et al., 2003). These authors
used a theoretical model based on thermal conductivity measurements and grain and pore geometry models to
estimate the porosity of physical samples. In order to tune their model, the authors defined pores from penny-
shaped cracks to spherical porous space. Following this method, granitoid rocks from this impact crater have
calculated porosity values ranging from 8.60% to 23.4%, with an average of 15.2%. This average value is higher
than the average value for the samples presented in this study (9.6%). Thermal conductivity data used for their
calculation include measurements on saturated samples, with values ranging from 1.85 to 3.27 W m~! K~! (aver-
age = 2.52 W m~! K~!). Chicxulub granite samples have thermal conductivities on saturated samples ranging
from 2.22 to 3.40 W m~! K~! (average = 2.72 W m~! K~!; Morgan et al., 2017). Higher thermal conductivity
values observed in Chicxulub samples are compatible with lower porosity, compared to the Ries porosity model.
Higher porosity being associated with lower thermal conductivity, as pore space slows heat transfer.

Other candidates to compare to Chicxulub's samples are granites from nuclear test sites (Boardman & Skrove, 1966;
Derlich, 1970a, 1970b; Short, 1966). Intact granite samples from these test sites have V, of 5-5.9 km/s. V,
measurements (2.9—4.5 km/s) acquired on shocked samples from the Hoggar and Hardhat granites in a range
of 10-30 m from the shot point are comparable to Chicxulub's (dry: 2.5-4.7 km/s, saturated: 3.2-5.2 km/s).
However, for such postexplosion velocities, the measured porosities vary little compared to their intact coun-
terparts, rarely exceeding 4%. Gas permeability measurements performed in situ in the vicinity of shot points
(crushed and fractured granites) at both sites are highly variable, between 1 and 10° mD. Although the lower part
of this range of values compares with the higher permeability measured on Chicxulub granite samples, these in
situ measurements do not focus on the same scale and might be subject to the occurrence of macro cracks and
fractures that do not occur in the samples presented in this study. No laboratory permeability data set, acquired
with increasing P, on other experimentally shocked granitoid rocks, was found in the literature to compare with
Chicxulub sample.

5.3. Previous Assumptions About Porosity, Permeability, and Hydrothermal System

In a model of the postimpact hydrothermal system (Abramov & Kring, 2007), several assumptions about porosity
and permeability were made for the lithologies occurring below the crater. Rock porosity was taken to be 25% at
the top of the suevite sequence, based on measurements in Yax-1 core (Mayr et al., 2005) and assumed to decay
exponentially with depth, z, to account for pore space closing by lithostatic pressure

¢ = o e/"

where K is 1.07 km for Earth (Clifford, 1993, dashed line in Figure 2—porosity column). Site MOO77A porosity
at the top of the suevite is 31% (Figure 2), a little higher than that assumed previously. The data presented in
this study do not fit the modeled exponential decay of porosity with depth, but the recovered material in the core
was modified by postimpact processes, including hydrothermal and diagenetic mineralization, compaction, and
lithification.
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Permeability was also assumed to decrease exponentially with depth (dashed line in Figure 2—permeability
column) as pressure increased in the model of the hydrothermal system (Abramov & Kring, 2007), which can be
examined anew. After the crater was formed, the peak-ring sampled at site MO077A was submerged by ~600 m
of water. The top of the suevite at that depth would have had a pressure of ~6 MPa. The base of the suevite would
have had a pressure ~10 MPa, and the bottom of the core would have approached 40 MPa (Kring & Bach, 2021),
consistent with the range of effective pressures used to determine permeability above (Section 3.3).

Permeability is also a function of temperature and would have evolved as the hydrothermal system cooled. The
model assumed an initial surface permeability of 1 mD at surface temperatures and decreased to 10~ mD at
depth or near the impact melt sheet where 7' > 500 °C. In the suevites from Unit 2, measured permeability values
range from 0.34 to 2.4 mD. Because permeability likely decreased over time due to compaction and precipita-
tion of hydrothermal clay and other minerals, the initial surface permeability of 1 mD used by Abramov and
Kring (2007) seems adequate. It is possible that the exponential decay of that porosity with depth may have been
too steep, but this may also depend on the scale of the model as discussed further below.

Initial surface permeabilities of 0.1 and 10 mD were also modeled and shown to affect the thermal evolution of
the hydrothermal system and, thus, the duration that hydrothermal fluids affected different parts of the crater.
Based on the values measured here, an initial surface permeability of 0.1 mD may be too low, but that—again—
may depend on the scale of the model. If the initial surface permeability is 10 mD, then modeled water and steam
fluxes are about a factor of 10 higher than that of a 1 mD system. That permeability also creates large upwelling
and downwelling plumes that can produce a heterogeneous distribution of sea floor vents. Initial surface perme-
abilities of 0.1, 1, and 10 mD produce modeled durations of hydrothermal activity of 1.5, 1.7, and 2.3 million
years, respectively (Abramov & Kring, 2007), which are collectively a little less than the >2 million years inferred
from site MOO77A data (Kring et al., 2020). This suggests that other factors, such as potential impediments to
fluid flow, should be included in future models. As discussed in Section 5.1, impact melt rocks cutting through
peak-ring granitoid rocks may have impeded fluid flow.

It may seem counterintuitive that the lifetime of the hydrothermal system increases as permeability increases
(Figure 7 of Abramov and Kring (2007)). That relationship between permeability and system lifetime is, in part,
a function of how lifetime is defined. System lifetime was defined as the time to cool below 90 °C within 1 km of
the surface, with 90 °C being approximately a doubling of geothermal temperature at that depth. If that tempera-
ture or depth was modified, so too would the calculated lifetime.

An increase in system lifetime with increasing permeability is also a consequence of complexities in fluid circu-
lation. In the case of Chicxulub, hydrothermal flow carries heat from depth to the surface, mitigating the cooling
effects normally attributed to circulating fluids. The system is effectively a heat pump that is most effective when
permeability is high and fluids efficiently carry heat to the surface. In craters of other sizes, multiple vigorous
convection cells can be generated. In those cases, system lifetime decreases with increasing permeability (Figure
11 of Abramov and Kring (2005)).

6. Conclusion

The dominant lithology of the recovered section of Chicxulub's peak ring consists of shocked granitoid rocks.
Previous studies (Christeson et al., 2018; Morgan et al., 2017; Rae et al., 2019a) pointed at the unique nature of
these target rocks, characterized by relatively high porosity. This study is in agreement with previous observa-
tions and brings more in-depth data that allow to better understand how the impact event affected the physical
properties of the granite:

1. The electrical properties of the granites of Chicxulub's peak ring show that the cementation exponent m (1.59—
1.87) is comparable to values typically observed in the lower part of the range of sandstones (1.5-2.5). This
suggests that the intense fracturing (as illustrated with '*C-PMMA porosity mapping) of the material makes
Chicxulub granite behave more as a cohesive or moderately cemented clastic rock than a microfractured or a
microcracked intact granite. The surface conductivity of these granites is close to the surface conductivity of
known intact granitoid rocks from the literature. It indicates that if this granite was thermally altered after the
impact, altered minerals were partially cleared out
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2. The granite recovered from the peak ring has high permeabilities and appears to be relatively insensitive to
increasing effective pressure. This insensitivity, associated with pervasive fracturing, as observed in PMMA,
and higher V, despite higher porosity than other cracked granitoid rocks from the literature, suggest that
Chicxulub shocked granite does not behave like its peers owing to the high degree of damage. Like with the
electrical properties, permeability data points at a behavior closer to a cohesive or moderately cemented clas-
tic rock than to a fractured crystalline rock

3. The results suggest the permeability values used in models of hydrothermal circulation need to be adjusted
as a function of depth of the system being explored. Permeabilities of order 0.1 and 10 mD are suitable for
portions of the system, including the uppermost suevite unit that covers the Chicxulub peak ring. A permeabil-
ity of order 0.1 mD, however, may better represent system-wide hydrothermal flow due to local impediments
to flow, such as impact melt rock intervals that pervade uplifted granitoid rocks in the Chicxulub peak ring.
Models using that lower permeability (Abramov & Kring, 2007) suggest hydrothermal activity persisted for
2.3 million years, which is consistent with values derived from site MOO77A petrology and geochemistry
(Kring et al., 2020)

Independent petrophysical measurements lead to the same conclusion for the characterization of the granitoid
rocks. Other lithologies analyzed in this study include clast-supported suevites (Unit 2) and melt-rich facies
(including suevites and impact melt rocks from Units 3 and 4); the latter seems to point at lower permeability than
the granites. Observations reported here suggest impact melt rocks cutting through peak-ring granitoid rocks may
have acted as a barrier, slowing, or deviating fluid flow. This does not take in account fracture-induced permea-
bility, especially more abundant along lithological contacts within impactites and between impactites and target
rocks (Ziircher & Kring, 2004).
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