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a b s t r a c t

This work presents isotopic data for the non-traditional isotope systems Fe, Cu, and Zn on a set of
Chicxulub impactites and target lithologies with the aim of better documenting the dynamic processes
taking place during hypervelocity impact events, as well as those affecting impact structures during
the post-impact phase. The focus lies on material from the recent IODP-ICDP Expedition 364 Hole
M0077A drill core obtained from the offshore Chicxulub peak ring. Two ejecta blanket samples from
the UNAM 5 and 7 cores were used to compare the crater lithologies with those outside of the impact
structure. The datasets of bulk Fe, Cu, and Zn isotope ratios are coupled with petrographic observations
and bulk major and trace element compositions to disentangle equilibrium isotope fractionation effects
from kinetic processes. The observed Fe and Cu isotopic signatures, with d56/54Fe ranging from �0.95‰ to
0.58‰ and d65/63Cu from �0.73‰ to 0.14‰, mostly reflect felsic, mafic, and carbonate target lithology
mixing and secondary sulfide mineral formation, the latter associated to the extensive and long-lived
(>105 years) hydrothermal system within Chicxulub structure. On the other hand, the stable Zn isotope
ratios provide evidence for volatility-governed isotopic fractionation. The heavier Zn isotopic composi-
tions observed for the uppermost part of the impactite sequence and a metamorphic clast (d66/64Zn of
up to 0.80‰ and 0.87‰, respectively) relative to most basement lithologies and impact melt rock units
indicate partial vaporization of Zn, comparable to what has been observed for Cretaceous-Paleogene
boundary layer sediments around the world, as well as for tektites from various strewn fields. In contrast
to previous work, our data indicate that an isotopically light Zn reservoir (d66/64Zn down to �0.49‰), of
which the existence has previously been suggested based on mass balance considerations, may reside
within the upper impact melt rock (UIM) unit. This observation is restricted to a few UIM samples only
and cannot be extended to other target or impact melt rock units. Light isotopic signatures of moderately
volatile elements in tektites and microtektites have previously been linked to (back-)condensation under
distinct kinetic regimes. Although some of the signatures observed may have been partially overprinted
during post-impact processes, our bulk data confirm impact volatilization and condensation of Zn, which
may be even more pronounced at the microscale, with variable degrees of mixing between isotopically
distinct reservoirs, not only at proximal to distal ejecta sites, but also within the lithologies associated
with the Chicxulub impact crater.

� 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Hypervelocity impact events represent a fundamental geologi-
cal process in the solar system with major consequences for the
formation and the evolution of planetary surfaces and atmospheres
(Dehant et al., 2019; Chernonozhkin et al., 2021). Large impact
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events (>1 km in diameter projectiles) on Earth result in the forma-
tion of a rich variety of impactites, consisting of shocked target
rocks, impact melt rocks, impact breccias and (distal) ejecta, which
represent unique recorders of the extreme velocity, pressure and
temperature conditions associated with impact events (Stöffler
and Grieve, 2007). Several complex geological processes affect
the structure and composition of these impactites during and/or
after impact crater formation, such as impact volatilization and
condensation, target rock mixing, and hydrothermal alteration.
These processes are linked to the main stages of crater formation
but are often not well constrained. During the first stage of contact
and compression, shock waves produced by the impact lead to
shock melting and vaporization of target rocks and the projectile
itself. Then, the excavation phase corresponds to the formation of
the transient cavity and the ejection of solid and melted target
material. Subsequently, the crater modification stage causes the
unstable transient crater to deform by inward and upward move-
ments of fault-bounded blocks. In addition, the crater is rapidly
filled by a mixture of impactite deposits by means of atmospheric
and/or aqueous processes. Finally, within most impact structures,
these three stages are followed by alteration processes linked to
an impact-induced hydrothermal system, which can last for at
least a couple of millions years after the impact (Kring et al., 2020).

To better understand and disentangle the different dynamic
processes during large impact cratering events, various proximal
impactites produced during or following the formation of the
�200-km-diameter Chicxulub impact structure on the Yucatán
peninsula, Mexico (Fig. 1) were examined petrographically, geo-
chemically, and isotopically. Here, our main focus lies on the vari-
ations of the isotopic ratios of the non-traditional stable isotopic
systems Fe, Cu and Zn in Chicxulub drill core samples. The differ-
ence in volatility between Fe, Cu, and Zn is expressed by their
Fig. 1. (a) Simplified geological map of the Yucatán Peninsula (Mexico) with the locations
UNAM 7 (U7) boreholes (adapted from Kaskes et al., 2022). (b) Schematic geological cros
crustal rock to Cenozoic sediments and the locations of the drill cores used in this stud
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50% condensation temperature (T50). The T50 is the calculated tem-
perature for which half of an element’s mass is condensed from a
cooling gas of solar composition at equilibrium and at a nebular
total pressure (10-4 bar; Wood et al., 2019). The three elements
selected for isotopic analysis display different geochemical behav-
ior: Fe is refractory (T50 = 1338 K) and siderophile, Cu is moderately
volatile (T50 = 1034 K) and chalcophile, while Zn is highly volatile
(T50 = 704 K) and lithophile (Wood et al., 2019). Zinc has also been
classified as slightly chalcophile (Barnes, 2016). The distinct geo-
chemical properties and behavior of Fe, Cu, and Zn are exploited
here to untangle a range of processes taking place during impact
cratering events. Previous studies have demonstrated the potential
of isotopic proxies to trace impact evaporation, condensation, and
mixing of the target components by applying isotopic analysis of Li,
Zn and Cu (Rodovská et al., 2016, 2017), Sn (Creech et al., 2019), Pb
(Ackerman et al., 2020), K (Magna et al., 2021), and Fe
(Chernonozhkin et al., 2021) to (micro)tektites. In addition, stable
Zn isotope ratios were successfully used to characterize melt sheet
material from the Sudbury impact structure in Canada (Kamber
and Schoenberg, 2020). Recently, Mathur et al. (2021) performed
Zn isotopic analysis of K-Pg boundary sediments, revealing heavier
Zn isotopic compositions and lower Zn concentrations within the
K-Pg boundary claystone relative to the surrounding sedimentary
rocks. These results provide clear evidence of volatilization taking
place during the Chicxulub impact event, but additional data on
the source region and materials are needed to further refine this
interpretation. Hence, by applying several non-traditional isotopic
proxies to a wide range of proximal impactites from Chicxulub we
provide a unique perspective on impact volatilization close to a
large impact structure. Careful integration of isotopic data with
bulk and in situ geochemical data, together with petrographic
observations, can uniquely resolve the effects of volatilization
of the Chicxulub impact structure, its peak ring, and the M0077A, UNAM 5 (U5) and
s-section of the Chicxulub impact structure showing the interpreted sequence from
y (adapted from Kaskes et al., 2022).
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and condensation from complex mixing of distinct target litholo-
gies and post-impact hydrothermal alteration.
2. Geological setting

The Chicxulub impact structure on the Yucatán peninsula in
Mexico formed �66 Ma ago (Sprain et al., 2018) by the hyperveloc-
ity impact of a �12 km asteroid (Collins et al., 2020) into a complex
target composed of �3 km thick layer of Mesozoic carbonate- and
sulfate-rich sedimentary rocks overlying a granitoid basement
(Morgan et al., 2016). The Chicxulub impact event is associated
with a globally distributed ejecta layer, enriched in iridium, impact
spherules, some of which contain Ni-rich spinel crystals, and
shocked mineral grains, all of which have been used to link it to
the extinction of the non-avian dinosaurs at the Cretaceous-
Paleogene (K-Pg) boundary (e.g., Swisher et al., 1992; Smit, 1999;
Schulte et al., 2010; Goderis et al., 2021). The Chicxulub impact
structure represents one of the best-preserved large complex
impact structures on Earth (Fig. 1; Hildebrand et al., 1991; Gulick
et al., 2008) and is the only known terrestrial impact structure pre-
serving a topographic peak ring (Morgan et al., 1997, 2016). This
topographic peak ring was jointly drilled in 2016 by the Interna-
tional Ocean Discovery Program (IODP) and the International Con-
tinental Scientific Drilling Program (ICDP) during Expedition 364 at
Site M0077A (WGS84 coordinates: 21.45� N, 89.95�W; Morgan
et al., 2016; Fig. 1). Drill core material from this site constitutes
the main focus of this study. From bottom to top, the Hole
M0077A drill core is composed of �590 m of granitoid basement
intruded by pre-impact dikes and an impact melt-bearing unit,
�130 m of impact melt rock and suevite (polymict impact-melt
bearing breccia), and �110 m of Paleogene sediments (Morgan
et al., 2017). These lithologies were emplaced during a complex
series of dynamic processes, such as by melt injection during peak
ring formation and melt emplacement on top of the peak ring in
the modification stage, followed by deposition linked to a forceful
ocean resurge within the crater, seiche movements, returning tsu-
nami waves and atmospheric fallout of ejected material (Morgan
et al., 2016; Goderis et al., 2021; de Graaff et al., 2022; Kaskes
et al., 2022).

The main lithological units of the Hole M0077A drill core have
petrographically been described in several studies. The basement
(747.02–1334.68 m below sea floor; mbsf) is composed of several
crystalline pre-impact lithologies. The most abundant lithology
within the Hole M0077A drill core is represented by the granitoids.
The granitoids are interspersed by pre-impact magmatic dikes,
such as dolerite, felsite, and dacite. As the dolerite dikes are by
far the most abundant type, other pre-impact dike lithologies have
not been included in this study. We refer to de Graaff et al. (2022)
and Feignon et al. (2021) for in-depth petrographic descriptions of
the crystalline pre-impact lithologies.

The lower impact melt–bearing rock (LIMB) unit occurs within
the lowermost part of the basement sampled by the Hole M0077A
drill core. It contains altered impact melt rock fragments similar to
the upper melt rock and basement-derived material ranging from
single crystals (<1 mm) to clasts (up to few cm; de Graaff et al.,
2022). The LIMB unit is interpreted to represent impact melt rock
injected into the crystalline basement during the compression/ex-
cavation stage of the impact cratering process.

The upper impact melt rock (UIM) unit (715.60–747.02 mbsf;
upper limit redefined by Kaskes et al., 2022) contains two distinct
lithological components, clast-bearing black impact melt rock and
green schlieren (de Graaff et al., 2022). The former contains diverse
clast types, which represent the different basement lithologies and
their abundances, embedded in a compositionally varying matrix.
Green schlieren, irregular streaks of mostly sparry calcite and
3

Fe-bearing phyloosilicates that differ from the surrounding rock
in texture and composition, mainly occur between 721.61 and
737.56 mbsf and are pervasive throughout the clast-bearing black
impact melt rock. The macroscopic texture of these two UIM com-
ponents range from brecciated with angular black impact melt
rock clasts to features of mingling (de Graaff et al., 2022). The com-
position of the UIM unit implies the entrainment of carbonate
components and is interpreted to have stayed at the surface during
crater development. Its formation was not finalized until the mod-
ification stage, when carbonate material would have reentered the
crater (de Graaff et al., 2022).

The suevite (617.33–715.60 mbsf) is a polymict impact-melt
bearing breccia with a particulate, fine-grained groundmass
(mostly clastic carbonate and aluminosilicate). Diverse materials
are embedded within the groundmass, such as target mineral
and rock clasts, and abundant angular impact melt particles
(Kaskes et al., 2022). These particles are altered and mainly angular
without phenocrysts (formerly vitric), whereas other particles pre-
sent a plagioclase microlite-dominated matrix (microcrystalline)
with felsic basement clasts (Kaskes et al., 2022). The target rock
clasts are less abundant than impact melt fragments and are
mostly carbonate and felsic basement clasts (granitoid and gneiss).
Only few mafic basement clasts (such as dolerite) can be found,
mainly in the lower half of the suevite sequence (Kaskes et al.,
2022). All sections constituting the suevite unit display evidence
of post-impact hydrothermal alteration (Kring et al., 2020). The
suevite section has been divided in three subunits by Kaskes
et al. (2022). The lowermost non-graded suevite (710.01–715.60
mbsf) is characterized by a poorly sorted texture and a clastic
groundmass. The overlying graded suevite (620.88–710.01 mbsf)
is characterized by a wide range of target rock clasts and a
fining-upward and increasingly well-sorted upward trend
(Kaskes et al. (2022)). In contrast to the previous subunits with a
randomly organized clast texture, the bedded suevite (617.33–62
0.88 mbsf) is characterized by a clear bedding and imbrication of
clasts. It contains abundant isolated planktic and benthic Creta-
ceous foraminifera, which are associated with calcite cement and
some pyrite minerals (Kaskes et al., 2022). The deposition of these
suevite subunits has been interpreted to have happened within 1
day after impact (Gulick et al., 2019) and results from the initial
seawater ingress and melt-water interactions at the base, followed
by a full ocean resurge in the crater that transitioned into seiche
movements and a returning tsunami at the top of the sequence
(Kaskes et al., 2022).

The transitional unit (616.54–617.33 mbsf) is a micritic bedded
unit that fines upwards from pebble to fine sand size grains with
abundant sulfide levels (Bralower et al., 2020; Whalen et al.,
2020). The coarse grains are mainly altered impact glass fragments
(phyllosilicate minerals), carbonate intraclasts, composite and
coated grains, crystalline calcite grains, foraminifera, and other
bioclasts (Whalen et al., 2020). The uppermost part of this unit dis-
plays the presence of bioturbations (burrows; Whalen et al., 2020),
while the lower part exhibits sedimentary structures such as
dewatering pipes or fluid and vapor channels that are associated
with the hydrothermal system (Kring et al., 2020). Both the top
and bottom of the transitional unit contain charcoal grains associ-
ated with sulfide mineralizations and the lowermost part also dis-
plays several other distinct pyrite layers (Bralower et al., 2020).
Sulfides throughout the Paleogene marlstone, the transitional unit,
and uppermost suevite are mainly pyrites (FeS2), but include chal-
copyrite (CuFeS2) and sphalerite or wurtzite (ZnS; Goderis et al.,
2021). In addition, some bravoite grains (small Ni-Co-rich sulfides,
(Fe,Ni,Co)S2) are present around the transition between the transi-
tional unit and the suevite (Goderis et al., 2021).

The Paleogene sediments (505.70–616.54 mbsf) are composed
of post-impact pelagic white limestone overlaying 3 cm thick
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green marlstone (Bralower et al., 2020). The latter layer is charac-
terized by a positive iridium anomaly of ~1 ppb (Goderis et al.,
2021). It also contains charcoal grains (Bralower et al., 2020) and
a diffuse pyritic interval (Gulick et al., 2019) with two thin concen-
trated layers and several cm-sized pyrite nodules (Goderis et al.,
2021).

The samples from the Universidad Nacional Autónoma de
México (UNAM) selected in this study are from the suevite-like
polymict impact breccia unit containing evaporite clasts from the
former carbonate platform overlaying the basement lithologies
before the impact (Urrutia-Fucugauchi et al., 1996, 2014). This unit
is a part of the ejecta blanket, and both UNAM-5 (U5) and UNAM-7
(U7) drill cores have been retrieved outside of the Chicxulub
impact structure in the mid-1990 s, at respectively 110 km and
127 km away from the geometric crater center towards the South
(Urrutia-Fucugauchi et al., 1996, 2008, 2014; WGS84 coordinates:
20.34� N, 89.66�W and 20.20� N, 89.25�W, respectively; Fig. 1).
The suevite-like polymict impact breccia unit is 172-m thick
within the U5 drill core and 126-m thick within the U7 drill core.
This unit contains abundant carbonate clasts (including evaporite),
impact melt fragments, and felsic basement material (Rebolledo-
Vieyra et al., 2000).
3. Materials and methods

3.1. Sample selection

Bulk rock samples (�20 cm3) were collected during three differ-
ent sampling campaigns: the post-cruise sampling party at the
MARUM-Bremen Core Repository in Germany (September 2016),
an additional sampling campaign at MARUM (December 2017),
and the final sampling campaign at the College Station-Texas Core
Repository in the USA (October 2018). In total, 37 samples from the
Chicxulub impact structure were selected and included in this
work (Table 1). Thirty-five of these samples originate from the Hole
M0077A drill core and have been characterized in terms of their
petrography and geochemistry (major and trace element composi-
tions) during previous studies (Feignon et al., 2021; de Graaff et al.,
2022; Kaskes et al., 2022). As such, sample nomenclature used in
this study as Core#_Section#_Top(cm)_Bottom(cm) is identical to
that applied in de Graaff et al. (2022) and Kaskes et al. (2022). This
naming system precisely denotes the intervals sampled and ana-
lyzed, where the centimeter notation corresponds to the distance
from the top of the core section. Sample names associated to their
lithological units and their depth are summarized in Table 1.

During sampling, particular attention was paid to intervals rep-
resentative of distinct lithological units and specific formational or
depositional processes. One sample was selected from the Paleo-
gene (post-impact) sediments at 616.52 mbsf. This sample is from
the top part of the iridium layer found within the Chicxulub impact
structure (Goderis et al., 2021). Four samples were selected from
the transitional unit. Fourteen samples derived from the suevite
unit. The three suevite subunits described and defined by Kaskes
et al. (2022) were sampled as follows: three samples were taken
from the bedded suevite unit, ten samples from the graded suevite
unit, and one sample from the non-graded suevite unit. Six sam-
ples were selected from the UIM unit. These samples range from
macroscopically homogeneous black clast-poor impact melt rock
(91_1_44_46, 93_1_19_21, and 95_1_52_54) to dark green impact
melt rock with schlieren containing angular black melt fragments
(87_2_73_75 mostly dark green, 87_2_56_58 and 89_1_57_59
mix of black and dark green). For a representative sampling of
the target lithologies, ten samples were selected from the lower
core intervals, including four granitoids, three dolerite dikes, one
metamorphic clast, and two LIMB samples.
4

To complement the sampled units from within the Chicxulub
impact structure, two samples of UNAM drill cores were analyzed.
One originates from the U5 core at a depth of 500.55–500.65 m and
the other one from the U7 core at a depth of 267.40–267.50 m.
These two samples have been selected to compare with the iso-
topic signatures within the impact structure (Hole M0077A drill
core), which are the main focus of this study. The number of sam-
ples available from UNAM drill cores is extremely limited and it is
impossible to obtain new ones, which is why only two samples
from U5 and U7 have been included in this study.

3.2. Petrography

Thirty thin sections were examined under plane-polarized light
(PPL) and cross-polarized light (XPL) using a Zeiss (Carl Zeiss
GmbH, Jena, Germany) Axioscope 5 TL/RL polarizing microscope
equipped with a Zeiss Axiocam 208 camera at the Vrije Universiteit
Brussel, Belgium (VUB). Micro-X-Ray Fluorescence (lXRF) element
maps obtained in previous studies of the IODP-ICDP Exp. 364 drill
core (Goderis et al., 2021; Kaskes et al., 2021, 2022) were used to
locate potential Fe, Cu, and Zn-bearing mineral phases. Four repre-
sentative thin sections throughout the drill core (40_2_0_3,
59_2_74_76, 95_1_52_54, and 293_1_49_52) were analyzed in
more detail using a JEOL JSM-IT300 (JEOL Ltd., Tokyo, Japan) scan-
ning electron microscope equipped with an energy-dispersive X-
ray spectrometer (SEM-EDS) at the VUB. Potential Fe, Cu and Zn
mineral carriers were characterized by backscattered electron
images and qualitative EDS spot analyses using an acceleration
voltage of 15.0 kV and a pixel dwell time of 2 min.

3.3. Fe, Cu and Zn isotopic analysis

All geochemical data in this study were obtained for homoge-
nized powdered samples that were prepared at the Vrije Univer-
siteit Brussel (VUB) using an agate mortar and pestle, and a
Fritsch Pulverisette 5 agate ball mill, as described by de Graaff
et al. (2022). Major and trace element compositions of the two
UNAM samples were obtained at the Laboratoire G-Time at Univer-
sité Libre de Bruxelles (ULB) using inductively coupled plasma-
optical emission mass spectrometry (ICP-OES) and inductively cou-
pled plasma–mass spectrometry (ICP-MS), respectively, following
the same methods as described by de Graaff et al. (2022). All major
element data in this study are recalculated and normalized to 100%
on a volatile-free basis, with iron expressed as total ferric iron (Fe2-
O3
T). All ICP-OES and ICP-MS results are reported in Supplementary

Data Table S1.
The preparation for Fe, Cu, and Zn isotopic analysis was per-

formed under a class-100 laminar flow hood in a class-1000 clean
lab at the ULB. The homogenized powders (�50–150 mg) were
taken from the same bulk samples as those prepared by de
Graaff et al. (2022) for major and trace element concentration mea-
surements. The samples were dissolved on a hotplate in SavillexTM

screw-top beakers at 110 �C successively using 4 mL of concen-
trated HF-HNO3 (1:3), 4 mL of 6 M HCl, and 1 mL of 6 M HCl.
The solution was evaporated in-between the different steps and
the last 1 mL solution was loaded onto the chromatographic col-
umn. Sample solutions obtained were loaded on Biorad chromato-
graphic columns filled with 2 mL of AG1-X8 (100–200 mesh)
anion-exchange resin, cleaned and conditioned with alternating
passages of 10 mL of Milli-Q (mQ) water, 10 mL of 1 M HNO3,
and 10 mL of 6 M HCl. After loading the sample, the sample matrix
was stripped by two rinsing steps of 4 mL of 6 M HCl each. Copper
was collected first 50 mL of 8 M HCl. Then, Fe was collected using
20 mL of 0.5 M HCl. Finally, Zn was collected using 15 mL of 1 M
HNO3. To further purify the Cu cut from the remaining matrix ele-
ments, a second step of anion-exchange chromatographic isolation



Table 1
Fe, Cu, and Zn isotope data determined by MC-ICP-MS for the 35 IODP-ICDP Exp. 364 and both UNAM 5 and 7 samples.

Sample ID[1] Depth (mbsf)[2] Lithological
unit[3]

Fe2O3
[4] (wt.%) d56/54FeIRMM-14 (‰) 2SD Cu (ppm) d65/63CuNIST SRM 976 (‰) 2SD Zn (ppm) d66/64ZnJMC-Lyon (‰) 2SD

40_1_28_30 616.52 Paleogene
sediments

2.87 �0.95 0.08 121 0.07 0.05 79 0.49 0.01

40_1_38_44 616.62 Transitional
unit

1.10 �0.03 0.12 32 �0.72 0.08 64 0.36 0.02

40_1_49_50 616.73 1.72 0.23 0.15 48 �0.45 0.10 30 0.44 0.01
40_1_80_81 617.04 1.07 0.09 0.05 10 �0.52 0.10 b.d.l.[5] 0.80 0.04
40_1_106_110 617.30 5.16 �0.03 0.02 53 �0.24 0.04 116 0.43 0.04
40_1_111_113 617.35 Suevite Bedded

suevite
8.47 �0.34 0.01 28 �0.48 0.03 b.d.l. 0.40 0.02

40_2_0_3 617.67 2.09 0.05 0.02 25 �0.27 0.08 3 0.29 0.02
40_2_100_103 618.67 3.80 �0.11 0.05 22 �0.21 0.03 b.d.l. 0.43 0.02
44_1_46_48 628.90 Graded

suevite
4.57 0.01 0.08 43 �0.11 0.01 2 0.33 0.05

48_1_22_24 640.86 5.08 0.04 0.02 46 �0.37 0.02 11 0.14 0.03
49_3_56_58 646.64 4.90 0.09 0.10 38 �0.11 0.07 46 0.24 0.01
51_1_12_14 649.94 4.67 0.14 0.04 145 �0.11 0.04 13 0.37 0.04
54_1_64_66 659.58 4.96 0.07 0.08 45 0.04 0.01 10 0.24 0.03
56_1_95_97 665.99 4.43 0.07 0.02 40 �0.39 0.04 31 0.10 0.02
59_2_74_76 675.91 4.98 0.04 0.09 31 �0.28 0.03 45 0.02 0.02
60_1_45_47 677.69 4.71 0.07 0.10 24 �0.12 0.02 46 0.24 0.04
67_1_13_15 690.59 3.11 0.08 0.10 21 �0.25 0.02 b.d.l. 0.20 0.03
78_1_76_78 704.50 1.38 �0.05 0.02 27 �0.07 0.04 45 0.23 0.05
83_1_115_119 713.23 Non-graded

suevite
3.64 0.01 0.05 6 �0.11 0.02 38 0.31 0.01

87_2_56_58 721.28 Upper impact
melt rock

3.77 0.12 0.03 10 �0.55 0.01 29 0.25 0.02

87_2_73_75 721.45 4.41 �0.02 0.08 7 �0.73 0.08 34 0.32 0.01
89_1_57_59 726.21 4.86 0.23 0.07 31 �0.49 0.04 68 0.39 0.03
91_1_44_46 732.18 6.11 0.17 0.06 15 �0.08 0.04 91 �0.12 0.04
93_1_19_21 738.03 5.22 0.18 0.03 39 �0.50 0.03 49 �0.49 0.06
95_1_52_54 744.46 4.62 0.14 0.07 56 �0.05 0.06 71 0.34 0.08
112_2_52_54 794.49 Granite 1.26 0.16 0.12 13 �0.40 0.07 24 0.25 0.01
144_1_19_21 865.47 Dolerite 14.02 0.13 0.05 106 �0.15 0.06 84 0.18 0.03
144_3_3_5 867.95 Granite 1.25 0.18 0.09 4 0.14 0.09 6 0.31 0.02
169_2_97_99 934.83 Dolerite 14.49 0.15 0.05 120 �0.06 0.08 79 0.23 0.02
222_1_11_13 1084.69 Dolerite 11.81 0.06 0.08 112 �0.39 0.05 64 0.17 0.01
264_1_53_55 1212.67 Granite 1.93 0.12 0.12 6 0.01 0.04 31 0.31 0.09
276_3_93_95 1252.33 Metamorphic

clast (Gneiss)
10.82 0.12 0.04 18 �0.34 0.03 34 0.87 0.03

283_2_46_48 1272.97 Lower impact
melt rock

6.96 �0.02 0.05 87 �0.19 0.03 76 0.32 0.08

288_1_75.5_77.5 1287.30 Granite 1.76 0.18 0.04 10 �0.63 0.01 26 0.26 0.02
293_1_49_52 1301.08 Lower impact

melt rock
5.68 0.03 0.05 73 �0.42 0.04 64 0.34 0.02

U5_500.55_500.65 Impact breccia 2.82 0.58 0.15 40 �0.01 0.05 46 0.19 0.06
U7_267.40_267.50 1.80 0.06 0.08 2 0.02 0.01 18 0.15 0.04

Notes: Concentration data for Hole M0077A drill core samples are from de Graaff et al. (2022) and Kaskes et al. (2022). [1] Sample nomenclature: Core#_Section#_Top(cm)_Bottom(cm); [2] mbsf = meter below sea floor; [3]
subdivision of lithological units and suevite subunits defined by Kaskes et al. (2022); [4] Fe2O3 anhydrously normalized; [5] b.d.l. = below detection limit.
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utilizing a Biorad miniature column was performed. These mini-
columns were filled with 0.5 mL of AG1-X8 (200–400 mesh) resin,
prepared and conditioned with alternating passages of 10 mL of
mQ water, 10 mL of 8 M HCl, and 10 mL of 1 M HNO3. The Cu frac-
tion collected from the first column was evaporated to dryness and
taken up in 1 mL of 8 M HCl, and 20 lL of H2O2 were added just
before loading the sample solution onto the columns. After loading
this Cu-containing solution on the column, two rinsing steps with
1 mL of 8 M HCl each were used to wash off the matrix, followed by
collection of the purified Cu with 10 mL of 8 M HCl.

The Fe isotope ratios were measured at the Atomic & Mass
Spectrometry (A&MS) lab of Ghent University (UGent) using a
ThermoFisher Scientific Neptune multi-collector inductively cou-
pled plasma-mass spectrometer (MC-ICP-MS) equipped with a
large volume interface forevacuum pump and high transmission
‘‘jet” interface. The solution was aspirated using a concentric pneu-
matic nebulizer installed onto a double-volume spray chamber
with a cyclonic and a Scott-type subunits, and the isotope ratios
were measured interference-free at pseudo-medium mass resolv-
ing power (m/Dm �3800 using 5%–95% notation). The Fe isotopic
data presented in this study, are expressed in permil (‰) deviation
from the IRMM-014 Fe isotope certified reference material solution
using the delta (d) notation, as indicated in Eq. (1).

d56=54FeIRMM�014 ¼
56Fe=54Fe
� �

sample
56Fe=54Fe
� �

IRMM�014

� 1

 !
� 1000 ð1Þ

The protocol followed here was similar to that published by
González de Vega et al. (2020). Mass bias correction was carried
out using external correction, with the external standard measured
in a sample-standard bracketing sequence and internal correction,
via doping the sample solutions with a 500 ng�g�1 nickel solution,
following the mass bias correction protocol described by
Baxter et al. (2006). During data acquisition, repeated measure-
ments of IRMM-014 Fe solution yielded an average value of
d56/54Fe = +0.00 ± 0.07‰ (n = 23), which may be used as an estimate
of the intermediate precision. In this study, all reported Fe isotope
ratio data represent average values of at least 3 replicate analyses.
For consistency, multiple independent digestions of reference
material BHVO-2 were measured regularly, and the average
d56/54Fe = 0.11‰ ± 0.06‰ (n = 3) thus obtained is in excellent
agreement with literature data (e.g., 0.12‰ ± 0.03‰ in González
de Vega et al., 2020 and 0.10‰ ± 0.05‰ in Doucet et al., 2020
and references therein).

The Cu and Zn isotope ratios were determined at the ULB using
a Nu Plasma II MC-ICP-MS in operation in either dry or wet plasma
modes depending on the Cu and Zn concentrations of the samples.
Similar to the Fe isotope measurements, the measurement proto-
cols for Cu and Zn also relied on sample-standard bracketing and
doping using Zn and Cu, respectively. The Cu and Zn isotopic data
presented in this study are all expressed in permil (‰) using the
delta (d) notation relative to the NIST SRM 976 Cu and the JMC-
Lyon Zn isotope reference materials, as indicated in Eqs. (2) and
(3), respectively.

d65=63CuNIST SRM 976 ¼
65Cu=63Cu
� �

sample
65Cu=63Cu
� �

NIST SRM 976

� 1

 !
� 1000 ð2Þ

d66=64ZnJMC�Lyon ¼
66Zn=64Zn
� �

sample
66Zn=64Zn
� �

JMC�Lyon

� 1

 !
� 1000 ð3Þ

The isotope ratios of Cu and Zn were initially measured in sam-
ple standard bracketing sequence with in-house Cu and Zn stan-
dard solutions, and later the delta notations were converted to
values relative to JMC-Lyon and NIST SRM 976 using the known
isotopic compositions of the in-house solutions. These in-house
6

solutions of Cu and Zn were respectively calibrated against the
NIST SRM 976 Cu and the JMC-Lyon Zn reference standard follow-
ing Petit et al. (2008). The mass bias correction protocol relied on is
described in detail by Doucet et al. (2020). In this study, all the
reported Cu and Zn isotope ratio data represent an average value
based on at least 3 replicate analyses of the same sample solution.
For consistency, fully digested duplicates of reference material
BHVO-2 were measured regularly, and the average values
obtained, d65/63Cu = 0.08‰ ± 0.03‰ (n = 3) and d66/64Zn = 0.30‰
± 0.03‰ (n = 3), are in good agreement with literature data

(Doucet et al., 2020 and references therein). All isotopic uncertain-
ties in this study are expressed with a two standards deviation
(2SD).
4. Results

4.1. Geochemical compositions

The samples selected in this study have been investigated in
detail for their petrography and major and trace element geochem-
istry and found representative for the different target lithologies
and impactite intervals. The SiO2, CaO, and MgO concentrations
of the selected samples determined by de Graaff et al. (2022) and
Kaskes et al. (2022) fall within the range of their respective litholo-
gies (Fig. 2a–c). For these elements, the samples (especially grani-
toids, metamorphic clast, and LIMB) are in range of the average
upper continental crust (UCC) composition determined by
Rudnick and Gao (2003). The two UNAM samples exhibit lower
SiO2 values, but higher CaO and MgO values than most of the Hole
M0077A drill core samples (Fig. 2a–c).

The Fe2O3 concentrations range from �1 wt.% to 14.5 wt.%
(Fig. 2d), with the granitoids, specific transitional unit and suevite
samples, and the U7_267.40_267.50 sample exhibiting the lowest
values (�1 wt.% to 2 wt.% Fe2O3). All UIM and LIMB, most of the
suevite samples, and the U5_500.55_500.65 sample display limited
variation, ranging between�3 wt.% and 7 wt.% Fe2O3, similar to the
average UCC value (5.6 wt.% Fe2O3; Rudnick and Gao, 2003). A sin-
gle suevite sample (40_1_111_113) displays a value of �8.5 wt.%
Fe2O3. The highest Fe2O3 concentrations are found for the dolerite
and metamorphic clast samples (�10.8 wt.% to 14.5 wt.% Fe2O3).

The Cu concentrations range from �3 to 145 ppm (Fig. 2e), with
the granitoids and the U7_267.40_267.50 sample exhibiting the
lowest values (�3 to 13 ppm Cu). All UIM, suevite (except
51_1_12_14), and transitional unit samples display a limited vari-
ation between �6 ppm and 56 ppm Cu. The latter range also
includes the metamorphic clast (18 ppm Cu), the
U5_500.55_500.65 sample (40 ppm Cu), and the average UCC value
(28 ppm Cu; Rudnick and Gao, 2003). Higher Cu contents are found
for the LIMB and dolerites (�80 and �112 ppm, respectively). An
outlier of the graded suevite subunit (51_1_12_14) and the Paleo-
gene sediments display the highest Cu concentrations within the
sample selection with 145 and 121 ppm, respectively.

The Zn concentrations range from �2 ppm to 116 ppm (Fig. 2f),
with one granitoid (144_3_3_5) and several suevite samples from
the bedded and graded subunits exhibiting the lowest values (�2
ppm to 13 ppm Zn). Most of the granitoids, the metamorphic clast,
and the U7_267.40_267.50 sample range from �20 ppm to 35 ppm
Zn. The U5_500.55_500.65 sample has a Zn concentration of
47 ppm. The Paleogene sediments, dolerites, and lower impact
melt rocks exhibit higher values (�64 ppm to 84 ppm Zn), and they
are close to the average UCC value of 67 ppm (Rudnick and Gao,
2003). The three lithologies displaying the widest ranges in Zn con-
tent are the transitional unit (30 ppm to 116 ppm Zn), the suevite
unit (2 ppm to 58 ppm Zn), and the upper impact melt rock (29
ppm to 91 ppm Zn).



Fig. 2. Chemostratigraphic profiles of the SiO2 (a), CaO (b), MgO (c), and Fe2O3 (d) (in wt.%), and of the Cu (e) and Zn (f) (in ppm) concentrations. UNAM data are from this
study. All data for Hole M0077A drill core are from de Graaff et al. (2022) and Kaskes et al. (2022). Average upper continental crust (UCC) values are from Rudnick and Gao
(2003). Hole M0077A drill core log is from Morgan et al. (2016). All data are recalculated and normalized on a volatile-free basis, with iron expressed as total ferric iron
(Fe2O3

T).

Fig. 3. Upper continental crust (UCC) normalized major and trace element
concentrations (40) for Hole M0077A drill core samples. (a) Positions of samples
analyzed for ‘‘major/trace” element contents and for ‘‘isotope” ratios along the
M0077A drill core log (modified from Kaskes et al., 2022). (b) Stratigraphic
contourplot with the UCC normalized values displayed on a color scale. Elements
are ordered from more refractory (left) to more volatile (right) based on their 50%
condensation temperature (T50; Wood et al., 2019). Interpolation was used to fill in
the gaps between samples. This allows a general overview of the core but is not
meant to be quantitative. (c) Average values for the main lithological units of Hole
M0077A drill core (Paleogene sediments, transitional unit, suevite, upper impact
melt rock, basement, and lower impact melt rock) and the UNAM samples. UNAM
data are from this study. All data for Hole M0077A drill core are from de Graaff et al.
(2022) and Kaskes et al. (2022). Average UCC values are from Rudnick and Gao
(2003). For an in-depth description and analysis of the individual units see Gulick
et al. (2019), Goderis et al. (2021), Feignon et al. (2021, 2022), de Graaff et al. (2022),
and Kaskes et al. (2022).
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The variation in 40 major and trace element concentrations
throughout the entire Hole M0077A drill core shows distinct pat-
terns within some lithological units (Fig. 3b), as also observed in
previous studies (Gulick et al., 2019). Normalized to the average
UCC values, the upper intervals are enriched in Sr (>�720 mbsf)
and in Ca (>�740 mbsf). Nickel, Co, Mg, Fe, Cr, Mn, and Cu are
clearly enriched in the interval between �825 and 1125 mbsf,
except where dolerite dikes are occurring. Minor Zn enrichments
are observed at �721, 887, 1027, and 1266 mbsf. No systematic
trends for depletion in volatile elements (Mn, Na, Cu, Ga, K, Rb,
Zn, Pb) for any particular interval of the drill core can be discerned
(Fig. 3b). As the interpolation between samples may in some cases
strongly influence the visual appearance of the element distribu-
tion, any interpretation must be evaluated carefully. It is important
to keep in mind that the Paleogene sediments are only represented
by a single sample and the transitional unit is too thin (<1 m) to be
correctly represented (Fig. 3b). To counter this effect and allow a
comparison with UNAM samples, the average values per lithologi-
cal units are used (Fig. 3c). This approach confirms high concentra-
tions for Ca and Sr in the Paleogene sediments, the transitional
unit, the suevite, and the UNAM samples, and also to a lesser
extent in the UIM. A high Mn concentration is observed in the Pale-
ogene sediments and the transitional unit. High Ni and Co concen-
trations are associated with the transitional unit, which are most
probably linked to the settling of meteoritic material within this
interval (Goderis et al., 2021; Feignon et al., 2022). A more conven-
tional plot of the rare earth element (REE) concentrations normal-
ized to average values for CI chondrite can be found in Fig. 4.

4.2. Fe, Cu and Zn isotopic ratios

The d56/54Fe results fall within a narrow range between ��0.1‰
and 0.2‰ (Fig. 5a), in range of the values typically obtained for the
UCC (0.09‰ ± 0.03‰, Gong et al., 2017). The sample from the U7
drill core also falls within this range with a d56/54Fe value of 0.06
‰ ± 0.08‰. More strongly fractionated values are measured for
the Paleogene sediment (d56/54Fe down to �0.95‰ ± 0.08‰ for
40_1_28_30) and the uppermost sample of the bedded suevite
(d56/54Fe down to �0.34‰ ± 0.01‰ for 40_1_111_113). In contrast,
a distinctly higher d56/54Fe value of 0.58‰ ± 0.15‰ is found for the



Fig. 4. CI chondrite normalized rare earth element (REE) concentrations, with normalization values from McDonough and Sun (1995). Basement samples (a) are represented
by the grey envelope with the Paleogene sediments and transitional unit samples (b); the suevites (c); the upper and lower impact melt rocks (d); and the UNAM samples (e).
Average values for each lithology (f). UNAM data are from this study. All data for Hole M0077A drill core are from de Graaff et al. (2022) and Kaskes et al. (2022).

Fig. 5. Chemostratigraphic plots for the d56/54Fe (a), d65/63Cu (b), and d66/64Zn (c) values. Hole M0077A drill core log is from Morgan et al. (2016). Error bars reflect two times
the standard deviation. Where error bars are not visible, uncertainties are smaller than the symbol size. Data are shown in Table 1. Blue envelope shows the area plotted in
Fig. 7.

T. Déhais, S.M. Chernonozhkin, P. Kaskes et al. Geoscience Frontiers 13 (2022) 101410
sample U5_500.55_500.65. The largest Fe isotope variability is
observed for the suevite unit ranging from �0.34‰ to 0.14‰
(Fig. 5a; Table 1). The d56/54Fe of the UIM unit (0.14‰ ± 0.02‰,
n = 7) overlaps with that of the target rocks (0.14‰ ± 0.01‰,
n = 8; Table 2). However, the average d56/54Fe values of the suevite
8

(0.02‰ ± 0.01‰, n = 17) and LIMB (0.00 ± 0.04‰, n = 2) units fall
slightly below those of the averaged target rocks (Table 2).

The d65/63Cu results display a wide variability ranging from
��0.73‰ to 0.14‰ in all measured impactites and target rocks
(Fig. 5b). Contrary to the Fe isotope ratio data, the Cu isotope ratio



Table 2
Average Fe, Cu, and Zn isotope compositions of the different lithologies within the M0077A and UNAM 5 and 7 drill cores.

Drill core Lithological unit n d56/54FeIRMM-14

(‰)
2SD
(‰)

d65/63CuNIST SRM 976

(‰)
2SD
(‰)

d66/64ZnJMC-Lyon

(‰)
2SD
(‰)

Hole M0077A Paleogene sediments 1 �0.95 0.08 0.07 0.05 0.49 0.01
Transitional unit 4 �0.14 0.19 �0.48 0.10 0.51 0.10
Suevite 17 0.02 0.01 �0.25 0.02 0.24 0.01
Upper impact melt rock 7 0.14 0.02 �0.41 0.07 0.01 0.12
Target rocks 8 0.14 0.01 �0.23 0.06 0.32 0.06
Lower impact melt rock 2 0.00 0.04 �0.31 0.16 0.33 0.01
Upper impact melt rock without negative outliers 5 0.33 0.03
Target rocks without metamorphic clast (gneiss) 7 0.24 0.02

U5 & U7 Impact breccia 2 0.32 0.37 0.01 0.02 0.17 0.03

Notes: total number of samples for Hole M0077A drill core is above 35 as some samples were duplicated.
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data for individual units exhibit a similar range in values. The aver-
age values per unit indicate that the Cu isotopic compositions are
comparable for the suevite and the target rock units, with
d65/63Cu values of �0.25‰ ± 0.02‰ (n = 17) and �0.23‰ ± 0.06‰
(n = 8; Table 2). On the other hand, the UIM and LIMB units display
lower average d65/63Cu values of �0.41‰ ± 0.07‰ (n = 7) and �0.
31‰ ± 0.16‰ (n = 2), respectively. Considerable variation also
exists within the UIM unit, which appears to depend on the pres-
ence or absence of dark green schlieren. The three UIM samples
containing green schlieren plot towards lower d65/63Cu values,
especially in the case of sample 87_2_73_75, which is entirely
composed of green schlieren and exhibits the lowest value of all
impact melt rocks (d65/63Cu of �0.73‰ ± 0.08‰; Fig. 5b, Table 1).
The Paleogene sediment displays a d65/63Cu value of 0.07‰ ± 0.05
‰, comparable to those measured for both UNAM samples (�0.0
1‰ ± 0.05‰ and 0.02‰ ± 0.01‰ for samples U5_500.55_500.65
and U7_267.40_267.50, respectively).

The d66/64Zn results also exhibit a wide range of values from
��0.49‰ to 0.87‰. However, this large magnitude does not affect
all lithologies. Most samples from the Hole M0077A drill core dis-
play limited variation, with most values varying between �0.0 and
0.4‰, fully in the range of the UCC values (Pons et al., 2013;
Fig. 4c). Both UNAM samples also fall within this range with a
d66/64Zn value of 0.19‰ ± 0.06‰ for the sample
U5_500.55_500.65 and of 0.15‰ ± 0.04‰ for the sample
U7_267.40_267.50 (Table 1). Two black upper impact melt rock
samples (91_1_44_46 and 93_1_19_21) have distinctly lower
d66/64Zn values of �0.12‰ ± 0.04‰ and �0.49‰ ± 0.06‰, respec-
tively. In contrast, the metamorphic clast (276_3_93_95) and one
sample from the transitional unit (40_1_80_81) show higher
d66/64Zn values of 0.87‰ ± 0.03‰ and 0.80‰ ± 0.04‰, respectively.
After exclusion of the two low-value outliers, the UIM and LIMB
units have d66/64Zn values identical to those of the target rocks
within the 2SD uncertainty (Table 2). On average, the suevite unit
is isotopically lighter (d66/64Zn = 0.24‰ ± 0.01‰, n = 17), while the
transitional unit (d66/64Zn = 0.51‰ ± 0.10‰, n = 4) is isotopically
heavier than the other lithological units. In addition, the suevite
unit has an average d66/64Zn value identical to that of the target
rock without the metamorphic clast sample (Table 2).

5. Discussion

As shown above, even by taking into account the volatility of
elements, no systematic trends are observed for the major and
trace elemental compositions within the Hole M0077A lithologies
(Fig. 3). This combined with the observation that the lithological
units and subunits (e.g., within the suevite) were likely subjected
to distinct thermodynamic conditions during their deposition
implies that isotopic systems need to be applied to disentangle
the processes occurring during and after the impact. This may be
feasible because the selected bulk samples are petrographically
and geochemically representative of their respective lithological
9

units (Figs. 2 and 3). Hence, the variations observed are in large
part due to thermodynamic processes and not linked to sample
heterogeneities. While the observed isotopic deviations may not
represent the most extreme ranges due to homogenization of the
bulk sample powders, obliterating any isotopic variability at the
microscale, the distinct geochemical properties and behavior of
Fe, Cu, and Zn are exploited here to untangle a range of processes
taking place during impact cratering events.

5.1. Late-stage hydrothermal overprinting, secondary alteration, and
diagenesis

An impact-induced hydrothermal system affected the entire
Chicxulub impact structure for at least a couple of millions of years
after impact (Kring et al., 2020). Before the isotopic and geochem-
ical signatures measured here can be interpreted, the effects of sec-
ondary processes on the various units need to be carefully
evaluated. Replacement of mineral phases can lead to mineral-
driven isotopic fractionation under low-temperature equilibrium
conditions at the bulk rock scale. Pervasive alteration of the Chicx-
ulub impact structure lithologies is apparent in the form of wide-
spread replacement of vitric melt particles by phyllosilicates,
chloritization and serpentinization of mafic minerals, subsequent
conversion of chlorite to phyllosilicates, and extensive calcite crys-
tallization in veins (e.g., Hecht et al., 2004; Zürcher and Kring,
2004; Tuchscherer et al., 2006; Kring et al., 2020; Simpson et al.,
2020; de Graaff et al., 2022), likely as the result of a long-lived
(couple of Myr) percolation of hydrothermal fluids (Abramov and
Kring, 2007; Kring et al., 2020; Osinski et al., 2020).

Within the impact crater, the main hydrothermal flow occurred
nearby the melt pool, close to the peak ring and reached at least
700 mbsf (Kring et al., 2020). Post-impact hydrothermal alteration
has also been observed between the peak ring and the crater rim,
especially in the Yaxcopoil-1 drill core where it appears as a
�100 m thick hydrothermally altered unit (e.g., Hecht et al.,
2004; Zürcher and Kring, 2004). The further away from the crater
center, the weaker the hydrothermal overprint of both the target
rocks and the impactites. Therefore, the hydrothermal effect
should be minimal in the UNAM samples compared to those from
the Hole M0077A drill core.

The alteration observed is often accompanied by remobilization
of fluid-mobile elements, such as K (Hecht et al., 2004) but also La
and Sr (de Graaff et al., 2022). This is also highlighted by the pres-
ence of precipitated sulfides crystals and apatite grains within
chlorite veins in the transitional unit (Bralower et al., 2020), while
the top of the transitional unit is also characterized by the presence
of diagenetic pyrite crystals and nodules (Goderis et al., 2021).
Hydrothermal channels containing Na-dachiardite, heulandite,
analcime, and secondary Fe-Mg clay minerals and calcite have
been observed throughout the suevite unit (Kring et al., 2020;
Simpson et al., 2020). Cavities are found within the suevite unit,
as well as both UIM and LIMB units, which are filled with a wide



Fig. 6. Backscattered electron (BSE) images of sulfides and oxides, indicated by
arrows, from different intervals within the Hole M0077A drill core. (a, b) Pyrites
from the bedded suevite sample 40_2_0_3. (c) Chalcopyrite from the graded suevite
sample 59_2_74_76. (d) Ni-Co rich pyrites, (e) iron (+Mg, Al) oxide, (f) chalcopyrite
from the upper impact melt rock sample 95_1_52_54. (g) Iron oxide and (h)
chalcopyrite from the lower impact melt rock sample 293_1_49_52. Scale bars
represent 100 lm.
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variety of secondary minerals such as epidote, barite, sulfides, and
the minerals also present in hydrothermal channels mentioned
above (Kring et al., 2020). Dissolution features (e.g., quartz dissolu-
tion), secondary calcite precipitation, epidote and chlorite veins
have been found within the UIM unit and the basement lithologies
(Kring et al., 2020; de Graaff et al., 2022). Hydrothermal garnet pre-
cipitated within the LIMB unit and the surrounding granitoids at
the bottom of the Hole M0077A drill core (Kring et al., 2020). In
addition, the conversion to secondary alteration such as phyllosil-
icates also heavily affected the bulk geochemical composition. The
entire Hole M0077A drill core exhibits evidence of an important
post-impact hydrothermal overprinting associated to secondary
alteration and mineral precipitation. Especially important in this
context is the presence of sulfide minerals, as these represent
major host phases for Fe, Cu, and Zn.

5.2. Mineralogy driving observed isotopic variation in Expedition 364
core

Several types of sulfide and iron oxide minerals are observed in
the thin sections and have been characterized by SEM-EDS. Occur-
ring in all lithologies, especially the transitional unit, suevite, UIM,
10
and LIMB, they consist mostly of pyrites occasionally enriched in Ni
and Co, iron oxides occasionally enriched in Mg and Al, and chal-
copyrites (Fig. 6). No Zn sulfides such as sphalerite have been found
within the analyzed samples.

Pyrites (FeS2) have been found almost throughout the entire
Hole M0077A drill core, within basal Paleogene sediments, transi-
tional unit, suevite, UIM, LIMB, and many granitoid samples
(Bralower et al., 2020; Kring et al., 2020; de Graaff et al., 2022).
The transitional and suevite units exhibit sulfide mineralizations
associated to vertical venting channels (Kring et al., 2020). Fram-
boidal pyrites (FeS2) have been identified in the upper part of the
core, above 700 mbsf (Kring et al., 2020, Goderis et al., 2021). Chal-
copyrites (CuFeS2) are present mostly within the suevite unit, the
UIM, and the LIMB (Kring et al., 2020; Goderis et al., 2021). Spha-
lerite (ZnFeS) has so far only been found in the green marlstone
(basal Paleogene sediments) and in the uppermost part of bedded
suevite (Bralower et al., 2020; Goderis et al., 2021). Epidote and
clay minerals (such as chlorite, saponite, serpentinite, and smec-
tite) can also host Fe within the core, and they are present within
the entire basement material and the whole Hole M0077A drill
core, respectively (Kring et al., 2020; de Graaff et al., 2022). These
main host phases are secondary minerals formed at elevated tem-
perature (>250–300 �C) and have been linked to fluid alteration
processes during the cooling of the Chicxulub hydrothermal sys-
tem (Kring et al., 2020). As no other specific mineralogical host
phases have been identified in previous studies, nor in this one,
the different secondary host phases of Fe described above precipi-
tated from fluids circulating throughout the entire impact struc-
ture and affecting all lithological units. This likely explains most
of the homogenized Fe isotopic compositions (Fig. 5). Hence, the
primary bulk rock Fe isotopic signatures of the distinct lithological
units have likely been overprinted to a large extent.

Light Fe isotope ratio values are preserved within the top part of
the Hole M0077A drill core (Fig. 7a). The two samples carrying
light Fe isotopic signatures are the Paleogene sediments
(40_1_28_30) with a d56/54Fe value of �0.95‰ ± 0.08‰ and the
uppermost sample of the suevite unit (sample 40_1_111_113,
2 cm below the sharp contact between transitional unit and sue-
vite) with a d56/54Fe value of �0.34‰ ± 0.01‰. These samples con-
tain sulfides that can be traced by the Fe and S contents of the bulk
rock fragments (Fig. 7b–c). In sample 40_1_28_30, these sulfides
have been described as two thin concentrated layers associated
with cm-sized nodules (Goderis et al., 2021). This specific pyritic
interval displays a distinct Fe isotopic signature from all other sam-
ples analyzed in this study. As observed at anoxic marine K/Pg sites
(e.g., Schmitz et al., 1988; Smit, 1999), the formation of the pyritic
interval in sample 40_1_28_30 is likely linked to early anaerobic
microbial diagenesis at lower temperature rather than at the for-
mation of the first generation of sulfides from hydrothermal fluids
(Goderis et al., 2021). This interpretation is based on the enrich-
ment of these pyrites in specific chalcophile elements (such as As
and Sb) and is consistent with the difficulty to precipitate sulfides
with such low d56/54Fe values in equilibrium with seawater
(Craddock and Dauphas, 2011). These light Fe isotopic composi-
tions correspond to microbially reduced pyrite formed in normal
marine conditions, as such pyrite is known to exhibit fractionated
values with respect to the host sediment (Craddock and Dauphas,
2011).

Of the three isotopic systems for which data are reported here,
Cu displays the largest variability within the respective lithological
units (Fig. 5). Studies of Cu isotopic composition of chalcopyrite
mineralization within black smoker chimneys in hydrothermal
systems along the mid-oceanic ridges provide a wide range of
d65/63Cu values from � �0.9‰ to 3‰ (Zhu et al., 2000; Rouxel
et al., 2004). Most negative d65/63Cu values are found within old
inactive vents, while most positive values are displayed by active



Fig. 7. Chemostratigraphic plots for d56/54Fe (a), Fe2O3 (b) and S (c) anhydrously normalized concentrations, d65/63Cu (d), and d66/64Zn (e) for the top part of the Hole M0077A
drill core (basal Paleogene sediments, transitional unit, and bedded suevite). Isotopic data are from this study. Fe and S compositions are from de Graaff et al. (2022) and
Kaskes et al. (2022). Error bars reflect two times the standard deviation. Where error bars are not visible, uncertainties are smaller than the datapoint.
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hydrothermal vents (Rouxel et al., 2004). Chalcopyrites would first
precipitate from the hydrothermal fluids during the cooling of the
impact structure with positive d65/63Cu values (up to �3‰; Rouxel
et al., 2004). Alteration of this first generation of chalcopyrites by
seawater could then have led to reprecipitation with lower
d65/63Cu values (down to ��1‰; Rouxel et al., 2004). As sites out-
side of the impact structure would be less influenced by such a
phenomenon, it can be assumed that the starting d65/63Cu values
have been recorded by the UNAM samples (�0.01‰ ± 0.05‰ for
U5_500.55_500.65 and 0.02‰ ± 0.01‰ for U7_267.40_267.50;
Fig. 5b and Table 1) and then seawater alteration led to lower
d65/63Cu values (down to �0.73‰ ± 0.08‰ for 87_2_73_75;
Fig. 5b and Table 1) within the Chicxulub impact structure. There-
fore, all lithologies have been affected by the post-impact
hydrothermal activity and the Cu isotopic variability observed is
best explained by the heterogeneous distribution of Cu-rich
sulfides.

In contrast to Cu, the Zn isotopic profile measured for the
Hole M0077A drill core displays only limited variations. Impor-
tantly, the occurrence of pyrite in chlorite veins and ZnS within
the transitional unit indicate that thin fingers of higher temper-
ature fluids penetrated the buried sediment column and that
local hydrothermal activity persisted possibly for a long time
after normal hemipelagic deposition resumed (Bralower et al.,
2020). Yet, most sampled core intervals from this unit display
no deviations from the initial signature (Fig. 5c). Four samples
exhibit a Zn isotopic signature that deviates from this initial
signature: positive deviations for transitional unit sample
40_1_80_81 (0.80‰ ± 0.04‰) and metamorphic clast sample
276_3_93_95 (0.87‰ ± 0.03‰), and negative deviations for
two black UIM samples (�0.12‰ ± 0.04‰ for 91_1_44_46 and
�0.49‰ ± 0.06‰ for 93_1_19_21). This indicates that the iso-
topic signatures of those four samples may not (entirely) be
linked to sulfide secondary mineralization.

5.3. Isotopic perspective on mixing and melting

The different target lithologies analyzed in this study (granitoid,
dolerite, metamorphic rock) display distinct differences in major
and trace element compositions (Figs. 2 and 3), yet similar albeit
smaller variations for their respective Fe, Cu, and Zn isotopic com-
positions (Fig. 5). The d56/54Fe values of the three basement litholo-
gies analyzed fall within a narrow range of values (Fig. 5a), leading
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to a well-defined average d56/54Fe value of 0.14‰ ± 0.01‰ (n = 8;
Table 2). As mentioned above, the d65/63Cu values of the different
target lithologies are scattered over a wide range of values
(Fig. 5b and Table 1), which may be linked to secondary effects.
Nonetheless, the values for each basement lithology cover this
range, which corresponds to an average d65/63Cu value of �0.23‰
± 0.06‰ (n = 8; Table 2). The d66/64Zn values of dolerite and gran-
itoid fall within a narrow range, with dolerite exhibiting slightly
lower values than granitoid (Fig. 5c and Table 1). Only the mea-
sured metamorphic clast displays an over 0.5‰ higher d66/64Zn
value compared to any other basement sample. The d66/64Zn value
for the average target is 0.32‰ ± 0.06‰ (n = 8; Table 2).

The UIM, LIMB, and suevite unit exhibit major and trace ele-
ment compositions within the ranges defined by the target litholo-
gies (Figs. 2 and 3). This is interpreted to result from the mixing of
felsic granitoids and mafic dolerites (de Graaff et al., 2022). The
only exception is the CaO content of the upper impact melt rock
and the suevite units, which may be linked to contributions from
the carbonate platform to the UIM (de Graaff et al., 2022). The Fe
isotopic composition of the LIMB rock (average d56/54Fe value of
0.00 ± 0.04‰, n = 2) and the suevite (d56/54Fe = 0.02‰ ± 0.01‰,
n = 17,) appear isotopically lighter than the basement (d56/54Fe =
0.14‰ ± 0.01‰) (Fig. 5a and Table 2). This contrasts with the
UIM rock (d56/54Fe = 0.14‰ ± 0.02‰, n = 7) that fall in the range
of the average d56/54Fe values of the target (Fig. 5a and Table 2).
Due to a higher uncertainty, U7_267.40_267.50 overlaps both
ranges (d56/54Fe = 0.06‰ ± 0.08‰), while U5_500.55_500.65 dis-
plays a heavier value than any other sample (d56/54Fe = 0.58‰ ±
0.15‰). The low average d56/54Fe value of the suevite unit is largely
controlled by a few samples with negative isotopic values due to
specific sulfide intervals, especially within the bedded suevite sub-
unit (see Section 5.2).

In the case of the Cu isotopic system, the suevite unit displays
d65/63Cu values similar to those of the target rocks (average of
�0.25‰ ± 0.02‰, n = 17 versus �0.23‰ ± 0.06‰, n = 8; Table 2).
Both the upper and lower impact melt rocks and the transitional
unit exhibit lighter average isotopic signatures (d65/63Cu values of
�0.41‰ ± 0.07‰ (n = 7), �0.31‰ ± 0.16‰ (n = 2), and �0.48‰ ±
0.10‰ (n = 4), respectively; Table 2), which are interpreted here
to reflect an overprint of the hydrothermal system in the presence
of seawater (see Section 5.2). This interpretation is also supported
by the UNAM samples, displaying an average d65/63Cu value of
0.01‰ ± 0.02‰ (n = 2), which is supposed to be the initial Cu iso-
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topic value before the occurrence of any hydrothermal overprint-
ing within the Chicxulub impact structure. However, there is sub-
stantial variation in d65/63Cu within each unit, which may be linked
to a heterogeneous distribution of specific host phases of Cu. Given
the observed scatter, it is difficult to decipher whether mixing and
melting homogenized the primary isotopic signatures of the vari-
ous lithological units.

The lower impact melt rock-bearing unit displays d66/64Zn val-
ues fully in range with the target lithologies (average of 0.33‰ ±
0.01‰, n = 2 versus 0.32‰ ± 0.06‰, n = 8; Table 2). If all samples
of the upper impact melt unit are considered, the average d66/64Zn
value of the unit is significantly lower than that of the basement (0.
01‰ ± 0.12‰, n = 7; Table 2). However, if the two lowest values are
disregarded, the d66/64Zn value obtained is 0.33‰ ± 0.03‰ (n = 5;
Table 2), which falls within error of the target rocks (including
the gneiss clast) and lower impact melt rock values. The only
lithologies that display heavy Zn isotopic signatures are the Paleo-
gene sediments and the transitional unit (especially sample
40_1_80_81). The value of 40_1_80_81 is comparable to that
observed for the gneiss clast 276_3_93_95. As no mineral drivers
are observed to explain these positive values, a different process
may need to be invoked to explain these Zn isotopic variations
(Fig. 5c).
5.4. Potential traces of impact volatilization

Recently, Mathur et al. (2021) reported that the Zn isotopic
compositions of the K-Pg sedimentary layers closely adhere to a
Rayleigh distillation curve, whereby d66/64Zn increases as Zn con-
centration decreases. This observation was interpreted to reflect
that partial Zn evaporation from impact-generated melt spherules
was the process controlling the Zn isotopic and concentration sig-
Fig. 8. (a) d65/63Cu versus Cu concentration for the Hole M0077A and UNAM 5 and 7 drill
and 7 drill core samples. (c) Close-up of the Zn graph focusing on the low Zn concentr
different fractionation factors a (1, 0.9997, 0.9995, 0.999). Cu and Zn concentrations are
Mathur et al. (2021) and tektite data are from Moynier et al. (2009) and Rodovská et al. (
visible, uncertainties are smaller than the symbol size. Data are shown in Table 1.
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natures of K-Pg boundary spherules and ejecta layers. Similar to Zn,
the near absence of sulfur-rich minerals (<1%) in the Hole M0077A
core, which is in stark contrast to the 30% to 50% evaporites in the
Yucatán sedimentary target rocks, has been interpreted to reflect
impact degassing (Gulick et al., 2019). Paleogene sediments sample
40_1_28_30 together with two samples from the transitional unit
(40_1_106_110 and 40_1_80_81; the latter is not plotted in Fig. 8
as the Zn content is below the detection limit but shows a
d66/64Zn value of 0.80‰ ± 0.04‰; Table 1) from the IODP-CDP
Exp. 364 core follow the evaporation trends observed for the K-
Pg boundary layer sediments around the world and tektites from
various strewn fields (Fig. 8). This trend may suggest that the Zn
isotope ratios for the upper sections of the drill core may have
retained a hint of volatility-driven isotopic fractionation. While
one should keep in mind that seawater nodules, tracing seawater
Zn isotope ratios, can also display higher d66/64Zn values
(Maréchal et al., 2000), the trends for K-Pg boundary sediments
highlighted by Mathur et al. (2021) are observed for both marine
and terrestrial sites, confirming the robustness of Zn isotope sys-
tematics. In addition, no Zn carrier phases were identified in the
Paleogene sediments and transitional unit samples studied here.
Intriguingly, the gneiss clast also follows the volatilization trends,
albeit representing only a single sample at a specific fractionation
factor a. Again, no petrographic or geochemical observations can
be linked to this isotopic composition, suggesting this clast may
have been subjected to higher degrees of shock and volatilization.

To verify whether the volatilization is a process that can be
identified from the data, a Rayleigh distillation model was applied
to the Cu and Zn concentrations and isotopic data (Fig. 8). The aver-
age Cu and Zn isotopic signatures of the two UNAM samples
(d65/63Cu �0.0‰ and d66/64Zn �0.17‰, respectively) were used as
initial parameters, due to the limited hydrothermal alteration that
core samples. (b) d66/64Zn versus Zn concentration for the Hole M0077A and UNAM 5
ations (<180 ppm). Curves based on the Rayleigh distillation model are shown for
from de Graaff et al. (2022) and Kaskes et al. (2022). K/Pg boundary data are from
2017). Error bars reflect two times the standard deviation. Where error bars are not



Fig. 9. Plots of d56/54Fe versus d65/63Cu (a), d56/54Fe versus d66/64Zn (b) for the M0077A and UNAM 5 & 7 samples. Arrows indicate the influence of specific processes on the
isotopic values. Data are shown in Table 1.
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they experienced relative to the Hole M0077A drill core samples
(see Sections 5.1 and 5.2). In the case of Cu, none of the 35 Expedi-
tion 364 samples fit the Rayleigh distillation model, not even when
using a kinetic fractionation factor a � 0.9997 (Fig. 8a). This
implies that any previously recorded volatilization process, which
has been observed to exist for Cu based on experimental work (Ni
et al., 2021), is no longer preserved in the case of the Cu isotopic
system (Fig. 9). Similar results are obtained for Fe. However, sev-
eral Zn isotope ratio data do fit the curves modelled based on Ray-
leigh distillation (Fig. 8b-c). The compiled data for the individual
isotope systems are compared in Fig. 9.

The empirical factor a for tektite data (0.999 to 0.9997) based
on the Zn isotope ratio data determined for distal K-Pg boundary
sites (Mathur et al., 2021), and the data collected in this work
imply Zn isotopic fractionation from volatilization below that
expected by theoretical Rayleigh distillation to vacuum
(a � 0.985 in a vacuum). In all cases, the lower a is likely attribu-
table to effects linked to diffusion in the thin layer of the ejecta,
slowing down the evaporation (Moynier et al., 2009; Creech and
Moynier, 2019) and/or suppression of Zn isotopic fractionation
during large-scale evaporation under high pressure (i.e., non-
Fig. 10. (a) Schematic geological cross-section of the Chicxulub impact structure showin
(b) Schematic visualization of the Chicxulub excavation stage <1 min after the bolide imp
processes with their effect on Fe, Cu, and Zn isotope fractionation (adapted from Kaskes
M0077A drill core during and after the final stage highlighting microbial pyrite formation
effect on Fe, Cu, and Zn isotope fractionation (adapted from Kaskes et al., 2022).
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vacuum) conditions (Davis and Richter, 2014; Day et al., 2017;
Wimpenny et al., 2019; Chernonozhkin et al., 2021). While the a
envelope of the distal K-Pg ejecta (between roughly 0.999 and 1;
Mathur et al., 2021) is well below that of tektites (down to
<0.999; Moynier et al., 2009; Rodovská et al., 2017), the Zn data
for the core samples plot within an even narrower a range between
0.9995 and 1 (Fig. 8b-c). This change in a has previously been
explained by signal dilution due to ejecta mixing with local mate-
rials in the K-Pg sedimentary layers (dilution by �10:1 in the case
of �10% Zn from ejecta) and addition of Zn from non-volatilized
sources during sedimentation and lithification (Mathur et al.,
2021). In the case of the Hole M0077A drill core samples, a further
dilution due to a hydrothermal overprint and homogenization dur-
ing sample powdering may be envisioned.

5.5. Condensation in the upper impact melt rock and link with impact
ejecta

Impact ejecta (mainly microtektites) enriched in isotopically
heavy Zn require the existence of a reservoir of isotopically lighter
Zn within or outside (ejecta) of the impact structure. Admixture of
g the locations of the two close-ups in (b) and (c) (adapted from Kaskes et al., 2022).
act, highlighting mixing and melting, impact volatilization, and impact condensation
et al., 2022). (c) Zoomed-in snapshot of the Chicxulub peak ring location of the Hole
, fluids circulation, and chalcopyrite reprecipitation post-impact processes with their
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condensed components have previously been observed in impact-
related materials (e.g., Weyrauch et al., 2019; Chernonozhkin et al.,
2021). Based on Fe isotope ratio variation in microtektites from the
Australasian strewn field, Chernonozhkin et al. (2021) demon-
strated that the formation of these particles involves a convoluted
sequence of processes that includes condensation, variable degrees
of mixing between isotopically distinct reservoirs, and ablative
evaporation during atmospheric re-entry. Other examples of iso-
topic condensation effects in natural materials include gas-
associated spheroidal precipitates (GASP) formed within impact
plumes on the Moon, which are found as glassy microscopic spher-
oids in lunar regolith breccias (Warren, 2008). Condensate glasses
with structures and compositions similar to GASP have also been
observed in terrestrial zhamanshinite impact glass (Gornostaeva
et al., 2019).

Of the 30 K-Pg boundary sediment samples characterized by
Mathur et al. (2021), only a single sample at the top of the Carib-
bean site (ODP Leg 165 Sample 1001A-38R 13–15 cm), displays a
negative d66/64Zn isotopic value (d66/64ZnJMC-Lyon = �0.56‰). This
value is below the typical range for sedimentary rocks and is
approximated only by the two anomalous samples of UIM unit
(d66/64Zn of �0.12 and �0.49 for 91_1_44_46 and 93_1_19_21,
respectively). The low d66/64Zn value for ODP Leg 165 Sample
1001A-38R 13–15 cm has been interpreted to possibly reflect later
fallout complementary to the volatilized isotopically heavy Zn
reservoir (Mathur et al., 2021). Similarly, the two UIM samples
from this study may reflect condensed material (Fig. 9) that is com-
plementary to the isotopically heavy fallout material. While cer-
tainly tentative, the occurrence of this isotopically light Zn may
indicate a genetic link between the UIM unit and the distally
ejected material. A similar relation has previously been suggested
based on major and trace element contents (de Graaff et al.,
2022; Kaskes et al., 2022), and may be confirmed in the future
using in situ isotopic proxies. If a genetic association between fall-
out products within and outside of the crater can be confirmed, the
observed isotopic heterogeneity within the upper impact melt rock
may be used to better constrain the chemical and isotopic hetero-
geneity in the impact plume. Although overprinted by a hydrother-
mal signature at the Hole M0077A drill core, combined with other
isotopic systems such as Cu and Fe, the observed hints of volatiliza-
tion and condensation within and outside of the Chicxulub impact
structure (Figs. 9 and 10) may constrain the nature and duration of
the thermal regimes active shortly after impact crater formation in
the evolving impact vapor plume and ejecta curtain (Burtt et al.,
2022; Morgan et al., 2022).
6. Conclusions

Based on their different volatility and geochemical behaviors,
the use of isotope ratio data of Fe, Cu, and Zn, combined with the
petrography and geochemistry of Chicxulub impactites provides
evidence of large-scale post-impact hydrothermal remobilization
from fluids leading to secondary alteration. All lithological units
sampled by the Hole M0077A drill core appear to have been
affected by an extensive hydrothermal system. Despite the wide-
spread effects of this overprint, occurring throughout the impact
structure but especially apparent in the peak ring, the Fe, Cu, and
Zn isotopic systems preserve important information on the nature
and extent of the complex processes taking place during and after
the impact.

While the observed Fe and Cu isotopic signatures mostly reflect
distinct target lithology mixing and secondary sulfide mineral for-
mation, the Zn isotope ratios represent a powerful tool to trace
some of the high-temperature processes associated with impact
crater formation. The isotopic heterogeneity may be expected to
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be even larger at the microscale, as this study focus on bulk sample
measurements. Based on our results, the stable Zn isotope ratios
for the upper sections of the transitional unit and a metamorphic
clast have likely retained a hint of volatility-driven isotopic frac-
tionation. Impact volatilization has previously been observed for
K-Pg boundary layer sediments around the world and similar iso-
topic deviations are confirmed here for the K-Pg boundary interval
preserved within the materials filling up the transient cavity that
formed following the Chicxulub impact event. Importantly, our
data may indicate the presence of an isotopically light Zn reservoir
within the upper impact melt rock unit. The isotopic signatures
observed for the UIM are suggestive of (back-) condensation and
may imply a genetic link between this upper impact melt rock unit
and the material preserved at proximal to distal ejecta sites.
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