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ABSTRACT

A combined petrographic and chemical study of ejecta particles from the 
 Cretaceous-Paleogene boundary sequence of El Guayal, Tabasco, Mexico (520 km 
SW of Chicxulub crater), was carried out to assess their formation conditions and 
genetic relation during the impact process. The reaction of silicate ejecta particles 
with hot volatiles during atmospheric transport may have induced alteration pro-
cesses, e.g., silicification and cementation, observed in the ejecta deposits. The vari-
ous microstructures of calcite ejecta particles are interpreted to reflect different 
thermal histories at postshock conditions. Spherulitic calcite particles may represent 
carbonate melts that were quenched during ejection. A recrystallized microstructure 
may indicate short, intense thermal stress. Various aggregates document particle-
particle interactions and intermixing of components from lower silicate and upper 
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INTRODUCTION

Large-scale impact cratering can interfere with the evolution 
of life on Earth, causing mass extinctions by introducing a mas-
sive amount of energy to the biosphere in a short time interval 
(Alvarez et al., 1980). It is widely accepted that the Chicxulub 
impact event on the Yucatán Peninsula caused the mass extinc-
tion observed at the Cretaceous-Paleogene boundary (ca. 65 Ma; 
e.g., Hildebrand et al., 1991; Swisher et al., 1992; Schulte et 
al., 2010; Renne et al., 2013; Hull et al., 2020). The Chicxulub 
impact structure has a diameter of ~180–200 km. It represents a 
peak-ring or multiple-peak-ring impact basin formed by a pro-
jectile with a diameter of ~10–14 km (e.g., Hildebrand et al., 
1991; Swisher et al., 1992; Sharpton et al., 1993; Ivanov et al., 
1996; Melosh, 2001; Stöffler et al., 2004; Morgan et al., 2016). 
The target rock at the impact site consists of an upper, ~3-km-
thick sedimentary unit of the Yucatán platform, representing 
a carbonate-, sulfate-, and volatile-rich target sequence, and 
the underlying Pan-African silicate-rich crystalline basement 
(Lopez-Ramos, 1975; Krogh et al., 1993; Morgan et al., 1997). 
The release of climatically active gases that are associated with 
the vaporization of sulfates and carbonates may be relevant to 
environmental changes. SO

x
 gases, as well the emission of soot 

from impact-driven firestorms, may have caused a short, but 
probably severe cooling interval, whereas CO

2
 gas may have 

led to subsequent long-term global warming (e.g., Kruge et al., 
1994; Pierazzo et al., 1998; Harvey et al., 2008; Schulte et al., 
2010; Brugger et al., 2017; Vellekoop et al., 2016; Artemieva 
et al., 2017; Tabor et al., 2020). The response of sedimentary 
target rocks to high shock pressures, however, is still not well 
understood (e.g., Langenhorst and Deutsch, 2012; Hamann et 
al., 2018; Salge et al., 2019; Hörz et al., 2020). For carbonates, 
vaporization (e.g., Kieffer and Simonds, 1980; Boslough et 
al., 1982; O’Keefe and Ahrens, 1989; Pierazzo and Artemieva, 
2012; Hörz et al., 2015; Bell, 2016), melting (e.g., Graup, 1999; 
Osinski and Spray, 2001; Ivanov and Deutsch, 2002; Osinski 
et al., 2008; Walton et al., 2019), and calcite crystallization 
by the back-reaction of the decomposition products CaO and 
CO

2
 (Agrinier et al., 2001; Yancey and Guillemette, 2008) are 

 sedimentary target lithologies. Aggregates of recrystallized calcite with silicate melt 
indicate the consolidation of a hot suevitic component with sediments at >~750 °C. 
Accretionary lapilli formed in a turbulent, steam-condensing environment at ~100 °C 
by aggregation of solid, ash-sized particles. Concentric zones with smaller grain sizes 
of accreted particles indicate a recurring exchange with a hotter environment.

Our results suggest that during partial ejecta plume collapse, hot silicate compo-
nents were mixed with the fine fraction of local surface-derived sediments, the latter 
of which were displaced by the preceding ejecta curtain. These processes sustained a 
hot, gas-driven, lateral basal transport that was accompanied by a turbulent plume 
at a higher level. The exothermic back-reaction of CaO from decomposed carbonates 
and sulfates with CO2 to form CaCO3 may have been responsible for a prolonged 
release of thermal energy at a late stage of plume evolution.

Y6 Yax-1

Chicxulub
crater

Yucatán
peninsula

El Guayal 100 km

Gulf of Mexico

U7

Albion
Island

Villahermosa

M0077A

22°N

20°N

18°N

92°W 90°W 88°W

N

Armenia

Cantarel
oil field

relevant processes that contribute to the total amount of CO
2
 

released to the atmosphere.
This article focuses on the marine Cretaceous-Paleogene 

boundary sequence of El Guayal in the state of Tabasco, Mex-
ico, ~520 km southwest of the crater center (Fig. 1). A detailed 
petrographic and chemical study, with elemental mapping at 
high spatial resolution, was carried out to classify silicate and 
carbonate ejecta particles, and various aggregates such as accre-
tionary lapilli. The goal was to provide insights into impact and 
alteration processes. Melting, aggregation, and thermal altera-
tion processes during the initial stage of the Chicxulub impact 

Figure 1. Map of the Yucatán Peninsula showing the outermost ring 
of the Chicxulub crater structure with drill sites: International Ocean 
Discovery Program (IODP)/International Continental Scientific Drill-
ing Program (ICDP) Expedition 364 Hole M0077A, Yucatán-6 (Y6), 
ICDP Yaxcopoil-1 (Yax-1), UNAM-7 (U7), and the subaerially ex-
posed proximal ejecta sites of Albion Island and Armenia, Belize, the 
Cretaceous-Paleogene site of El Guayal, Tabasco, Mexico, and the 
Cantarel oil field associated with the Cretaceous-Paleogene boundary 
(modified from Salge et al., 2019).
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event and during prolonged ejecta transport will be discussed. 
The genetic relationships of impact products in the sedimen-
tary record of El Guayal and data from proximal Cretaceous- 
Paleogene sections and suevites of the Chicxulub impact crater 
will help to improve ejecta plume evolution models. This study 
also aimed to elucidate the processes that contribute to the seal-
ing properties of ejecta units, which is relevant for the offshore 
Cantarel oil fields located ~250 km north of El Guayal (Gra-
jales-Nishimura et al., 2000, 2009).

STATE OF KNOWLEDGE

Cretaceous-Paleogene Boundary Sequence of  
El Guayal, Mexico

The riverbanks of El Guayal (17°32ʹ37.73″N, 92°36ʹ07.61″W) 
in the state of Tabasco, Mexico, expose a complete Cretaceous-
Paleogene section of ~100 m thickness (Sigurdsson et al., 1995; 
Griscom et al., 1999, 2003; Grajales-Nishimura et al., 2000, 
2009; Arenillas et al., 2006; Dubron et al., 2006; Schulte et al., 
2010). Paleogeographic reconstructions for the Late Cretaceous 
show that this area represented the shelf region of the Yucatán 
Peninsula at water depths of several hundreds of meters (Smit, 
1999). A complex clastic unit was deposited between two pelagic 
formations, the underlying Jolpabuchil Formation (Campanian–
Maastrichtian) and the overlying Soyaló Formation (Paleocene) 
(Arenillas et al., 2006). The complex clastic unit is a fining-
upward succession that can be divided into four subunits from the 
top to the base (Fig. 2). The lowest subunit 1 is an ~40-m-thick 
monomict, coarse carbonate megabreccia. It contains large lime-
stone blocks up to 2 m in size at the base and grades into a fine-
grained, carbonate breccia at the top. Subunit 2 is ~5 m thick, 
is clearly graded, and transits upward into a coarse-grained cal-
careous sandstone. The polymict carbonate microbreccia con-
tains rare impact ejecta such as quartz with microdeformation 
features and altered silicate melt particles. Subunit 3 is rich in 
impact ejecta and ~6 m thick, grading from coarse calcareous 
sandstone to fine-grained, thin-bedded, cross-bedded sandstone 
near the top. At the base of subunit 3, there occur accretionary 
lapilli. The average dimensions determined from a set of 24 
accretionary lapilli are 1.3 × 1.1 × 0.8 cm, with an average aspect 
ratio of 0.59 (Burns et al., 2003). The accretionary lapilli consist 
of ash-sized particles such as clay-altered silicate melt fragments, 
calcite, dolomite, and quartz in a microcrystalline, authigenic 
SiO

2
 matrix (Griscom et al., 1999; Grajales-Nishimura et al., 

2009). Electron-spin-resonance studies show an SO
3
–-enhanced 

signature for calcite in the accretionary lapilli that indicates 
formation in the ejecta plume, either from condensation in the 
presence of CO

2
/SO

3
-rich vapors, or by reactions between solid 

CaO and CO
2
/SO

3
-rich vapors (Griscom et al., 1999, 2003). The 

uppermost layer, subunit 4, is a thin, 1-cm-thick, yellow to red 
clay layer where an impactor component has been identified by 
elevated platinum group elements (PGEs; Goderis et al., 2013). 
On top of the complex clastic unit, the lowermost Danian Hed-

bergella holmdelensis subzone (= biozone P0) was identified in 
a 3–4-cm-thick dark clay bed (Arenillas et al., 2006). The sedi-
mentologic, mineralogical, and stratigraphic evidence indicates 
that the complex clastic unit was formed during the impact event:  
(1) Seismic activity caused by the shock wave of the impact 
resulted in fracturing and collapse of the slopes of the Yucatán 
platform and deposition of a monomict carbonate megabreccia 
in sedimentary gravity flows at El Guayal near the shelf region 
of the Yucatán platform, and this was followed by the (2) arrival 
of ballistically emplaced impact ejecta from the Chicxulub cra-
ter; (3) reworking and deposition, possibly induced by tsunami 
currents; and (4) deposition of globally distributed ejecta with a 
small proportion of the projectile component.

The stratigraphic succession of El Guayal can be correlated 
to the offshore Cantarel oil fields, ~250 km north of El Guayal 
(Fig. 1). At the western Campeche platform, an ~300-m-thick 
dolomitic carbonate megabreccia is the oil-producing reservoir 
facies, and the overlying ~30-m-thick reworked ejecta and brec-
cia lenses represent the sealing facies (Grajales-Nishimura et al., 
2000, 2009). Those oil-producing units at the western Campeche 
marine platform are considered to be the most important oil field 
related to an impact event.
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Figure 2. Schematic stratigraphic column of the Cretaceous- 
Paleogene (K-Pg) boundary sequence at El Guayal, Tabasco, Mex-
ico (modified from Schulte et al., 2010). The Cretaceous-Paleogene 
boundary clay (subunit 4) is 1 cm thick and not to scale. PGE— 
platinum group element.
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Characteristics of Proximal to Distal Chicxulub  
Ejecta Deposits

The Chicxulub impact event deposited an ejecta layer that 
decreases in thickness with distance from the impact crater. 
At the UNAM-7 borehole near the outer crater rim (Fig. 1), a 
>400-m-thick impact-breccia sequence was deposited (Urrutia-
Fucugauchi et al., 1996, 2014; Salge et al., 2019). Here, a poly-
mict suevitic breccia that is rich in altered silicate melt particles 
from crystalline target lithologies overlies an evaporite-rich mega-
breccia. On the southern Yucatán Peninsula, the Chicxulub ejecta 
blanket has been identified at sites 280–470 km from the crater 
center (Ocampo et al., 1996; Pope et al., 1999, 2005; Fouke et 
al., 2002; King and Petruny, 2003, 2015; Kenkmann and Schö-
nian, 2006; Kletetschka et al., 2020). These ejecta deposits are 
represented as a 2–5-m-thick lower spheroid bed, composed of 
silicate melt particles, accretionary lapilli, and pebble-sized clasts 
in a fine-grained matrix, which extends up to Armenia, Belize  
(Fig. 1), 470 km from Chicxulub. The overlying diamictite is up to 
15 m thick, composed of carbonate clasts up to 9 m in size, silicate 
melt particles, and rare shocked quartz grains, and it extends up to 
360 km distance at the site of Albion Island, Belize (Fig. 1). In the 
Gulf of Mexico and the Caribbean Sea, a mixture of micro fossils, 
impact ejecta particles, and lithic fragments was deposited by 
sedimentary gravity flows (e.g., Alvarez et al., 1992; Bralower et 
al., 1998; Arenillas et al., 2006; Grajales-Nishimura et al., 2009). 
At more proximal distances of 500–1000 km from Chicxulub, 
around the northwestern Gulf of Mexico, the marine Cretaceous-
Paleogene boundary sites are represented as centimeter- to meter-
thick ejecta-rich, clastic deposits indicating high-energy transport 
by tsunami waves (e.g., Smit et al., 1996; Schulte et al., 2012). 
At intermediate distances of 1000–5000 km from Chicxulub, a 
dual-layer stratigraphy can be observed at marine and terrestrial 
Cretaceous-Paleogene boundary sites (e.g., Bohor et al., 1987; 
Izett, 1990; Norris et al., 1999; MacLeod et al., 2007; Schulte et 
al., 2009, 2010). A 2–10-cm-thick ejecta layer is composed of 
altered silicate melt particles and overlain by a 0.2–0.5-cm-thick 
layer. The upper layer is enriched in shocked minerals, Ni-rich 
spinels, and an impactor component as evidenced by the enrich-
ment of PGEs. In distal marine sections more than 5000 km from 
Chicxulub, the ejecta layer at the Cretaceous-Paleogene boundary 
is represented by red clay with a thickness of 2–5 mm and a local 
maximum of 3 cm (e.g., Montanari et al., 1983; Montanari, 1991; 
Smit, 1999; Schulte et al., 2010).

Emplacement Models for Chicxulub Ejecta Deposits

The process of impact cratering is reasonably well under-
stood (e.g., Melosh, 1989; French, 1998). Target material is 
ejected ballistically in a laterally expanding ejecta curtain. A 
turbulent, hot ejecta plume with vaporized projectile material is 
lifted to the stratosphere. The dual-layer stratigraphy at interme-
diate Cretaceous-Paleogene boundary sites has been explained 
by (1) much faster arrival of ballistic ejecta that were emplaced 

in the ejecta curtain forming the majority of the ejecta deposit, 
and (2) longer deposition time of material that was transported 
in the turbulent ejecta plume forming the global fireball layer 
(e.g., Smit et al., 1992; Pollastro and Bohor, 1993; Smit, 1999; 
Kring and Durda, 2002; Schulte et al., 2009). A more complex 
ejecta emplacement is indicated by the presence of accretionary 
lapilli and accretionary calcite clasts at proximal to intermedi-
ate Cretaceous-Paleogene sites (e.g., Alegret et al., 2005; Pope 
et al., 2005; Schulte and Kontny, 2005; Schulte et al., 2006, 
2009, 2010, 2012; Yancey and Guillemette, 2008). Studies of the 
impact ejecta blanket at Stac Fada, Scotland, have shown that 
the accretionary lapilli–bearing suevite was emplaced as strati-
fied density currents that are comparable to volcanic pyroclastic 
density currents. Other models have been suggested that address 
the physical differences of impact events that eject material with 
much lower density and an order of magnitude higher initial 
velocity compared to volcanic events: (1) Johnson and Melosh 
(2014) have shown that accretionary lapilli can form within the 
ejecta curtain early in the ejection process, well before reentry 
into the atmosphere or ballistic emplacement. (2) Huber and 
Koeberl (2017) suggested a mechanism for upper atmospheric 
accretion: A dense cloud of ash forms during reentry from the 
stratosphere to the atmosphere at altitudes of neutral buoyancy; 
upon collapse, distal pyroclastic-like deposits and accretionary 
lapilli with an impactor component can form. (3) The melt fuel-
coolant interaction (MFCI) of an impact melt sheet with water 
results in explosive phreatomagmatic activity and fragmentation 
of impact melt (Grieve et al., 2010; Stöffler et al., 2013; Artemi-
eva et al., 2013; Osinski et al., 2019).

The unusual Chicxulub target lithologies may have had a 
strong influence on the ejecta emplacement. Belza et al. (2017) 
have shown that the heterogeneous, layered, and volatile-rich 
target contributed significantly to the formation of a dust-rich 
environment, and the preservation of some degree of heteroge-
neity in the ejecta plume. Alvarez et al. (1995) and Pope et al. 
(1997) proposed the formation of an ejecta plume doublet in the 
earliest stage of the impact event. The inner, hot plume consisted 
of vaporized target rock and meteorite components. The outer, 
warm plume was less energetic and dominated by vaporized and 
condensed sedimentary target material and steam with little pro-
jectile contribution. Sharpton et al. (1999) noted that the high con-
tent of primary ejecta at borehole UNAM-7, and the preservation 
of ejecta as 60-m-thick evaporite megaclasts in a fine-grained, 
weakly shocked, carbonate-anhydrite–rich matrix are in contrast 
with ejecta characteristics predicted by purely ballistic sedi-
mentation. They discussed that these features indicate that these 
deposits were possibly emplaced as flow deposits as strongly 
“heated masses of gas-charged debris” transported more or less 
horizontally (Sharpton et al., 1999). Pope et al. (2005) suggested 
that steam explosions from instantly vaporized target water led to 
flow-like transport processes: An initial flow involved a volatile-
rich cloud of fine debris similar to a volcanic pyroclastic flow 
forming the spheroid bed on the southern Yucatán Peninsula. A 
later flow of coarse debris may not have extended much beyond 
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3.6 crater radii, forming the diamictite bed at Albion Island by 
the turbulent collapse of the ejecta curtain. Kenkmann and Schö-
nian (2006), furthermore, showed that the ejecta blanket on the 
southern Yucatán Peninsula was emplaced as a ground-hugging, 
erosive, and cohesive secondary ejecta flow, and that the large 
runout was related to subsurface volatiles.

Sedimentary Ejecta Particles of the Chicxulub  
Impact Event

The identification of sedimentary ejecta remains complex; 
e.g., the identification of carbonate melts, and their discrimina-
tion from physical-chemical-precipitated carbonates or biogenic 
carbonates, is challenging because carbonate melts do not quench 
to glasses. Chicxulub impactites and Cretaceous-Paleogene 
ejecta deposits, however, reveal that sedimentary ejecta display 
great variability, indicating various degrees of shock metamor-
phism, followed in part by thermal overprinting during ejection 
and atmospheric transport. Salge et al. (2019) described impact-
induced recrystallization and decomposition for anhydrite clasts 
at the UNAM-7 drill core. The lack of anhydrite in the crater 
suevites from the drill cores Yaxcopoil-1 (e.g., Dressler et al., 
2004; Kring et al., 2004) and International Ocean Discovery 
Program (IODP)/International Continental Scientific Drilling 
Program (ICDP) Expedition 364 Hole M0077A (Gulick et al., 
2017a), as well as in the Cretaceous-Paleogene ejecta deposits, 
may indicate that sulfates were completely dissociated at high 
temperature (T > 1465 °C), whereas ejecta deposited close to 
the outer crater rim experienced postshock conditions that were 
less effective at dissociation (Salge et al., 2019). “Feathery”-
textured calcite particles from the evaporite-rich megabreccia of 
the UNAM-7 borehole (Salge et al., 2019) were also described 
at the upper part of the suevite of the Yucatán-6 borehole in the 
Chicxulub impact crater (Jones et al., 2000; Claeys et al., 2003). 
The “feathery” texture seems to resemble the radiating, spheru-
litic microstructure indicative of quenching of carbonate melts at 
high cooling rates, i.e., several hundreds of degrees Celsius per 
second (Fig. 3; Jones et al., 2000).

euhedral elongate spindle/
needle

dendritic
(rare?)

radiating/
spherulitic

low ~10`s °C/s high ~100`s °C/s

Figure 3. Carbonate melt microstructures as a function of cooling rate/
degree of undercooling (modified from Jones et al., 2000). 

Ejecta at proximal to intermediate Cretaceous-Paleogene 
sites are commonly composed of silicate melt particles that are 
associated with calcite: Quenched carbonate melts are indicated 
in calcite inclusions by “needle,” feathery,” and “cauliflower” 
textures and an equilibrium texture with 120° triple junctions 
(Schulte et al., 2003, 2012; Schulte and Kontny, 2005). Welding, 
fusing, and amalgamation with emulsion-like textures between 
silicic and carbonate phases, as well as the enveloping of marl and 
benthic foraminifera by altered silicate melt, suggest the interac-
tion of hot silicic ejecta with marine sediments on the northeast-
ern Mexican shelf (Schulte and Kontny, 2005). A different for-
mation process is indicated by accretionary calcite clasts 50 µm 
to 3 mm in diameter at Cretaceous-Paleogene sections around the 
Gulf of Mexico, North America, and in the borehole from Ocean 
Drilling Program (ODP) Site 207 (e.g., Schulte et al., 2006, 
2009, 2010, 2012; Yancey and Guillemette, 2008). They consist 
of micrometer-sized calcite subgrains that are associated with 
altered silicate melt and porosity. They have been interpreted to 
represent accretionary lapilli that originated from calcite crystals 
generated within the Chicxulub ejecta plume from back-reaction 
of decomposition products (Yancey and Guillemette, 2008).

ANALYTICAL METHODS

Between 1998 and 1999, 42 samples were collected by 
Philippe Claeys during field trips to El Guayal. In total, 31 thin 
sections were taken of bulk rock samples from the complex clas-
tic unit (two of the uppermost subunit 1, 13 of subunit 2, 15 of 
subunit 3, one of subunit 4); eight accretionary lapilli and six par-
ticles from the lower subunit 3 were also analyzed.

Light and Scanning Electron Microscopy

Immersion oil was used for micrographs acquired with 50× 
and 100× objectives for optimal resolution. Mosaic binocular 
micrographs of 14 thin sections were taken with crossed polariz-
ers. Scanning electron microscopy (SEM) was carried out using a 
JEOL JSM-6300 instrument at the Museum für Naturkunde, Ber-
lin (MfN), equipped with a Röntec energy dispersive spectrometry 
(EDS) system and Si(Li) detector. To enable navigation and assist 
in the choice of areas to be analyzed, mosaic backscattered-electron 
(BSE) micrographs of two accretionary lapilli were prepared. A 
high-resolution elemental map (3048 × 4096 pixels, 410 nm pixel 
size) of the lapilli-bearing rock was acquired using a ZEISS Supra 
55 field emission SEM at Bruker Nano GmbH, Berlin, equipped 
with a Bruker Quantax EDS system and XFlash silicon drift detec-
tor. To enhance the spatial resolution for element analysis, an inter-
mediate acceleration voltage of 10 kV was applied.

Electron Microprobe Analyses

Quantitative analysis of silicate melt particles was performed 
using a JEOL JXA-8800 electron microprobe (EMP) at MfN. 
The analyses were performed point by point (manual mode), to 
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allow better control of the measured position. Analyses were cali-
brated using reference samples for electron microprobe analyses 
from the U.S. National Museum (Jarosewich et al., 1980, 1987) 
and Astimex Scientific Limited, MINM25–53 (see Supplemental 
Material1). An acceleration voltage of 15 kV, a beam current of 
15 nA, and an electron beam diameter of 3 µm were used; for 
small grains, beam sizes of 1 µm were used. Acquisition time was 
20 s for the peak and 10 s for the background. To minimize loss 
of the volatile elements, Na and K were analyzed first. Detection 
limits for all elements were determined from a large number of 
reference analyses (see Supplemental Material): 105 for basaltic 
glass, 101 for tektite glass, 49 for microcline, 53 for plagioclase, 
and 31 for anorthoclase. In order to control the stability of the 
calibration, certified reference samples were measured after each 
10 measurements.

Cathodoluminescence Studies

Cathodoluminescence (CL) microscopy was carried out to 
discriminate different carbonate generations. The intensity is 
dependent on the counterbalance of activators such as Mn2+, or 
rare earth elements and quenchers like Fe2+/3+, Ni2+, and Co2+. 
Mn2+-activated luminescence has a yellow to orange/red color 
(Machel et al., 1991). If the total Fe is <150 µg/g, low levels 
of Mn2+ (10–20 µg/g) can produce a detectable luminescence 
(Machel et al., 1991; Neuser et al., 1996). A hot cathodolumino-
scope Lumic HC3-LM system at MfN was operated at 14 kV and 
0.08–0.25 mA. A Kappa Image Base DX 20 HC thermoelectroni-
cally cooled camera was used to obtain low-intensity CL images.

Chemical Analyses

For bulk-rock analyses, samples were ground using a steel 
mortar. For a second batch, a corundum mortar was used to 
exclude contamination by metal during grinding. Major and 
trace elements were determined by X-ray fluorescence spectros-
copy (XRF) with a Siemens SRS-3000 at MfN on glass tablets. 
Details of sample preparation, applied international certified rock 
standards, detection limits, and analytical errors were given by 
Schmitt et al. (2004). For loss on ignition (LOI), ~1 g of pulver-
ized sample material, dried for 4 h at 105 °C, was used. The sam-
ple material was heated in porcelain crucibles for 4 h at 1000 °C. 
The LOI was calculated using the weight difference from before 
and after heating. Detection limit, precision, and accuracy values 
for LOI were ~0.1 wt%. The CO

2
 concentration of the samples 

was measured by infrared spectroscopy with a Rosemount CWA 

5003 analyzer at MfN. Depending on the LOI, between 0.2 and 
2 g aliquots of pulverized sample material, which was dried for 
4 h at 105 °C, were used for the analyses. The temperature for 
the thermal decomposition and/or oxidation of the sample to 
release CO

2
 was set to 990 °C, and synthetic CaCO

3
 pro analysis  

(≥99 wt%) was used as reference material. The detection limit 
of this method was 0.1 wt% CO

2
, and the precision and accuracy 

values for were also ~0.1 wt% CO
2
.

PGE concentrations were measured at the GeoForschungs-
Zentrum, Potsdam, Germany, using an inductively coupled 
plasma–mass spectrometer following nickel sulfide fire assay 
preconcentration and separation steps (Tagle et al., 2004; Goderis 
et al., 2013).

Modal Composition Calculations

XRF bulk-rock and EMP phase compositions were used to 
calculate the proportion of each phase under investigation. The 
calculation of the modal composition for each of the 12 samples 
was performed using the computer program PETMIX (http://www 
.geologynet.com/programs/petmix410.xls), which is based on the 
constrained mixing model of Le Maitre (1979) and the method of 
least squares (Davis, 1973). For the lower subunit 3, where indi-
vidual accretionary lapilli are common, individual calculations for 
both accretionary lapilli and the host rock were performed.

RESULTS

Stratigraphy, Lithology, and Petrography of  
El Guayal Units

Subunit 1
The monomict carbonate megabreccia contains angular to 

subrounded carbonate fragments in a matrix of carbonate mud 
with isolated foraminifera and shell fragments. The following 
carbonate microfacies were identified with a binocular: foramin-
ifera grainstone; intraclastic foraminifera-bearing wackestone; 
fine detritic packstone; packstone to grainstone with foramin-
ifera, ostracodes, and gastropods; biogenous packstone to grain-
stone to rudstone with foraminifera, corals, shell fragments, and 
bryozoan clasts; slight laminated mudstone; mudstone to wacke-
stone with small components; foraminifera-bearing wackestone; 
and biogenic clasts like Cretaceous rudist bivalves (Hippurites, 
Radiolitidae). The overlying fining-upward, ~3.5-m-thick unit 
shows a reduction in clast size to 0.5–2 cm. Calcite clasts are 
common, dolomite clasts are present, silicates are very rare, and 
silicification of calcite was not observed.

Subunit 2
The megabreccia grades into an ~5-m-thick polymict car-

bonate microbreccia containing silicate ejecta particles (Figs. 
4A and 4C). The clastic unit fines upward with clast sizes from  
<5 mm (rarely 2 cm) at the base to <2 mm (rarely 5 mm) at the 
top. Silicate melt particles that had altered to clay minerals are 

1Supplemental Material. Transmitted light and back-scattered electron (BSE) 
micrographs of silicate melt-coated calcite aggregates and silicate melt par-
ticles, high-resolution energy-dispersive spectrometry elemental map, high-
resolution BSE mosaic of accretionary lapillus, X-ray fluorescence analyses 
of bulk rock and accretionary lapilli, electron microprobe analyses of silicate 
melt particles, and modal composition calculations. Please visit https://doi.
org/10.1130/SPE.S.14736894 to access the supplemental material, and contact 
editing@geosociety.org with any questions.

http://geologynet.com/programs/petmix410.xls
https://doi.org/10.1130/SPE.S.14736894
https://doi.org/10.1130/SPE.S.14736894
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Figure 4. Melt particles types in the ejecta units and unit overview of the Cretaceous-Paleogene site of El Guayal, Tabasco, 
Mexico. (A) Micrograph (plane-polarized light, PPL) from lower subunit 2 showing melt particle type 1 (MP1) and melt par-
ticle type 2a (MP2a). (B) Backscattered-electron (BSE) micrographs from lower subunit 2 showing MP1 (left) with a distinct 
flow texture and MP2a (right) with microcrystalline calcite (bright) and pseudomorph pore space (dark). (C) Binocular mosaic 
micrograph (cross-polarized light, XPL) from subunit 2 showing altered silicate melt particles (dark) and micritic calcite clasts 
(brown). Sparitic calcite (bright) is present between clasts. Arrows—aggregates consisting of calcite with rims of altered sili-
cate melt. (D) Binocular mosaic micrograph (XPL) from lower subunit 3 with accretionary lapillus. (E) Micrographs (XPL, 
BSE) of the uppermost, cross-bedded subunit 3 where clay minerals are the major component of the matrix. Calcite particles 
have spherulitic to recrystallized microstructures (left). Rectangle shows a spheroidal calcite aggregate with silicate melt 
nucleus (see Fig. 10A). On the right side, calcite particles are almost absent, and MP2a does not contain any microcrystalline 
calcite, only pseudomorph pore space. Qtz—quartz grain. (F) Micrograph (XPL) of subunit 4 showing a marly matrix with a 
quartz (Qtz) grain. Magnifications shows a spherulitic calcite spheroid (left, XPL) and a shocked quartz particle (right, PPL) 
with multiple sets of planar deformation features.
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observed in hand specimens as greenish particles. Microscopic 
studies revealed a well-preserved morphology of the silicate melt 
particles. Vesicular fragments with thin walls are rare. Two major 
types of altered silicate melt particles were distinguished accord-
ing to the absence (melt particle type 1, MP1) or presence (melt 
particle type 2a, MP2a) of various degrees of microcrystalline 
calcite, associated with small-sized porosity (Figs. 4A and 4B, 
respectively). MP1 appears as subrounded to angular bodies, 
often with vesicular morphology and a characteristic flow tex-
ture. MP2a is represented as aggregates composed of microcrys-
talline calcite with silicate melt; MP2a rarely contains degraded 

Figure 5. High-resolution energy dis-
persive spectrometry (EDS) composite 
elemental map (10 kV, 3048 × 4096 
pixel, 410 nm pixel size) of lower 
subunit 3 showing a polymict, carbon-
ate ejecta breccia and the outer rim of 
an accretionary lapillus (right). SiO

2
 is 

represented by a blue color for silicon; 
calcite is represented by a green color 
for calcium. A loss of SiO

2
 in hetero-

geneous altered silicate melt particles 
(melt particle type 1 [MP1], purple—
high SiO

2
, low MgO; pink—low SiO

2
, 

high MgO) is associated with silicifica-
tion (arrows) predominantly at the rim 
of calcite clasts and less pronounced 
at sparitic calcite in the interconnected 
pore space. Clasts of melt particle type 
2a (MP2a) contain varying amounts of 
silicate melt, recrystallized calcite, and 
pore space (see also Supplemental Fig. 
S4 [see text footnote 1]). Qtz—quartz.

microfossils (Supplemental Fig. S1). MP2a has a typical pore 
space between <1 µm and 30 µm in diameter, which often dis-
plays a pseudomorph, hexagonal shape that resembles former 
calcite crystals. The ratio of silicate melt, calcite, and pore space 
for MP2a varies for different particles.

Quartz and feldspar grains with shock metamorphic features 
including planar deformation features (PDFs, commonly deco-
rated) and undulatory extinction are present in subunit 2. Some 
carbonate ejecta particles consist of pure calcite with spherulitic 
microstructures. Other calcite particles display a microstructure 
of unoriented, fine-grained crystals with locally larger crystal 

Mg-KCa-KαSi-Kα 200 µm

MP2a

MP1

MP1

Qtz

sparitic calcite

MP2a

MP2aMP2a

MP1

MP1

Qtz

sparitic calcite
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sizes that are indicative of recrystallization; this microstructure 
will be described as recrystallized. The pore space of the clast-
supported breccia and vesicles of silicate melt particles are filled 
with secondarily precipitated, coarse-grained sparitic calcite 
(Fig. 4A). Silicification can be observed in fine-grained calcite 
particles, beginning from the outer grain boundaries. In the void-
filling sparitic calcite, silicification is less pronounced.

Subunit 3
The 6-m-thick subunit 3 can be readily distinguished from 

the underlying subunit 2 by its yellowish color. This coloration 
is caused by increased staining of iron hydroxides/oxides due to 
the pronounced alteration of impact melt, and it can be observed 
as rust-like areas in hand specimens. In subunit 3, there are more 
altered silicate melt particles and calcite particles with spherulitic 
to recrystallized microstructures than in subunit 2. The aggrega-
tion of silicate melts with calcite, and the silicification of calcite 
are also more pronounced in subunit 3.

The lower subunit 3 is less well sorted than the underlying 
subunit 2. Carbonate clasts >5 cm and silicate melt particles >2 
cm are observed, although the majority of the clasts and particles 
are <2 mm in size. Accretionary lapilli are abundant in the lower 
subunit 3 and well preserved (Figs. 4D and 5). Similarly sized 
aggregates are present as zoned, subrounded particles with a core 
of recrystallized calcite and a rim of altered silicate melt (Supple-
mental Fig. S2). The middle subunit 3 is well sorted, with particle 
sizes of <2 mm, and it is poor in accretionary lapilli. The lami-
nated silt beds in the upper subunit 3 consist of a matrix of clay 
minerals. Within this matrix, embedded recrystallized calcite 
particles and silicate melt particles (MP2a) are <150 µm in size 
(Fig. 4E, left side). At the uppermost subunit 3, near the contact 
with subunit 4, a distinct boundary is observed; this boundary is 
caused by an abrupt lack of calcite particles (Fig. 4E, right side). 
Additionally, MP2a does not contain any microcrystalline cal-
cite, only pseudomorph pore space.

Subunit 4
The transition of subunit 3 toward subunit 4 is marked by 

a sudden change in the main matrix component; microscopic 
studies documented this change from clay minerals to a fine-
grained, marly matrix (Fig. 4F). This unit contains spherulitic 
calcite spheroids and fragments. Compared to the underlying 
units, more quartz particles were observed; these often showed 
multiple sets of well-preserved PDFs (Fig. 4F).

Chemistry of Bulk Rock and Melt Particles with Modal 
Content Calculations

Bulk Rock and Accretionary Lapilli
The major- and trace-element concentrations of El Guayal 

bulk rocks (see Supplemental Table S1) reflect the petrographic 
observations of two-component mixing of silicate and carbon-
ate components. Harker diagrams for the plotted mean bulk-
rock compositions versus SiO

2
 (Fig. 6) show a negative corre-

lation with SiO
2
 for CaO and Sr, with the highest values in the 

monomict carbonate megabreccia (subunit 1). A positive corre-
lation is present for K

2
O, with highest values found in subunit 

4. The accretionary lapilli and their host rock show comparable 
trace-element concentrations for Ba, Cr, V, Ti, and Zr. Analyses 
of PGEs were performed for the accretionary lapilli and their sur-
rounding host rock (bulk rock of lowermost subunit 3 without 
accretionary lapilli; Table 1). Figure 7 shows the carbonaceous 
chondrite (CI)–normalized PGE abundances for the accretion-
ary lapilli and their host rock; neither the accretionary lapilli nor 
the host rocks are enriched in PGEs. Compared to the overlying 
subunit 4, where PGE concentrations are an order of magnitude 
higher than in the continental crust (Goderis et al., 2013), in the 
lowermost subunit 3, no impactor component was identified in 
the accretionary lapilli and the host rock.

Heterogeneous Altered Silicate Melt Particles
The altered silicate melt particles of the bulk rock and accre-

tionary lapilli are heterogeneously composed. Light microscopic 
studies with plane-polarized light displayed brownish stained areas 
of iron hydroxides/oxides. SEM-EDS and EMP studies revealed 
variation between two compositions (Table 2; Fig. 5). The aver-
age composition of the altered melt particles clearly indicates that 
high FeO and MgO values correspond to a decrease in SiO

2
, K

2
O, 

Al
2
O

3
, CaO, and Na

2
O. The loss of SiO

2
 in altered silicate melt par-

ticles and its association with the replacement of calcite by silica 
(Fig. 5) indicate postdepositional silica release and cementation.

Modal Content
The calculated modal content confirms the observation of a 

two-component mixing trend between a carbonate endmember 
and a clay-altered silicate melt endmember. Significant changes 
in mineralogical composition are correlated with lithological 
contacts (Table 3). The modal content is in good agreement with 
the petrographic observations, specifically (1) a decreasing modal 
content of calcite and increasing modal content of clay minerals, 
predominantly from altered silicate melt, from the base to the top 
of the sequence; (2) an absence of dolomite in the middle and 
upper subunits 2 and 3; and (3) a substantial increase in SiO

2
, 

from quartz grains, in subunit 4.

Description of Ejecta and Their Aggregates

Accretionary Lapilli
The internal texture of the accretionary lapilli and the 

shapes of accreted particles are well preserved. Broken hand 
specimens show several continuous concentric zones ~1 mm in 
size (Fig. 8A). The ash-sized particles are dispersed in a matrix 
of silica. Remnant areas of microcrystalline calcite show a simi-
lar silicification texture as seen for fine-grained calcite particles 
of the bulk rock, which suggests a former calcite matrix that has 
been replaced by silica.

Most of the accreted particles have grain sizes between 10 
and 100 µm. The maximum grain size is ~150 µm, with  occasional 
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TABLE 1. PLATINUM GROUP ELEMENT (PGE) COMPOSITIONS (NG/G) OF THE ACCRETIONARY LAPILLI AND 
THEIR HOST ROCK (BULK ROCK OF LOWERMOST SUBUNIT 3 WITHOUT ACCRETIONARY LAPILLI)

Sample Ir Ru Pt Rh Pd

Accretionary lapilli u.l.d. u.l.d. 0.22 u.l.d. 0.31

Bulk rock u.l.d. u.l.d. 0.23 u.l.d. 0.19

d.l. 0.038 0.062 0.043 0.013 0.127

Cretaceous-Paleogene boundary clay* 0.83 1.57 1.37 0.22 1.84

Continental crust† 0.02 0.21 0.51 0.06 0.52

Note: d.l.—detection limit after Tagle et al. (2004); u.l.d.—under limit of detection. Rh values are from Peucker-
Ehrenbrink and Jahn (2001).

*Composition of the El Guayal Cretaceous-Paleogene boundary clay (sample J) after Goderis et al. (2013). 
†Composition of the continental crust after Wedepohl (1995).
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Yax-1 suevite (Tuchscherer et al. 2004b) 

Figure 6. Harker diagrams of mean X-ray fluorescence (XRF) values for selected elements of El Guayal bulk rock and accretionary lapilli com-
pared with Y6 suevite (Claeys et al., 2003) and Yax-1 suevite (Schmitt et al., 2004; Tuchscherer et al., 2004b) of the Chicxulub impact structure. 
For a better view, Yax-1–852.80 (Schmitt et al., 2004) has been excluded due to unusually high Sr concentration.

larger particles >300 µm. Within the core, the particles are more 
randomly distributed than toward the edges, where elongate par-
ticles are aligned tangentially to the lapilli rim (Fig. 8B; Supple-
mental Fig. S5). The concentric zones correspond to a decrease 
in the size of accreted particles, which also can be observed both 
near the rim of the accretionary lapilli and around vesiculated, 
altered silicate melt nuclei >1 mm in diameter.

Modal composition calculations indicate a content of 19 
vol% clay minerals from altered silicate melt, 11 vol% calcite, 
and 6 vol% dolomite (Table 3). The diagenetic silica matrix com-
bined with a number of shocked quartz clasts showing PDFs 
comprise 64 vol% (Fig. 8C). Most of the accreted altered silicate 
melt fragments have an angular, cuspate morphology (Fig. 8B). 
Some vesicular shards were observed (Fig. 8D). Trace amounts 
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of feldspar, apatite, titanite, ore minerals, and mica (locally inter-
grown with rutile) were observed using SEM-EDS.

Calcite Ejecta and Their Aggregates
Calcite particles with spherulitic to recrystallized micro-

structures and various aggregates with altered silicate melt were 
distinguished. Light microscopy studies showed particles with an 
internal spherulitic texture, which appear as fragmented lumps 
and fragments ≤2 mm in size as well as spheroids ≤250 µm  
in diameter. They contain voids <1 µm in diameter. In subunit 
4, there are comparable smaller spheroids (~20–40 µm). The 
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Figure 7. Carbonaceous chondrite (CI)–normalized platinum group 
element (PGE) concentrations of the accretionary lapilli and their 
host rock (bulk rock of lowermost subunit 3 without accretionary 
lapilli) compared to the composition of the El Guayal Cretaceous-
Paleogene (K-Pg) boundary clay (Goderis et al., 2013) and the con-
tinental crust (Wedepohl, 1995; Rh values from Peucker-Ehrenbrink 
and Jahn, 2001). Detection limit (gray area) is from Tagle et al. 
(2004). CI composition is from Tagle and Berlin (2008).

TABLE 2. COMPOSITIONS (wt%) OF SILICATE MELT PARTICLES (ALTERED TO CLAY MINERALS) IN  
THE BULK ROCK COMPARED WITH ALTERED SILICATE MELT FRAGMENTS IN ACCRETIONARY LAPILLI

Type: High SiO2, K2O/low FeO, MgO Low SiO2, K2O/high FeO, MgO

Sample: Bulk rock Accretionary lapilli Bulk rock Accretionary lapilli

SiO2 > 52 wt% SiO2 > 50 wt% SiO2 < 37 wt% SiO2 < 41 wt%

N: 36 23 75 10

SiO2 53.4 ± 0.9 52.5 ± 1.3 35.5 ± 0.8 38.3 ± 1.9

TiO2 0.10 ± 0.07 0.28 ± 0.21 <0.09 0.16 ± 0.08

Al2O3 17.7 ± 1.1 17.0 ± 0.8 15.1 ± 0.7 14.4 ± 1.0

FeO 3.13 ± 0.74 2.45 ± 0.75 7.18 ± 0.93 7.81 ± 0.82

MgO 9.3 ± 2.6 12.0 ± 1.9 24.2 ± 3.5 22.5 ± 2.0

CaO 2.21 ± 0.69 1.56 ± 0.35 0.77 ± 0.30 1.10 ± 0.28

Na2O 0.27 ± 0.16 0.28 ± 0.13 <0.06 0.15 ± 0.07

K2O 1.90 ± 1.23 2.23 ± 0.66 0.13 ± 0.11 0.27 ± 0.15

Total 87.9 ± 2.4 88.2 ± 3.4 82.9 ± 3.6 84.7 ± 1.7

Note: N—number of analyses. The average compositions were obtained by selecting the analyses according to their 
SiO2 content.

spherulitic microstructure is represented by radiating crystal 
growths, which, under crossed polarizers, yielded “feathery”-
like extinction (Figs. 9A and 9C), or spheroids with a cross-like 
extinction (Figs. 4F and 9C). Recrystallization is characterized 
by a fine-grained, unoriented microstructure with locally larger 
crystal sizes (Fig. 9D) and occurs in individual ejecta particles. 
Recrystallization can also be observed at the rim of spherulitic 
particles. Both spherulitic and recrystallized particles contain 
different microstructures at their rim. These are represented by 
radially elongate to unoriented arranged crystals (arrows in Fig. 
9D); these do not contain voids. Cathodoluminescence stud-
ies of spherulitic calcite particles and spheroids showed no or a 
reduced luminescence, with a dark red to dull brown color (Figs. 
9E and 9F). Many recrystallized particles emitted a reduced, het-
erogeneous luminescence of brick brown to orange color, with 
lower intensities seen from locally larger crystals. At the rim of 
spherulitic and recrystallized particles, the coarser elongate crys-
tals exhibited radially arranged, nonluminescent spikes (arrows 
in Fig. 9F). A bright yellow luminescence was observed from 
coarse-grained sparitic calcite that precipitated in pore space and 
most micritic calcite clasts.

Different carbonate-dominated aggregates can be distin-
guished: (1) spheroidal calcite aggregates within accretionary 
lapilli (Figs. 8B and 8E) and in the uppermost subunit 3 (Figs. 4E 
and 10A) that are composed of a vesicular silicate melt core with 
spherulitic to needle-like calcite at the rim; (2) calcite particles 
that are completely or partially coated with altered silicate melt 
(MP1; Figs. 5, 10B, and 10C; Supplemental Fig. S1) of various 
thicknesses (~1 µm to ~1 mm), where the associated calcite at 
the contact to the silicate melt has a recrystallized microstructure 
(Fig. 10D); and (3) larger aggregates with a diameter of 1.5 cm 
that were deposited together with the accretionary lapilli. These 
display distinct zonation, with recrystallized calcite at the cen-
ter that is progressively replaced by silicate melt toward the rim 
(Fig. 10E; Supplemental Fig. S2). No calcite is present at the rim, 
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and pseudomorph pore space dominates. The microstructure of 
the different zones in terms of the abundance of silicate melt, 
re crystallized calcite, and pore space is comparable to that seen in 
individual ejecta particles of MP2a (Figs. 4B and 5; Supplemen-
tal Figs. S3 and S4), indicating cogenetic formation conditions. 
(4) The last type is aggregates dominated by recrystallized calcite 
with quartz grains near the rim <125 µm in size, with (decorated) 
PDFs (arrows in Fig. 10F). Under crossed-polarized light, a char-
acteristic texture of interlocking, internally fine-grained calcite 
patches can be recognized. These aggregates are associated with 
altered silicate melt around the particle, interstitial as layered 
elongated intercalations defining flow textures, or rounded inclu-
sions. In this study, these particles will be termed MP2b.

DISCUSSION

Interpretation of the Petrographic and Chemical Data

The stratigraphic succession documents the different phases 
of arrival of impact ejecta on top of the basal monomict carbonate 
megabreccia (subunit 1). The silicate and calcite ejecta and their 
aggregates provide insights into their formation conditions and 
genetic relations during the impact processes (Table 4). When 
interpreting the petrographic and chemical data, sedimentary, 
impact, and alteration processes have to be considered.

Subunit 2
Implications from silicate melt particles. The presence of 

altered silicate melt particles in subunit 2 indicates the deposi-
tion of material from the lower excavation zone of the Chicxu-
lub impact crater together with local sediments from high-density 
gravity flows. The melt particles were formed by adiabatic pres-
sure release from shock pressures of >60–80 GPa and subsequent 

cooling from postshock temperatures of 1300–3000 °C (Stöffler, 
1971; Engelhardt et al., 1995; French, 1998). MP1 resembles 
altered melt particles from suevites within the Chicxulub impact 
structure (e.g., Claeys et al., 2003; Hecht et al., 2004; Wittmann et 
al., 2004; Tuchscherer et al., 2005) and Cretaceous-Paleogene sites 
on the southern Yucatán Peninsula (Pope et al., 2005). The pre-
dominant flow texture in MP1 indicates plastic deformation upon 
cooling and argues for temperatures >~750 °C (Wali, 1985; Fecker, 
1993; Engelhardt et al., 1995). The rare, fragmented, vesicular, 
thin-walled altered silicate melts resemble shards derived from 
volcanic eruptions, such as fragments seen in pyroclastic flow 
deposits (Fisher and Schmincke, 1984), and they reveal that a 
solid state occurred before deposition in the water column.

The chemically heterogeneous clay mineral compositions 
indicate a succession of alteration processes in the silicate melt 
particles. The composition, with higher SiO

2
 content, is compa-

rable for many elements (MgO, FeO, K
2
O) to that seen in altered 

impact melt particles from the Yaxcopoil-1 borehole (e.g., Hecht 
et al., 2004). The SiO

2
-poor composition indicates a dissolv-

ing process, with silica release during pronounced alteration. 
This may have induced the silicification of fine-grained calcite 
particles and the coherent precipitation of sparitic calcite in the 
interconnected pore space. These processes can be considered as 
an important mechanism for cementing the ejecta deposits that 
act as a sealing facies above the oil-producing reservoir facies 
of the Cantarel oil fields in the Campeche marine platform (Gra-
jales-Nishimura et al., 2000, 2009). This sealing effect may have 
been induced by a shorter-term alteration that probably started 
rather early; Kieffer and Simonds (1980) proposed that silicates 
may react with hot volatiles during ejecta transport to produce 
hydrated minerals such as clays. Results from experiments, and 
also observations of natural deposits related to nuclear waste 
deposits, at different time scales and settings than impact events, 

TABLE 3. RESULTS OF THE MODAL CONTENT (vol%) ANALYSIS OF EL GUAYAL UNITS BASED ON  
CHEMICAL MODELING OF ELECTRON MICROPROBE AND X-RAY FLUORESCENCE (XRF) ANALYSES

Subunit Sample Cal Dol CM SiO2 K-fsp Hem Total s (±vol%)

1u G04 74.4 19.7 4.9 0.6 0.5 n.m. 100.2 0.2

1u G05 76.4 15.0 7.6 0.3 0.7 n.m. 100.0 0.2

2l G06 73.4 6.0 16.1 4.1 0.8 n.m. 100.4 0.3

2m G07 70.9 4.2 19.2 5.4 0.6 n.m. 100.3 0.3

2m G08 63.8 n.m. 27.3 8.4 0.7 n.m. 100.3 0.4

3l G09 54.8 8.2 32.7 4.7 0.3 n.m. 100.8 1.1

3l G10 53.1 5.6 36.1 5.3 0.8 n.m. 100.8 0.9

3l G11 58.6 n.m. 32.5 9.0 n.m. n.m. 100.0 0.8

3m G12 45.5 n.m. 47.6 7.0 n.m. n.m. 100.0 1.3

3u G14 24.4 n.m. 65.8 8.5 n.m. 2.1 100.9 0.8

3u G13 32.8 n.m. 56.7 9.3 n.m. 2.3 98.8 0.9

4 G15 16.9 n.m. 59.2 21.3 n.m. 2.7 100.2 2.6

Acc. lapilli G09/10L 10.7 6.2 18.5 64.3 0.1 n.m. 99.9 0.1

Note: Cal—calcite; Dol—dolomite; CM—clay minerals; SiO2—quartz and silica; K-fsp—potassium feldspar; Hem—hematite; 
s—cumulative error (derived from the difference for each element between the calculated bulk rock composition and the XRF 
bulk rock composition). Suffix at subunit marks the stratigraphic level (l—lower; m—middle; u—upper). n.m.—not modelled. 
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Figure 8. The structure of accretionary lapilli and their accreted particles. (A) Broken lapillus showing multiple concentric layers and nucleus 
(arrow). (B) Backscattered-electron (BSE) micrograph showing tangentially aligned particles dispersed in a matrix of silica. Bright—calcite; 
dark—altered silicate melt fragments; arrow—rare plagioclase (Pl). Cal with arrow—spheroidal calcite aggregate with a core of altered silicate 
melt (see also E, F). (C) Micrograph (cross-polarized light, XPL) of shocked quartz with multiple sets of planar deformation features. (D) BSE 
micrograph of altered silicate melt fragment with vesicular morphology. (E) Micrograph (XPL) of spheroidal aggregate composed of calcite with 
a radiating, needle-like microstructure and a nucleus of altered silicate melt. (F) BSE micrograph of spheroidal calcite aggregate showing voids 
between radiating subgrains.
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Figure 9. Transmitted light and cathodoluminescence (CL) micrographs of calcite microstructures in ejecta particles from lower subunit 3. (A, 
C) The spherulitic microstructure is represented under crossed polarizers by a “feathery”-like or cross-like extinction and no or reduced lumi-
nescence with a dark red to dull brown color (E). (B, D) The recrystallized microstructure occurs in individual ejecta particles and at the rim of 
spherulitic particles with reduced, heterogeneous luminescence (F). At the rim of spherulitic and recrystallized particles, radially elongated to 
unoriented arranged crystals (D) exhibit nonluminescent spikes (arrows in F). (A, C) Cross-polarized light. (B, D) Plane-polarized light. (E, F) 
CL. Bubble shapes in B–F are artifacts from preparation.
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Figure 10. Transmitted light and backscattered-electron (BSE) micrographs of aggregates composed of calcite and silicate melt. (A) Spheroidal 
calcite aggregate with a vesicular nucleus of altered melt particle type 1 (MP1, uppermost subunit 3). Compare with Figure 8E. (B) Calcite 
clast that is partially mantled with MP1 (lower subunit 3). (C) Radially arranged, blocky calcite with “cauliflower” morphology and rim of MP1 
(upper subunit 2). (D) Close-up of C showing a needle-like calcite microstructure at the center, and recrystallized calcite at the contact with the 
rim of MP1. (E) At the rim of a silicate melt–coated calcite particle (1 × 2 cm, lower subunit 3), recrystallized calcite is progressively replaced 
by altered silicate melt and associated with pseudomorph pore space (see also Supplemental Fig. S2 [see text footnote 1]). (F) Melt particle 
type 2b (MP2b, lower subunit 2) with a characteristic calcite microstructure of interlocking, internally fine-grained patches and rounded inclu-
sions of silicate melt. Arrows show quartz grains <125 µm in size near the rim. (A, B, D, F) Cross-polarized light. (C) Plane-polarized light. (E) 
Backscattered-electron micrograph. Dark bubble shapes in C are artifacts from preparation.
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however, provide further insights. These studies have shown that 
the dissolution of borosilicate glasses (Geisler et al., 2010) and 
clay minerals (Pusch, 2000) by hot water and water vapor can 
initiate the precipitation of silica and cementation, as described 
(Couture, 1985a, 1985b; Pusch and Karnland, 1988; Pusch et al., 
1991, 1993; JNC, 2000).

Implications from spherulitic and recrystallized calcite 
particles. The spherulitic calcite particles resemble “feathery” 
carbonate melt particles from the suevite of the Y6 borehole 
(Jones et al., 2000; Claeys et al., 2003) and the UNAM-7 bore-
hole (Salge et al., 2019). The spherulitic calcite spheroids of El 
Guayal are similar to radially fibrous calcite spheroids from the 
diamictite bed of Albion Island that were interpreted to have 
formed by quench crystallization from carbonate melt (Ocampo 
et al., 1996). The reduced luminescence observed for the spheru-
litic calcite particles at El Guayal is similar to that observed for 
carbonate melt particles from the Y6 suevite (Heuschkel et al., 
1998) and for ejecta deposits from northeastern Mexico (Schulte 
and Kontny, 2005). Similar fibrous structures may also occur in 
molluscs or brachiopod shells. The presence of spherulitic spher-
oids in subunit 4, where no microfossils were observed in one 
thin section, suggests an impact origin. This assumption is sup-
ported by the association of the spherulitic microstructure at El 
Guayal with nonluminescent elongate and recrystallized micro-
structures. A cogenetic relationship for the spherulitic, recrystal-
lized, and elongate microstructure is indicated by the reduced 
luminescence, which is different from the bright luminescence 
observed for the coarse-grained sparitic calcite that precipitated 
within pore space. These observations support the interpretation 
that the spherulitic calcite particles at El Guayal may represent 

carbonate melt particles that were ejected from depths of a few 
hundred meters in an originally liquid state (T > 1240 °C, P > 
30 bar; Ivanov and Deutsch, 2002) and quenched with very high 
cooling rates of ΔT > 100s °C s–1 (Fig. 3; Jones et al., 2000). The 
pressure of the overlying target rock would inhibit the decompo-
sition reaction during decompression at constant pressures. The 
small voids in spherulitic calcite particles that were also observed 
at the UNAM-7 borehole may have formed during crystallization 
at disequilibrium related to a vapor phase (Salge et al., 2019).

The recrystallized and elongate microstructures with 
reduced luminescence at the rims of spherulitic carbonate melt 
particles may reveal different formation conditions during the 
impact process. The recrystallized microstructure at the rim of 
spherulitic carbonate melt particles may indicate the subsequent 
modification of quenched carbonate melts by short but intense 
thermal stress during atmospheric transport. The progression of 
microstructures from fine-grained, recrystallized to larger elon-
gate structures toward the rim of spherulitic carbonate melt par-
ticles may indicate crystallization at a lower cooling rate of ΔT 
~10−100 °C s–1 (Fig. 3; Jones et al., 2000). As a consequence, 
the abundant recrystallized calcite ejecta particles may not have 
exclusively formed from melts. They could also represent unmol-
ten ejecta particles that were emplaced at low shock pressures 
and then thermally modified during atmospheric transport. This 
assumption is supported by large, up to 25-cm-diameter, car-
bonate ejecta represented by polished, striated rounded pebbles 
from the Cayo district (475 km southeast of the Chicxulub crater; 
Ocampo et al., 1997a; Kletetschka et al., 2020). The Pook’s Peb-
bles reveal electric discharge signatures that indicate electric dis-
charge taking place during the formation of the fluidized ejecta 

TABLE 4. CLASSIFICATION OF SILICATE AND CALCITE EJECTA AND THEIR AGGREGATES

Classification Formation condition Genetic relation during impact process

Spherulitic calcite Carbonate melts formed at pressure (P) > 30 bar and 
temperature (T) > 1240 °C. Quenching at a high cooling 
rate of ∆T > 100s °C s–1. Voids by crystallization at 
disequilibrium related to a vapor phase.

Carbonates at depths larger than several hundred meters 
were shocked to high shock pressures. Rapid quenching 
during ballistic transport.

Recrystallized calcite Short, intense thermal stress. Emplacement by ballistic transport and/or secondary 
cratering of carbonates shocked to low shock pressures. 
Atmospheric transport at moderate to high temperatures.

Elongate calcite Prolonged thermal stress with a low cooling rate of 
∆T ~10−100 °C s–1.

Prolonged atmospheric transport at moderate 
temperatures.

Melt particle type 1 Plastic deformation at T  750 °C. Prolonged atmospheric transport at high temperatures. 
Reaction with volatiles may have initiated 
postdepositional silicification and cementation.

Shards Fragmentation of solidified melts. Explosive-like interaction of hot melt with water and rapid 
quenching.

Melt particle type 2 Aggregation of hot silicate melts with relatively cold, 
weakly shocked sediments. Amalgamation at T  750 °C 
induced recrystallization and partial dissociation of 
calcite.

Consolidation of a hot suevitic component from lower 
target lithologies with sediments from upper target 
lithologies during prolonged atmospheric transport. 
Dissociation of calcite sustained gas-driven transport.

Spheroidal aggregates Aggregation of liquid carbonate melts with solid silicate 
melt.

Consolidation of the finest fraction of a solid suevitic 
component with liquid carbonate melts during 
atmospheric transport.

Accretionary lapilli Aggregation of solid particles in a steam-condensing 
environment at T ~100 °C. Recurring exchange with a 
hotter environment. Formation of calcite matrix possible 
by exothermic (change in enthalpy ∆H = –178 kJ/mol) 
back-reactions of CaO with CO2 (and H2O).

Turbulent mixing of the finest fraction of ejecta in volatile-
rich, high-density currents. Prolonged association of two 
environments with different temperatures. Prolonged 
energy release and delayed water vapor release by 
back-reactions of dissociated carbonates and sulfates.
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blanket (Kletetschka et al., 2020). At the rim of some Pook’s 
Pebbles, a recrystallized microstructure is represented by faint, 
mostly annealed grain boundaries of calcite subgrains ~1 µm in 
size, which resembles the recrystallized calcite microstructure 
observed at El Guayal. The surface features of the Pook’s Pebbles 
were interpreted by Kletetschka et al. (2020) to have formed at 
localized extreme pressures and temperatures during transport 
through a near-surface cloud.

Aggregation of silicate melt with carbonates. At El Guayal, 
the radially arranged, blocky calcite cores with “cauliflower” 
morphology in silicate melt–coated aggregates are similar to 
quenched carbonate melt aggregates in ejecta deposits in north-
eastern Mexico (Schulte et al., 2003; Schulte and Kontny, 2005). 
Their needle-like microstructure implies quenching at intermedi-
ate cooling rates of ΔT ~ 100 °C s–1 (Fig. 3; Jones et al., 2000). 
The recrystallized microstructure between the quenched calcite 
core and the silicate melt suggests modification during aggrega-
tion by heat transfer from silicate melt.

MP2a is interpreted to have formed by accretion of hot, vis-
cous silicate melts with carbonate ejecta. During amalgamation, 
euhedral calcite microcrystals may have formed at low cooling 
rates within a silicate melt matrix. This assumption is supported 
by the silicate melt–coated calcite aggregates ~1.5 cm in size in 
the lower subunit 3, where the different zones with respect to 
the abundance of silicate melt, recrystallized calcite, and pore 
space correspond to the variations in MP2a. A solid, unmolten 
state of calcite during amalgamation is indicated by the presence 
of degraded microfossils. Similar observations were also made 
for ejecta particles from northeastern Mexico where benthic 
foraminifera are enveloped by silicate melt (Schulte and Kontny, 
2005). The pseudomorph pore space in MP2a, which is associ-
ated with microcrystalline calcite, is an indication for a displace-
ment reaction of former calcite. The decomposition of calcite by 
hot silicate melt or transport of the particle into a hot environment 
has to be considered. The silicate melt is then able to modify the 
enclosed calcite. The lower temperature can be inferred by the 
silicate melt to glass transformation temperature (680–750 °C; 
Wali, 1985; Fecker, 1993), which is in a similar range to the cal-
cite decomposition temperature. The optimum temperature of the 
calcination reaction (CaCO

3
 ⇒ CaO + CO

2
, change in enthalpy 

∆H = 178 kJ/mol) at traditional industrial lime kilns is 900 °C 
(Moropoulou et al., 2001). Free-surface and powder bed calcite 
decomposition experiments show that this reaction can already 
be observed between 660 °C and 740 °C (Beruto et al., 2004).

The microstructure of interlocking, internally fine-grained 
calcite patches in MP2b resembles that observed at the Yaxco-
poil-1 borehole (Tuchscherer et al., 2004a). The arrangements 
of silicate melt in MP2b as rounded inclusions or elongate 
 intercalations with calcite imply a plastic deformable state of both 
components. This is further supported by accreted, shocked quartz 
grains within the rim of MP2b. Experiments have confirmed that 
nominally brittle limestone can be plastically deformed in low-
stress collision interactions under medium to high temperatures of 
~175–625 °C and low pressures (Ocampo et al., 1997b).

The aggregates at El Guayal suggest formation in a hot 
regime, where relatively cold carbonate particles from upper tar-
get lithologies were strongly heated by the thermal energy of the 
superheated silicate melt. The lower temperature range of this 
regime may have been below the calcite decomposition tempera-
ture due to the presence of fossil-bearing calcite aggregates at 
El Guayal. This is consistent with the deposition temperature of 
~600 °C for the suevite of the Nördlinger Ries crater (Stöffler 
et al., 2013, and references within). The upper temperature limit 
of this regime may be represented by the glass transformation 
temperature of melt particles around 680–750 °C (Wali, 1985; 
Fecker, 1993). The lack of crystallites in the altered silicate 
melt at El Guayal indicates that temperatures may have locally 
exceeded 1100 °C (Engelhardt et al., 1995).

Subunit 3
The presence of accretionary lapilli in subunit 3 indicates 

impact material derived from a later stage of the plume evolution 
that was deposited with local sediments from gravity or tsunami 
surges. A pronounced intermixing of the carbonate and silicate 
target lithologies in the ejecta plume is indicated by the higher 
abundance of MP2a and the presence of spheroidal calcite aggre-
gates in both the upper subunit 3 and the accretionary lapilli. The 
latter are interpreted as accretionary carbonate melts, where the 
vesicular morphology of the silicate nucleus indicates its solid 
state upon coating with the carbonate melt. A former liquid state 
of calcite is indicated as previously argued by (1) the radially 
arranged, needle-like microstructure (Fig. 3; Jones et al., 2000); 
(2) the voids between the radiating calcite crystals; and (3) the 
reduced luminescence, which also can be observed for the spher-
ulitic calcite particles.

In upper subunit 3, the predominantly recrystallized calcite 
particles suggest prolonged thermal alteration. The lack of calcite 
and the dominant presence of pseudomorph pore space in MP2a 
in the uppermost subunit 3 are interpreted to indicate complete 
calcite decomposition. Here, the thermal alteration would have 
been most effective for small particles due to their prolonged 
residence time in the hot ejecta plume.

Accretionary lapilli—aggregation at specific conditions. 
The accretionary lapilli are similar to volcanic accretionary lapilli 
with respect to (1) the accreted particle size of <150 µm, and in 
rare cases <300 µm, with a few nuclei of ~1 mm; (2) the tangential 
alignment of elongate particles; and (3) the multiple concentric 
zones due to differences in grain size. In impact-induced accre-
tionary lapilli of the Nördlinger Ries crater (Graup, 1981), a tan-
gential particle alignment and decreasing particle size near the rim 
have been reported. A similar tangential alignment of shard-like 
particles has been observed in accretionary coatings around glass 
and lithic cores at the Sudbury impact structure (Muir and Pered-
ery, 1984). The presence of shocked minerals was also observed 
in accretionary lapilli from the upper Devonian Alamo breccia 
(Warme et al., 2002) and those related to the Sudbury impact 
event (Addison et al., 2005). Accretionary lapilli with multiple 
concentric zones due to smaller grain sizes were reported at the 
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Sudbury impact structure (Huber and Koeberl, 2017). Compari-
son with accretionary lapilli from other impact craters shows a 
deposition at stratigraphic levels that are comparable to El Guayal. 
In the case of the Sudbury impact structure, at a distance of 480– 
875 km from the crater center, accretionary lapilli are in the mid-
dle or upper parts of ejecta deposits (Addison et al., 2005; Huber 
and Koeberl, 2017). The Bosumtwi impact structure shows an 
accretionary lapilli unit on top of impact breccias (Koeberl et al., 
2007). At the Nördlinger Ries crater, accretionary lapilli are on the 
top of graded suevite of the Deiningen 1001 and Nördlingen 1973 
drill holes (Graup, 1981; Meyer, 2012).

The similarities of impact-generated and volcanic accretion-
ary lapilli suggest that aggregation occurred under broadly similar 
conditions despite the significant differences in source conditions 
(Mueller et al., 2018). Experimental investigations of formation 
mechanisms for volcanic accretionary lapilli demonstrated that 
growth is controlled by collision of liquid-coated, solid, or mol-
ten ash-sized particles in a turbulent environment (Gilbert and 
Lane, 1994; Schumacher and Schmincke, 1995). Particle binding 
occurs as a result of surface tension forces of condensing liquids 
and by secondary mineral growth. These mechanisms and condi-
tions allow accretion of a large number of individual particles in 
the form of concentric layers in a plume-like environment. Other 
possible mechanisms to create concentric layers in aggregates are 
electrostatic attraction between charged ash particles without the 
presence of a liquid phase (James et al., 2002; Telling and Dufek, 
2012) or processes comparable to the formation of hailstone 
(Rose et al., 1995). The coherent deposition of the El Guayal 
accretionary lapilli together with aggregates formed by amal-
gamation of hot silicate melts with cold, likely water-saturated 
sediments suggests formation in relation to a steam-condensing 
environment at moderate to hot temperatures. The coherent for-
mation of the accretionary lapilli and the upper ejecta deposits 
is evident from the petrographic and chemical results, including 
(1) the comparable PGE and trace-element concentrations of the 
accretionary lapilli and their host rock; and (2) the presence of 
spheroidal calcite aggregates both within the accretionary lapilli 
and in the uppermost subunit 3. Schulte and Kontny (2005) sug-
gested that the turbulent mixing and heating of seawater during 
crater-outward movement of the ejecta curtain may have formed 
accretionary lapilli by providing large amounts of vapor in the 
ejecta curtain or plume. The steam-condensing environment 
implies moderate temperatures (~100 °C), which is consistent 
with the observation that most of the silicate melt particles are in 
form of solidified, fractured shards.

The multiple concentric zones of the El Guayal accretion-
ary lapilli demonstrate changing environmental conditions in the 
ejecta plume. For volcanic accretionary lapilli, the concentric 
zones of different grain size are due to differences in the supply 
of particle sizes, which are related to a progressive increase in 
formation temperature in the ash plume (Gilbert and Lane, 1994). 
This temperature increase reduces the humidity and the amount 
of condensed liquid layers on particles, so that accretion is biased 
toward smaller grain sizes (Moore and Peck, 1962). In volcanic 

events, the collapse of a vertical eruption column can form hot, 
gaseous, particulate density currents known as pyroclastic flows 
(Fisher and Schmincke, 1984). Volcanic accretionary lapilli with 
multiple laminations are reported from ignimbrite flow units and 
their coignimbrite ash cloud deposits (e.g., Riley and Leat, 1999; 
Brown et al., 2010). The latter form by elutriation of fine ash 
from the moving pyroclastic flow. Consequently, the multiple 
laminations of the El Guayal accretionary lapilli likely recorded a 
recurring heat increase by the circulation from a steam-enriched, 
condensing environment with moderate temperature (~100 °C) 
to a hotter area of the ejecta plume. These observations signify 
prolonged formation and atmospheric residence time during a 
late stage of ejecta plume evolution.

Branney and Brown (2011) studied the threefold sequence in 
the 4–10.5-m-thick impact ejecta blanket of Stac Fada, Scotland, 
where a lower suevite unit grades into suevite with accretionary 
lapilli, which is in turn overlain by a thin layer of clast-supported 
dust pellets. These authors proposed a stratified density current 
similar to pyroclastic density currents. It was composed of a 
ground-hugging component of granular fluid passing up into less 
concentrated, more turbulent levels and a buoyant, dilute upper 
component. In the buoyant plume, dust aggregated into pellets. 
These dropped into a lower, more turbulent level of the density 
current and evolve into accretionary lapilli where ongoing circu-
lation could form multiple laminations. The occurrence of pellet-
like spheroidal calcite aggregates at El Guayal in both the upper 
subunit 3 and within accretionary lapilli supports this model. The 
lack of an impactor component in the El Guayal accretionary 
lapilli and their host rock suggests formation without contribution 
of material transported to the stratosphere as suggested by Huber 
and Koeberl (2017). The silicate-binding agent model (Johnson 
and Melosh, 2014), where molten silicate, or any condensable 
material, acts as a binding agent in the environment of the ejecta 
curtain that contains no water or atmosphere, is not applicable 
because the El Guayal accretionary lapilli formed during a late 
stage of the impact process, and the main matrix component was 
former calcite that had been diagenetically replaced by silica 
(Griscom et al., 1999; this study). The condensation of CaCO

3
 

from a gas phase into a liquid phase is not possible because CaCO
3
 

would decompose into solid CaO and CO
2
 gas during decompres-

sion at constant temperature. The melt fuel-coolant interaction 
(MFCI) of an impact melt sheet with water (Grieve et al., 2010; 
Stöffler et al., 2013; Artemieva et al., 2013; Osinski et al., 2019) 
is supported by the predominant occurrence of silicate melt frag-
ments in the El Guayal accretionary lapilli. It is, however, unclear 
how the pronounced intermixing of calcite ejecta with hot silicate 
melts in aggregates that were deposited with the El Guayal accre-
tionary lapilli can be explained by this model.

Subunit 4
Subunit 4 is comparable with Cretaceous-Paleogene bound-

ary sites around the world with respect to its enrichment of PGEs 
(Goderis et al., 2013) and the occurrence of shocked quartz 
(Claeys et al., 2002). The shocked quartz particles in subunit 4 
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of El Guayal show less decoration of their PDFs when compared 
to those in the underlying ejecta units. This may indicate a less 
intense thermal alteration of shocked quartz during emplacement. 
The size of spherulitic calcite spheroids in subunit 4 is in a similar 
range to calcareous dinoflagellates, the latter of which are com-
mon at Cretaceous-Paleogene ejecta sites (e.g., Wendler and Wil-
lems, 2002) and are also observed at the base of the postimpact 
sedimentary section of IODP-ICDP Hole M0077A (Gulick et al., 
2017b). The microstructure of the spherulitic calcite spheroids, 
however, is different from calcareous dinoflagellates and resem-
bles the larger 250 µm carbonate melt spheroids in subunit 3 and 
the spheroidal calcite aggregates in accretionary lapilli. These 
observations suggest a cogenetic relationship; consequently, sub-
unit 4 represents the finest fraction of Chicxulub ejecta mixed 
with a small proportion of an extraterrestrial component.

The settling time in the water column can be calculated by 
assuming a maximum water depth of 200 m at the Yucatán shelf 
(Smit, 1999; Grajales-Nishimura et al., 2000) and applying the 
settling velocity of the particles present in subunit 4. Particles 
with maximum size of ~64 µm are observed, which corresponds 
to a settling velocity of 19 m/h (Smit et al., 1996) and settling 
time of ~10 h. To this time, the atmospheric residence time of 
supposedly several days to weeks has to be added. This time is 
short compared to marine sedimentation rates, and consequently 
few marine carbonates were incorporated into subunit 4.

Genetic Relationship of El Guayal Impactites to Chicxulub 
Crater Suevites and Proximal to Intermediate Cretaceous-
Paleogene Sections

The polymict ejecta sequence from El Guayal contains local 
sediments and was partially reworked by tsunami currents; how-
ever, for most elements, its chemical signature matches the suevite 
drilled within the Chicxulub crater (e.g., Claeys et al., 2003; 
Schmitt et al., 2004; Tuchscherer et al., 2004b). Compared to the 
El Guayal ejecta deposit, the crater suevites have much higher 
K

2
O and Sr concentrations (Fig. 6). This is attributed to prolonged 

alteration of the crater suevites by hydrothermal fluids, which 
were associated with the underlying hot melt pool (e.g., Ames et 
al., 2004; Hecht et al., 2004; Zürcher and Kring, 2004; Nelson 
et al., 2012). The chemical signatures, petrographic observations, 
and modal content indicate that such processes were not effective 
at El Guayal due to the deposition in a marine environment.

The cooling history can be inferred from petrological obser-
vations at the different sites. Spherulitic carbonate melt particles 
were only observed in the crater at the Y6 borehole in the upper 
part of the suevite (Claeys et al., 2003) and in the evaporite-rich 
megabreccia at the UNAM-7 borehole near the outer crater rim 
(Salge et al., 2019). Apparently, spherulitic carbonate melts are 
only preserved in impactites that were transported in the ejecta 
curtain or plume, where the conditions for the required high cool-
ing rates existed. In contrast, the deposition in ground-surged 
suevite close to high-temperature melt layers with prolonged 
hydrothermal activity excluded rapid quenching.

At El Guayal, the link between the global Cretaceous-
Paleogene boundary and the Chicxulub impactites is marked 
by the projectile component (chemically identified by the PGE 
enrichment; Goderis et al., 2013) together with Chicxulub ejecta 
(shocked quartz, carbonate melt spheroids) in subunit 4. Both the 
enrichment of PGEs and the shocked quartz observed in subunit 
4 of El Guayal are similar to the dual-layer stratigraphy at inter-
mediate Cretaceous-Paleogene sites 2000–4000 km away from 
Chicxulub (e.g., Bohor et al., 1987; Izett, 1990; Schulte et al., 
2009, 2010).

The various aggregates in ejecta deposits from the Chicxu-
lub crater on the southern Yucatán Peninsula (Pope et al., 1999, 
2005; Fouke et al., 2002) and as far as northeastern Mexico 
(Schulte et al., 2003, 2012; Schulte and Kontny, 2005), Texas and 
New Jersey (Schulte et al., 2006; Yancey and Guillemette, 2008), 
and Cuba (Alegret et al., 2005) lack the clear associations with 
accreted shocked quartz and altered silicate fragments that are 
commonly observed at El Guayal. At the ejecta deposits of Arme-
nia, Belize (Figs. 1 and 11), at ~470 km from the crater center 
(Pope et al., 2005; King and Petruny, 2015), spheroids of coarse 
detrital calcite grains with a rim of fine calcite particles, and in 
some cases with an altered silicate melt nucleus, resemble accre-
tionary lapilli. Compared to the much larger El Guayal accre-
tionary lapilli, the spheroids from the Armenia site contain no 
shocked quartz, and silicate melt particles are rare. This indicates 
formation during an early stage of the impact process when sili-
cates from the lower excavation zone were not abundant. Johnson 
and Melosh (2014) have shown that accretionary lapilli can form 
within the ejecta curtain early in the ejection process, well before 
reentry into an atmosphere or ballistic emplacement. The over-
lying reworked conglomerate present at the Armenia site (com-
posed of micritic limestone, melt particles, shocked quartz, and 
accretionary lapilli; Pope et al., 2005; King and Petruny, 2015) is 
only briefly described. However, due to the similar components 
compared to the ejecta sequence at El Guayal, both units could 
have been emplaced by similar processes.

The calcite microstructures and their association with altered 
silicate melt and porosity in MP2a are similar to the accretionary 
calcite aggregates that are composed of micron-sized calcite sub-
grains and contain various amounts of larger clay masses with 
heterogeneous compositions (Schulte et al., 2006, 2009, 2010, 
2012; Yancey and Guillemette, 2008). Yancey and Guillemette 
(2008) interpreted the aggregate microstructure to have formed 
by accretion of small solid particles and suggested an origin from 
carbonate crystals generated within the Chicxulub ejecta plume. 
A formation by aggregation of individual carbonate crystals is 
unlikely for MP2a due to the presence of degraded microfossils; 
however, this scenario may be possible for the former calcite 
matrix in the El Guayal accretionary lapilli. Yancey and Guil-
lemette (2008) discussed the possibility that minute calcite crys-
tals may form by back-reactions from decomposed CaCO

3
. Solid 

CaO can combine directly with CO
2
 gas at higher temperatures, 

whereas at lower temperatures, it can react with H
2
O to produce 

Ca(OH)
2
 in the CO

2
-enriched ejecta plume, and then Ca(OH)

2
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can react with CO
2
 to form CaCO

3
 and water vapor (Agrinier et 

al., 2001). Formation by back-reactions has also been suggested 
for microcrystalline calcite in carbonate layers that were depos-
ited close to the impact crater in the aftermath of the impact event 
(Bralower et al., 2020).

In summary, pronounced intermixing of silicate melt with 
carbonate is only observed at El Guayal and at more proximal 
to intermediate Cretaceous-Paleogene sites, but not at ejecta 
deposits on the southern Yucatán Peninsula. These observations 
document an enrichment in silicate melt during the late stage of 
ejecta plume evolution and enhanced mixing of the silicate and 
sedimentary target rock during prolonged atmospheric transport.

CONCLUSIONS

Petrographic and chemical studies of the Cretaceous-Paleo-
gene boundary sequence at El Guayal show the deposition of 
ejecta with local sediments from gravity or tsunami surges on 
top of a monomict carbonate megabreccia. The ejecta units are 
progressively enriched in altered silicate melt and topped by a 
Cretaceous-Paleogene boundary clay layer with a projectile com-
ponent (Goderis et al., 2013). The occurrence of potential carbon-
ate melt particles with a spherulitic microstructure indicates rapid 
cooling during ejection. Their cogenetic association with recrys-
tallized microstructures and elongate calcite crystals reflects 
variations in the cooling rates in an ejecta plume with a hetero-

geneous temperature distribution. The recrystallized microstruc-
ture may indicate short but intense thermal stress at postshock, 
high-temperature conditions during airborne transport. Various 
aggregates of silicate melts and calcite document particle-parti-
cle interactions and intermixing of components from lower and 
upper target lithologies in different environments. Aggregates of 
recrystallized calcite with altered silicate melt indicate amalga-
mation of viscous silicate melt with carbonate at elevated tem-
peratures. Hence, the presence of pseudomorph pore space in 
these aggregates suggests the decomposition of euhedral calcite 
microcrystals at temperatures of >~750 °C. Accretionary lapilli 
with multiple concentric zones of smaller aggregated particles 
suggest formation in a turbulent, steam-condensing environment 
at moderate temperature of ~100 °C with recurring exchange to a 
hotter area of the ejecta plume.

Based on the results obtained in this and previous studies, 
five distinct stages can be reconstructed for the evolution, deposi-
tion, and alteration of the Chicxulub ejecta blanket:

(1) In the high-pressure zone between the impactor and the 
sedimentary target, carbonate and sulfate decomposition prod-
ucts (CaO, MgO, CO

2
, SO

x
) were ejected at high velocity and 

formed an initial vapor flow (Fig. 12A). Steam explosions from 
instantly vaporized target water led to flow-like transport pro-
cesses (Pope et al., 2005).

(2) Anhydrite and carbonate megablocks were excavated out 
of the impact crater and initiated a laterally extending, ground-
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Figure 11. Stratigraphic comparison of 
the marine Cretaceous-Paleogene site 
at El Guayal, Tabasco, Mexico, with 
subaerially exposed ejecta deposits at 
Albion Island and Armenia, Belize, on 
the southern Yucatán Peninsula in rela-
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hugging surface flow (Pope et al., 2005; Kenkmann and Schö-
nian, 2006). Carbonates buried at depths larger than a few hun-
dred meters were ejected out of the impact crater in an originally 
liquid state (Jones et al., 2000). The presence of water vapor sus-
tained the transformation from a ballistic transport to a lateral 
flow regime. Thereby, small amounts of silicate melts from lower 
target lithologies were injected into the outward-expanding, 
 carbonate-dominated ejecta curtain.

(3) A turbulent expanding ejecta plume was formed above 
the impact crater. With increasing excavation depths, the ejecta 
plume was enriched in shocked and molten components of the 

crystalline basement. About several tens of minutes after the 
impact, the ejecta plume partially collapsed (Fig. 12B). The 
vaporized and condensed material derived from the projectile 
and target rock was lifted to the stratosphere for mostly global 
distribution. Molten and solid target rock fell back to the surface. 
Thereby, hot silicate components were mixed with the fine frac-
tion of local surface-derived sediments, of which the latter were 
displaced by the preceding ejecta curtain. The fusion of porous, 
water-saturated sediments with hot silicate melt resulted in addi-
tional release of vapors during dissociation of sediments. These 
processes sustained a gas-driven, lateral basal transport, similar 
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to a volcanic pyroclastic flow, with locally varying temperatures 
of ~600 °C to >1100 °C.

At a higher level, this basal flow was accompanied by a highly 
turbulent plume similar to volcanic coignimbrite ash clouds. This 
zone is inferred to have had a moderate temperature (~100 °C) 
due to admixing of ambient air. Thereby, steam condensed and 
accretionary lapilli were formed from the fine fraction of car-
bonate and silicate material that emerged from the basal flow, a 
process referred to as elutriation in a volcaniclastic environment. 
Due to the close association of the hot basal flow with a turbu-
lent ash plume of moderate temperature, the accretionary lapilli 
and the fine fraction of ejecta particles circulated several times 
between the moderate- and hot-temperature regimes. Progressive 
lapilli growth ultimately led to aggregates that became too heavy 
to be held in suspension by the flow. Consequently, the accre-
tionary lapilli settled and sank through the water column near 
the area now represented by the El Guayal site. This scenario is 
similar to coignimbrite ash clouds associated with volcanic pyro-
clastic flows, which are commonly rich in accretionary lapilli.

The finer fraction of ejecta particles resided for a longer time 
in the flow and was more strongly affected by thermal alteration. 
This led to complete recrystallization of carbonate particles and 
to complete decomposition of euhedral calcite microcrystals in 
aggregates of calcite with silicate melt.

(4) For a period of presumably days to weeks (Artemieva 
and Morgan, 2009), the impactor component was deposited from 
suspension in the stratosphere, together with the finest fraction 
of both ejecta material—mainly ash-sized (partially fragmented) 
carbonate melt particles and temperature-resistant shocked 
quartz particles—and locally derived sediments. The presence of 
spherulitic carbonate melt spheroids in subunit 4 at El Guayal, 
which are also observed in the underlying ejecta units, together 
with shocked quartz and the PGE-enriched impactor component 
(Goderis et al., 2013), supports the theory that the Chicxulub 
impact triggered the mass extinction at the Cretaceous-Paleogene 
boundary (e.g., Schulte et al., 2010; Hull et al., 2020).

(5) The prolonged transport of impact debris in the hot ejecta 
plume and reaction with hot volatiles may have induced a par-
ticular style of alteration in the ejecta deposits. At El Guayal, 
silica was released during the alteration of silicate melt particles. 
This resulted in an intense silicification of recrystallized calcite 
particles and the microcrystalline calcite matrix in accretion-
ary lapilli, and coherent precipitation of sparitic calcite in the 
interconnected pore space. These cementing processes may 
have enhanced the sealing properties of the ejecta deposits on 
top of the mega breccias that act as the oil-producing reservoir 
facies of the Cantarel oil fields in the Campeche marine platform 
( Grajales-Nishimura et al., 2000, 2009).

In summary, the presence of various aggregates at different 
Cretaceous-Paleogene sites indicates that aggregation processes 
potentially reduced the amount of particles and ash in the atmo-
sphere, which possibly lowered the duration of global darkening. 
The abundant presence of calcium carbonate melts and recrys-
tallized calcite at El Guayal and other Cretaceous-Paleogene 

sites collectively supports the conclusion that the amount of CO
2
 

released to the atmosphere during the Chicxulub impact has 
been probably overestimated (Agrinier et al., 2001; Ivanov and 
Deutsch, 2002; Skála et al., 2002). The rare presence of dolomite 
only in the lower ejecta subunits of El Guayal indicates that this 
mineral was strongly affected by dissociation. The exothermic 
back-reaction of CaO from decomposed carbonates and sul-
fates with CO

2
 (and H

2
O) to form CaCO

3
 (Agrinier et al., 2001; 

Yancey and Guillemette, 2008) may have been responsible for 
a prolonged release of thermal energy (∆H = −178 kJ/mol) and 
delayed water vapor release during plume evolution.
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