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ABSTRACT

Determining the nature and age of the 
200-km-wide Chicxulub impact target rock 
is an essential step in advancing our under-
standing of the Maya Block basement. Few 
age constraints exist for the northern Maya 
Block crust, specifically the basement under-
lying the 66 Ma, 200 km-wide Chicxulub im-
pact structure. The International Ocean Dis-
covery Program-International Continental 
Scientific Drilling Program Expedition 364 
core recovered a continuous section of base-
ment rocks from the Chicxulub target rocks, 
which provides a unique opportunity to illu-
minate the pre-impact tectonic evolution of a 
terrane key to the development of the Gulf of 
Mexico. Sparse published ages for the Maya 
Block point to Mesoproterozoic, Ediacaran, 
Ordovician to Devonian crust are consistent 
with plate reconstruction models. In con-

trast, granitic basement recovered from the 
Chicxulub peak ring during Expedition 364 
yielded new zircon U-Pb laser ablation-in-
ductively coupled plasma-mass spectrometry 
(LA-ICP-MS) concordant dates clustering 
around 334 ± 2.3 Ma. Zircon rare earth ele-
ment (REE) chemistry is consistent with the 
granitoids having formed in a continental 
arc setting. Inherited zircon grains fall into 
three groups: 400–435 Ma, 500–635 Ma, 
and 940–1400 Ma, which are consistent with 
the incorporation of Peri-Gondwanan, Pan-
African, and Grenvillian crust, respectively. 
Carboniferous U-Pb ages, trace element 
compositions, and inherited zircon grains 
indicate a pre-collisional continental volcanic 
arc located along the Maya Block’s northern 
margin before NW Gondwana collided with 
Laurentia. The existence of a continental arc 
along NW Gondwana suggests southward-
directed subduction of Rheic oceanic crust 
beneath the Maya Block and is similar to evi-
dence for a continental arc along the north-
ern margin of Gondwana that is documented 
in the Suwannee terrane, Florida, USA, and 
Coahuila Block of NE México.

INTRODUCTION

The Chicxulub structure is the largest known 
Phanerozoic impact structure and has been 
linked to the Cretaceous-Paleogene (K-Pg) ex-
tinction event and boundary sections through 
geochemistry, geochronology, and proximal de-
posit thicknesses (e.g., Hildebrand et al., 1991; 
Kring and Boynton, 1992; Swisher et al., 1992; 
Krogh et al., 1993a, 1993b; Kamo and Krogh, 
1995; Kring, 1995; Schulte et al., 2010; Kamo 
et al., 2011). The ∼200-km-diameter structure 
was formed when a 12 km bolide impacted the 
Yucatán Peninsula in México from the NNE 
(Gulick et al., 2008; Collins et al., 2020). A posi-
tive iridium anomaly represents the original con-
nection between the K-Pg mass extinction and 
an extraterrestrial source (Alvarez et al., 1980; 
Ganapathy, 1980; Kyte et al., 1980; Smit and 
Hertogen, 1980). Since that discovery, numerous 
geological and geophysical studies have been 
conducted of the Chicxulub impact structure 
and its related hydrothermal system, associated 
ejecta, tsunami deposits, as well as its climatic 
and biological effects (e.g., Smit, 1999; Kring, 
2005; Schulte et al., 2010; Gulick et al., 2019). †catherine.ross@utexas.edu.
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The Chicxulub target rock sequence is hetero-
geneous and is comprised of ∼3 km of Jurassic-
Cretaceous sedimentary packages of limestone, 
dolomite, marl, and anhydrite (Kring, 2005). The 
underlying basement of the Chicxulub crater is 
predominantly composed of granitoids, amphib-
olite, dolerite, and ortho- and paragneiss (Kring, 
2005; Keppie et al., 2011; Morgan et al., 2016; 
de Graaff et al., 2021). However, exposures or 
drill core recoveries of the northern Maya Block 
basement are rare, and its tectono-magmatic 
evolution remains highly incomplete with funda-
mental questions about the Phanerozoic tectonic 
evolution lingering.

Crustal blocks such as Maya, Oaxaquia, Méri-
da Andes, Chortís, and Coahuila were separated 
from the western margin of Gondwana in the 
early Paleozoic and subsequently incorporated 
into Paleozoic collisional orogens (Nance et al., 
2008). These terranes are commonly referred 
to as “Peri-Gondwanan” terranes. The Chortís 
Block is a terrane in Central America (Hondu-
ras, Nicaragua, El Salvador, Guatemala, and 
off-shore Nicaragua Rise) located to the south 
of the Maya Block and separated from it by the 
Motagua-Polochic Fault Zone (e.g., Ratsch-
bacher et al., 2009). The Mérida Andes of west-
ern Venezuela record early Paleozoic and early 
Mesozoic collisional and extensional tectonic 
events, respectively (Tazzo-Rangel et al., 2020). 
The tectonic backbone of México is composed 
of granulite-facies Mesoproterozoic basement, 
which constitutes an terrane known as Oaxa-
quia (e.g., Ortega-Gutierrez et  al., 1995). The 
Coahuila Block of northeastern México lies 
south of the Ouachita suture and represents a 
fragment of Peri-Gondwanan crust that has not 
been displaced significantly since juxtaposition 
with Laurentia in Pangea (Dickinson and Law-
ton, 2001).

Since the first reconstructions, the paleogeo-
graphic positions and tectonic interactions of 
pre-Mesozoic crustal blocks in México, Central 
America, and the Caribbean region have been 
debated (Bullard et al., 1965; Pindell and Dewey, 
1982; Ross and Scotese, 1988; Marton and Buf-
fler, 1994; Pindell et al., 2000; Dickinson and 
Lawton, 2001; Mann et al., 2007). The rifting 
of Laurentia (present-day North America) away 
from Gondwana (present-day South America 
and Africa) marks Paleozoic plate kinematics. 
The Rheic Ocean separated these plates begin-
ning in the Early Ordovician and subsequently 
closed during the formation of supercontinent 
Pangea due to the Pennsylvanian collision of 
Gondwana and Laurentia (e.g., Nance and 
Linnemann, 2008). Documenting the pre-Meso-
zoic position of the Maya Block and its relation-
ship to the SW Laurentian margin is essential 
to complete plate reconstructions of the final 

assembly of Pangea as well as the Jurassic Gulf 
of Mexico rifting and opening due to rotation. 
Models have placed the Maya Block in different 
locations and various orientations at the end of 
the Paleozoic and the early Mesozoic (e.g., Pin-
dell and Dewey, 1982; Dickinson and Lawton, 
2001; Steiner, 2005; Mann et al., 2007; Stern and 
Dickinson, 2010). The tectono-magmatic history 
of the Maya Block and in particular constrain-
ing the location, timing, and subduction polar-
ity of the late Paleozoic magmatic arc related to 
Rheic Ocean closure is vital for understanding 
both the formation and breakup of Pangea along 
the SW margin of Laurentia and NW margin of 
Gondwana.

Due to the extensive Mesozoic sedimentary 
cover and a rarity of deep boreholes, Maya 
Block pre-Mesozoic rocks are only exposed in 
Mixtequita (Guichicovi Complex), the Chiapas 
Massif, central Guatemala, the Maya Moun-
tains in Belize, and ejecta/breccia clasts from 
the Chicxulub impact structure. These studies 
focused on granitic and metamorphic clasts 
from impact breccias and suevites within the 
Chicxulub impact structure or proximal sites in 
México (Krogh et al., 1993a, 1993b; Kamo and 
Krogh, 1995; Kettrup and Deutsch, 2003; Kep-
pie et al., 2011; Schmieder et al., 2018; Zhao 
et al., 2020). Additional age constraints derive 
from studies of Chicxulub distal K-Pg ejecta 
material in Spain, Colorado, Saskatchewan, and 
Haiti (Krogh et  al., 1993a, 1993b; Kamo and 
Krogh, 1995; Kamo et al., 2011). The uplift of 
mid- to upper-crustal granitic basement blocks 
through cratering processes preserved within 
the International Ocean Discovery Program-
International Continental Scientific Drilling 
Program (IODP-ICDP) Expedition 364 core 
(Hole M0077A; 21.45°N, 89.95°W) provides a 
new opportunity to better constrain the pre-im-
pact tectonic evolution of the Maya Block. An 
initial U-Pb study of 40 zircon grains from five 
basement samples recovered at Site M0077 was 
presented in Zhao et al. (2020). In contrast to 
Zhao et al. (2020), who used conventional laser 
ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) analysis on polished in-
ternal zircon surfaces, this study employed depth 
profile analysis of unpolished zircon grains. Our 
detailed study described here of the zircon U-Pb 
geochronology and trace element signatures of 
the Chicxulub peak ring builds on recent work 
with IODP-ICDP Expedition 364 samples (e.g., 
Schmieder et al., 2017; Rasmussen et al., 2019; 
Zhao et al., 2020; Timms et al., 2020).

These new data constrain the tectonic setting 
and location of the Maya Block in the Late Pa-
leozoic, which has significant implications for 
its tectonic reconstruction prior to and during the 
opening of the Gulf of Mexico. While Carbon-

iferous U-Pb ages were recovered from within 
the crater itself (drill sites Yucatán-6 and Yaxco-
poil-1) as well as from both proximal and distal 
K-Pg deposits (Haiti, Colorado, Saskatchewan, 
and Spain), these ages were not considered to 
be an important fingerprint of the Chicxulub tar-
get lithologies or the Maya Block (Krogh et al., 
1993a, 1993b; Kamo and Krogh, 1995; Kamo 
et al., 2011; Keppie et al., 2011; Schmieder et al., 
2017, 2018). The origin of these Carboniferous 
ages was hypothesized to be Maya Block conti-
nental arc rocks, with no elaboration about the 
tectonic significance or if the Pb-loss ages along 
a discordia trajectory between the Pan-African 
(550 Ma) and the K-Pg impact event at 66 Ma 
(Kamo et al., 2011).

Geochronologic results from basement rock 
of the Chicxulub impact structure represent a 
critical step in understanding the composition 
of the target material, the post-impact hydro-
thermal system, and proximal and distal ejecta 
deposits. Ejecta atmospheric dispersion recon-
structions and climate models currently rely on 
ejecta distribution thickness and composition 
and include quantification of the Ir anomalies 
(Alvarez, 1996; Claeys et  al., 2002; Collins, 
2002; Kring and Durda, 2002; Collins et  al., 
2008; Artemieva and Morgan, 2009; Artemieva 
and Morgan, 2020). However, these models can 
be improved through a more comprehensive un-
derstanding of the Maya Block’s age signature 
preserved within the Chicxulub impact structure. 
Identifying source rocks in ejecta components 
in K-Pg boundary deposits may allow for better 
tracking of global ejecta dispersal and composi-
tion. A better Chicxulub basement age signature 
makes it possible to estimate the relative vol-
umes of different basement materials ejected 
from the crater.

GEOLOGIC SETTING

The pre-Mesozoic tectonic and magmatic 
evolution of the Maya Block and, specifically, 
its northern portion, is poorly constrained due to 
the very sparse and geographically limited Pa-
leozoic and Precambrian outcrops as well as the 
extensive Mesozoic and Cenozoic sedimentary 
cover (Lopez Ramos, 1975). The crustal back-
bone of central, eastern, and southern México 
is formed by late Mesoproterozoic protoliths 
(1.25–1.0 Ga) with granulite facies metamor-
phism (ca. 0.99 Ga) making up the Oaxaquia 
microcontinent (e.g., Ortega-Gutiérrez et  al., 
1995, 2018; Fig.  1A). Emplacement of Edia-
caran rift-related mafic dyke swarms and de-
position of metasedimentary units occurred in 
NE México and Chiapas during the final frag-
mentation of Rodinia and opening of the Iapetus 
Ocean (González-Guzmán et al., 2016; Weber 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35831.1/5292544/b35831.pdf
by Arizona State University user
on 31 August 2021



Carboniferous arc in Chicxulub

 Geological Society of America Bulletin, v. 130, no. XX/XX 3

et al., 2019, 2020). Ordovician (ca. 480–450 Ma) 
magmatism and crustal anatexis, as recorded in 
Chiapas, Altos Cuchumatanes, and Rabinal, sug-
gest that these terranes likely formed the north-
ern continuation of the Famatinian arc along the 
western margin of Gondwana (Estrada-Carmona 
et al., 2012; Weber et al., 2018; Alemán-Gallardo 
et al., 2019; Ortega-Obregón et al., 2008, 2009; 
Juárez-Zúñiga et al., 2019).

By the Devonian, the Rheic Ocean was clos-
ing, ultimately leading to the complete subduc-
tion of its oceanic crust and the formation of the 
Pangean supercontinent in the late Paleozoic, 
which resulted in deformation and tectonic re-

organization of the Mexican terranes (e.g., 
Nance et al., 2007). Along the NW margin of 
Gondwana, this convergence culminated in a 
laterally diachronous collision and suturing of 
Gondwana and associated terranes with Lauren-
tia during the Ouachita-Marathon-Appalachian 
orogeny in the latest Carboniferous and Early 
Permian (e.g., Dickinson and Lawton, 2001). 
In paleotectonic models, it has been suggested 
that the Maya Block: (1) has a pre-Mesozoic 
Gondwanan affinity (e.g., Pindell et al., 1988; 
Pindell and Kennan, 2009; Weber et al., 2009); 
(2) is a peri-Gondwanan, arc-related terrane 
formed either before the opening of the Iapetus 

Ocean (Keppie et al., 2011); or more controver-
sially (3) is a rifted Laurentian basement block 
(Keppie and Keppie, 2014). In particular, the 
nature and origin of the latest Neoproterozoic 
magmatism remain unclear and could be as-
sociated with Peri-Gondwanan subduction, the 
Brasiliano (Pan-African) orogeny, or late-stage 
Cadomian magmatism (e.g., Ortega-Gutiérrez 
et  al., 2018). Hence, new age determinations 
for the Maya Block basement and comparison 
with ages of surrounding Laurentian and Gond-
wanan terranes provide new insights into con-
straints on the Neoproterozoic and Phanerozoic 
paleogeographic and tectonic evolution before 

Figure 1. Terrane map shows the Gulf of Mexico region modified from Dickinson and Gehrels (2009); Dickinson and Lawton (2001); Geh-
rels et al. (2011); Lawton et al. (2015); Ortega-Gutiérrez et al. (2018); Sedlock et al. (1993); Weber et al. (2012); and references therein. 
Oaxaquia outcrops are shown by white dots. Suwanee and Yucatán have Gondwanan tectonic affinity. Drillcores in north Florida and south 
Georgia, Maya Mountains, Deep Sea Drilling Project Leg 77, Altos Cuchumatanes, Las Delicias (Coahuila), Aserradero, Acatlán Complex 
eclogites, Totoltepec pluton, and this study are denoted as Carboniferous arc rocks. Famatinian (400–500 Ma) related ages are circled 
in gold. Pan-African (500–650 Ma) ages are circled in dark green. Grenvillian (0.9–1.3 Ga) ages are circled in black. MPFZ—Motagua-
Polochic Fault Zone; EMT—East Mexican Transform. Detrital zircon records, intrusion, and metamorphic cooling ages are from Alemán-
Gallardo et al. (2019); Dallmeyer (1984); Estrada-Carmona et al. (2012); Heatherington et al. (2010); Juárez-Zúñiga et al. (2019); Kirsch 
et al. (2013); Lopez (1997); Lopez et al. (2001); McKee et al. (1999); Middleton et al. (2007); Miller et al. (2007); Mueller et al. (2014); 
Ortega-Obregón et al. (2008); Schaaf et al. (2002); Solari et al. (2010); Steiner and Walker (1996); Vega-Granillo et al. (2007); Weber et al. 
(2005, 2007, 2009, 2012, 2018, 2019, 2020).
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the  opening and subsequent closure of the Rheic 
Ocean, including subduction zone polarity as 
well as Mesozoic reconstructions of the later 
Gulf of Mexico opening.

Oaxaquia Terrane

Oaxaquia is part of the Grenville orogenic 
belts that are associated with the amalgamation 
of the Mesoproterozoic supercontinent Rodinia 
(1.1–1.0 Ga; Dalziel, 1997). There are only a 
few exposures of the late Mesoproterozoic Oax-
aquian basement including the Novillo Gneiss 
(Fig.  1; Keppie et  al., 2003; Cameron et  al., 
2004; Trainor et al., 2011; Weber et al., 2019), 
the Huiznopala Gneiss (Lawlor et al., 1999; We-
ber and Schulze, 2014), the Oaxacan Complex 
(Keppie et al., 2003; Solari et al., 2003, 2004a, 
2004b), and the Guichicovi Complex (Weber 
and Köhler, 1999; Weber and Hecht, 2003). 
Pre-Mesozoic rocks of the Guichicovi Complex 
are characterized by 1.2 Ga igneous, arc-related 
protoliths and ca. 1.02–1.01 Ga anorthosite-
mangerite-charnockite granites that were meta-
morphosed under granulite facies conditions be-
tween 990 Ma and 975 Ma (Weber and Köhler, 
1999; Ruiz et al., 1999; Weber et al., 2010). The 
Guichicovi Complex also records another Tonian 
metamorphic event from Sm-Nd garnet-whole 
rock dates of 933 ± 6 Ma and 911 ± 12 Ma 
(Weber and Köhler, 1999). The TDM(Nd) (depleted 
mantle) model ages are 1.35–1.63 Ga and 1.52–
2.02 Ga for the meta-igneous and sedimentary 
rocks, respectively (Weber and Köhler, 1999). 
The Oaxaquia backbone appears to have formed 
as juvenile arc crust off Amazonia in the early 
Mesoproterozoic, matured around 1.2 Ga, and 
experienced subsequent deformation and high-
grade metamorphism during an arc-continental 
and continent-continent collision with Avalonia 
and/or Baltica in the earliest Neoproterozoic 
(e.g., Keppie and Dostal, 2007; Keppie and Orte-
ga-Gutiérrez, 2010; Weber et al., 2010; Weber 
and Köhler, 1999; Weber and Schulze, 2014).

Maya Block

The Maya Block is widely viewed as a peri-
Gondwanan terrane that forms the pre-Mesozo-
ic basement of Yucatán Peninsula, its Gulf of 
Mexico shelf, Chiapas, and north-central Gua-
temala (Weber et al., 2009; Keppie et al., 2010; 
Martens et  al., 2010; Fig.  1). It is separated 
from the Chortís Block of Central America by 
the Motagua-Polochic Fault system. While the 
northern Maya Block (underlying the Chicxulub 
crater) appears to be principally ca. 550 Ma Pan-
African basement (Krogh et al., 1993a, 1993b; 
Keppie et al., 2011), no such basement has been 
described from the southern Maya Block near 

Chiapas. Early Paleozoic sandstone from the 
southern Maya Block are mainly devoid of Pan-
African detrital zircon in Belize but are present 
in the Santa Rosa Formation exposed in the 
Chiapas Massif Complex (Martens et al., 2010; 
Weber et al., 2008; González-Guzmán, 2016). 
In contrast, the southern Maya Block is domi-
nated by Permian igneous and metamorphic 
rocks (Schaaf et al., 2002; Weber et al., 2005, 
2007). Ordovician-Devonian igneous and meta-
sedimentary rocks only occur in the El Triunfo 
Complex of the southeasternmost Chiapas Mas-
sif Complex (Estrada-Carmona et  al., 2012; 
Weber et al., 2018). This Ordovician magma-
tism was likely associated with Ordovician Fa-
matinian arc magmatic activity stretching from 
South America to northern Central America 
(Estrada-Carmona et al., 2012; Alemán-Gallardo 
et al., 2019).

The geological reconstruction of the Maya 
Block basement has been hampered by both 
the lack of continuous exposures and age con-
straints as well as its Mesozoic dismemberment 
during the Gulf of Mexico opening, which in-
cludes substantial translation of the block along 
the East México or Tehuantepec transform fault 
system (e.g., Pindell, 1985; Pindell et al., 2020). 
These reconstructions point to a connection of 
the Maya Block with the basement of NE Méxi-
co prior to the opening of the Gulf of Mexico 
(e.g., Alemán-Gallardo et al., 2019), where the 
area west of the East Mexican transform in NE 
México is composed of Peri-Gondwanan base-
ment intruded by Ordovician plutons. The fol-
lowing sections summarize basement rocks and 
ages that are exposed in the region.

Maya Mountains (Belize)
The basement of the Maya Mountains in cen-

tral Belize is composed of diorite, granodiorite, 
and granite with Silurian intrusive U-Pb ages of 
420–405 Ma with an inherited age component 
of 1210 ± 136 Ma (Fig. 1; Steiner and Walker, 
1996). Metasedimentary detrital zircon source 
components include late Mesoproterozoic to 
early Neoproterozoic (1.2–0.9 Ga) and minor 
early Mesoproterozoic (1.6–1.4 Ga) and are in-
truded by Late Silurian to Early Devonian (ca. 
415–400 Ma) granitoids (Weber et al., 2012). 
Late Triassic K-Ar ages from these plutons (ca. 
237–205 Ma) were first interpreted as the intru-
sion age (Bateson and Hall, 1977; Dawe, 1984) 
but were then considered cooling ages related 
to Pangea breakup in light of the Silurian U-Pb 
ages. The basement is overlain by rhyolite in-
terbedded with conglomerates; these rhyolites 
yielded a U-Pb date of 406 + 7/–6 Ma (Martens 
et al., 2010). This Silurian magmatic activity is 
likely linked to a subduction-related tectonic 
setting due to the rotation in plate motion di-

rection of the northern Rheic Ocean (Weber 
et al., 2012).

Altos Cuchumatanes and Rabinal
Maya Block crystalline basement is exposed 

north of the Polochic Fault Zone in the Altos 
Cuchumatanes of Guatemala, where mag-
matism occurred during the Middle Ordovi-
cian (461 Ma) with granodiorite intruding into 
ca. 1 Ga medium- to high-grade gneiss. This 
Ordovician magmatism likely occurred in a 
convergent tectonic setting possibly linked to 
the Famatinian arc (Solari et al., 2010; Juárez-
Zúñiga et al., 2019; Weber et al., 2018). Mag-
matism also occurred in the lower Pennsylvanian 
(312–317 Ma) due to an east-dipping subduction 
zone that accommodated convergence between 
Laurentia and Gondwana (Solari et al., 2010). 
The Rabinal granite in central Guatemala, which 
intruded into metasedimentary rocks of the San 
Gabriel sequence at 462–445 Ma, is older than 
nearby plutons in the Maya Mountains (Solari 
et al., 2013). These dates are similar to the ca. 
480–440 Ma magmatic ages in the Acatlán 
Complex of southern México (e.g., Miller et al., 
2007) and ages in the Motozintla area of Chiapas 
(Estrada-Carmona et al., 2012).

Chiapas Massif Complex
The Chiapas Massif Complex is a large NW-

SE elongated crystalline belt in SE México, 
which parallels the Pacific coast and is mainly 
composed of the relatively undeformed Permian 
Chiapas batholith (Fig. 1; Schaaf et al., 2002; 
Weber et  al., 2005, 2007). Similar to cooling 
ages in the Guichicovi Complex, Tonian meta-
morphism is recorded by zircon U-Pb ages from 
the southern Chiapas Massif Complex (El Tri-
unfo Complex), such as the 919 ± 13 Ma Chi-
pilin Gneiss (Weber et al., 2018). However, the 
massif also contains pre-Permian metamorphic 
basement rocks composed of orthogneisses, 
anatexites, and amphibolites intruded by Or-
dovician granites and then by the Late Permian 
batholith (Schaaf et al., 2002; Estrada-Carmona 
et al., 2012; Weber et al., 2018). The Late Perm-
ian batholith rocks range in age from 270 Ma to 
250 Ma. Permian zircon grains from the batho-
lith exhibit inherited ca. 1 Ga cores. Similarly, 
the TDM(Nd) model ages range from 1.0 Ga to 
1.4 Ga (Schaaf et al., 2002). There are ca. 1 Ga 
gneisses and anorthosites exposed within the 
southern Chiapas Massif (Cisneros de León 
et al., 2017; Weber et al., 2018). These expo-
sures, model ages, and inherited zircon cores 
suggest that the ca. 1 Ga Oaxaquia basement 
underlies the Chiapas Massif. The Ordovician 
granites also suggest a genetic link between 
Chiapas, Rabinal, Altos Cuchumatanes, and the 
Maya Mountains.
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Southeast Gulf of Mexico
On the Yucatán Platform, NE of the Yucatán 

Peninsula and SW of Florida, Deep Sea Drilling 
Project (DSDP) Sites 537 and 538A recovered 
gneiss, amphibolite, and phyllite samples that 
recorded Ordovician (ca. 500 Ma) 40Ar/39Ar 
ages with a metamorphic reheating overprint in 
the earliest Jurassic at ca. 200 Ma (Dallmeyer, 
1984). Moreover, a diabase dike sample has a 
whole rock 40Ar/39Ar age of 190 Ma, which may 
indicate emplacement associated with the initial 
dismemberment of Pangea (Dallmeyer, 1984) 
due to rifting associated with the emplacement 
of the Central Atlantic Magmatic Province (Pin-
dell et al., 2020).

Northern Maya Block–Chicxulub Impact 
Structure

Insights into the basement of the northern 
Maya Block are limited, with most data origi-

nating from the Chicxulub impact structure, 
where industry wells (Yucatán 1 and 4; Fig. 2) 
penetrated pre-Mesozoic igneous and meta-
morphic basement, including metavolcanic 
rocks and metaquartzite. Silurian Rb-Sr dates 
(410 Ma) were reported from rhyolite in the 
Yucatán 1 core, with a Carboniferous (300 Ma) 
metamorphic event (Lopez Ramos, 1975), and 
meta-andesite and dacite in that core recorded 
290–330 Ma dates. Zircon U-Pb analyses pro-
duced a principal source age for Chicxulub 
target rocks of 550 Ma and minor 418 Ma and 
ca. 330 Ma target rock components (Kamo and 
Krogh, 1995; Kamo et al., 2011; Keppie et al., 
2011; Krogh et al., 1993a, 1993b).

None of these age constraints derive from 
in-situ bedrock but rather from allochthonous 
breccia within the Chicxulub impact structure 
or worldwide K-Pg boundary deposits. Krogh 
et  al. (1993a) performed thermal ionization 

mass spectrometry (TIMS) U-Pb analyses on 14 
single zircon grains from distal ejecta deposits 
in the Raton Basin, Colorado, USA, K-Pg sec-
tion. Krogh et al. (1993b) included two more 
sample locations (Haiti and Yucatán 6). Kamo 
and Krogh (1995) and Kamo et al. (2011) stud-
ied K-Pg sections in Saskatchewan, Spain, and 
Italy and presented new zircon U-Pb dates. All 
of these studies showed a discordia line with 
an upper concordia intercept of 544.5 ± 5 Ma 
that is anchored at 66.0 ± 0.5 Ma, which were 
interpreted as the basement and impact ages, 
respectively (Krogh et al., 1993a, 1993b; Kamo 
and Krogh, 1995; Kamo et al., 2011). A minor 
418 Ma component links Haiti and Chicxulub 
as well (Kamo et al., 2011; Krogh et al., 1993a). 
In light of these results, most studies suggested 
that the northern Maya Block was predominant-
ly composed of Pan-African (Brasiliano) crust 
with minor Early Devonian and  Carboniferous 

A B

Figure 2. (A) Map shows Bouguer gravity anomaly over the Chicxulub impact structure. Thin white line is the Yucatán coastline, 
black squares are boreholes that recover the K-Pg section, and red squares are boreholes that penetrate Paleozoic basement. The red 
triangle indicates the Expedition 364 drillcore location and recovery of Paleozoic basement, which lies within the peak ring (outlined 
in white dashes). The black dashed line outlines the extent of the Cenozoic basin, while the blue dashed line marks the slump block 
zone and region containing ring faults. Black dots indicate sinkhole and denote locations from Connors et al. (1996). Red box in the 
inset shows the location of the gravity anomaly map. Modified from Gulick et al. (2013). (B) Lithology from Expedition 364 from 
600 m to 1.3 km below the seafloor with sample locations (black dots) and zircon yield (n); Unit I: Paleogene sediments (gray), Unit 
II: suevite (blue), Unit III: impact melt rock (green), Unit IV: felsic basement (pink), and pre-impact dikes (yellow). Modified from 
Morgan et al. (2016).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35831.1/5292544/b35831.pdf
by Arizona State University user
on 31 August 2021



Ross et al.

6 Geological Society of America Bulletin, v. 130, no. XX/XX

magmatic additions (Krogh et al., 1993a, 1993b; 
Kamo and Krogh, 1995; Kamo et al., 2011; Kep-
pie et al., 2011; Schmieder et al., 2017, 2018).

IODP/ICDP Expedition 364 drilled and 
sampled the peak ring of the Chicxulub impact 
structure with nearly 100% core recovery from 
∼506–1335 m below seafloor (mbsf) (Fig. 2B; 
Morgan et  al., 2016; Morgan et  al., 2017). 
The bottommost unit in the core (IV, ∼750–
1335 mbsf) consists of ∼588 m of granitic 
basement that is crosscut by impact melt dikes, 
impact breccia dikes, and pre-impact doler-
ite, felsite, and granitoid dikes (Morgan et al., 
2017). Impactites, including impact melt rock 
and suevite (impact melt-bearing breccia), were 
recovered in Units II and III from 617 mbsf to 
748 mbsf, and Paleogene sediments were re-
covered in Unit I from 505 mbsf to 617 mbsf. 
Importantly for this study, Unit IV represents 
the uplifted granitic Maya Block basement. 
This core material represents the most substan-
tial amount of basement from Chicxulub cores 
available, and Unit IV is not obviously similar 
to the small clasts of granitoid rocks observed 
in impact breccias in other boreholes (Gulick 
et al., 2017). Hence, this study provides criti-
cal new constraints on the age, tectonic affin-
ity, and nature of this portion of the northern 
Maya Block.

Previous work dated the granitoids from the 
IODP Expedition 364 core (Schmieder et  al., 
2017; Xiao et al., 2017; Rasmussen et al., 2019; 
Timms et  al., 2020; Zhao et  al., 2020). How-
ever, these studies utilized smaller sample sizes 
than this study. A magmatic titanite in a lower 
peak ring granite sample from 887 mbsf gave a 
U-Pb concordia date of 341 ± 6 Ma (Schmieder 
et  al., 2017). Timms et  al. (2020) analyzed a 
shocked titanite from the IODP Expedition 364 
impactites and produced a date of 307 ± 10 Ma. 
Rasmussen et al. (2019) observed two Carbon-
iferous zircon crystals: a grain from 1310 mbsf 
with a date of 328 ± 2.4 Ma and a grain from 
1330 mbsf with a date of 311 ± 5.4 Ma. Zhao 
et al. (2020) dated a subset of 40 zircons in five 
samples from the granitoids with a weighted 
mean age of 326 ± 5 Ma.

MATERIALS AND METHODS

In this study, we report detailed zircon U-Pb 
geochronological and trace-element geochemi-
cal data from 21 granitoid samples from the 
IODP-ICDP Expedition 364 Hole M0077A core 
(Fig. 2B). Samples were collected from the core 
by the science party at the IODP core repository 
in Bremen, Germany, in 2016 (Figs. 2B and 3). 
All samples selected are coarse-grained gran-
itoids with varying percentages of pink alkali-
feldspar, white to light yellowish plagioclase, 

interstitial gray to white quartz, and some biotite 
(Fig. 3). Samples were either 5 cm half rounds 
or 10 cm full rounds (see Appendix II1). Fracture 
zones, intrusions, and cataclasites were avoided. 
The sample numbers refer to the core and sec-
tion number (i.e., sample 105R3 is from Core 
105 Section R3); for specific sampled intervals, 
see Appendix II. Grain numbers are used when 
referring to one particular zircon analysis within 
a sample (i.e., 105R3#1). All analytical data are 
reported in Appendix II and are also available 
from geochron.org (accessed January 2021).

All LA-ICP-MS, mineral separation, and 
analytical work was carried out at the UTChron 
Geo-Thermochronometry Facility at The Uni-
versity of Texas at Austin. Zircon was sepa-
rated from the core samples (Fig. 3) employ-
ing standard mineral separation techniques that 
included crushing and grinding, hydrodynamic, 
magnetic, and heavy liquid separation. Zircon 
crystals were hand-picked using a binocular 
microscope onto double-sided adhesive tape 
mounted on 1-inch circular acrylic discs for 
depth profile LA-ICP-MS zircon U-Pb and REE 
analysis following the analytical procedures 
outlined in Marsh and Stockli (2015) and Ras-
mussen et al. (2019, 2020). LA-ICP-MS zircon 
depth profile analyses to a depth of 15–20 μm 
offer a way to more systematically resolve dif-
ferent zircon growth domains between rims 
and inherited cores of crystals as well as better 
quantification of Pb loss, and to impact-induced 
damage (Marsh and Stockli, 2015; Rasmussen 
et al., 2019, 2020).

Zircon U-Pb Depth Profile Analysis

Unpolished zircon crystals were depth-pro-
filed using a PhotonMachine Analyte G.2 193-
nm Excimer Laser using a large-volume Helex 
cell attached to a Thermo Element2 ICP-MS 
with ablations carried out using a spot size of 
25–30 μm for 30 seconds (s) at 10 Hz and a laser 
energy of 4 mJ. GJ1 zircon was used as the pri-
mary standard for both U-Pb and trace element 
analyses (601.7 ± 1.3 Ma; Jackson et al., 2004) 
and Plešovice (337.13 ± 0.37 Ma; Sláma et al., 
2008) and 91500 zircon (1065 Ma; Wiedenbeck 
et al., 1995) as the secondary standards for U-Pb 
analyses to monitor procedural integrity and ac-

curacy. LA-ICP-MS precision with 25–30 μm 
spot sizes is between 2% and 4% (Schoene, 
2014). Primary and secondary standards were 
run as a block at the beginning and end of the 
analytical sequence as well as interspersed 
within the unknowns at a 5:1 (unknowns: stan-
dards) ratio.

U-Pb Data Reduction

We used Iolite (Hellstrom et al., 2008; Paton 
et al., 2011) and the VisualAge data reduction 
scheme (Petrus and Kamber, 2012) for data 
reduction of both the U-Pb and trace element 
data. The data were then exported with propa-
gated errors and plotted on Wetherill Concor-
dia diagrams using IsoplotR (Wetherill, 1956; 
Vermeesch, 2018). All reported uncertainties are 
2σ. We did not perform a common Pb correc-
tion because the presence of Hg in the argon 
nebulizer gas interferes with 204Pb. For zircon 
with 206Pb/238U ages younger than 850 Ma, con-
cordant 206Pb/238U dates were used in weighted 
mean average calculations. Crystals were con-
sidered concordant if there was <15% dis-
cordance between the 206Pb/238U age and the 
207Pb/235U age and if the 206Pb/238U age had 
<15% 2σ error. For ages older than 850 Ma, 
207Pb/206Pb ages were reported and were con-
sidered concordant if there was <15% dis-
cordance between the 206Pb/238U age and the 
207Pb/206Pb age.

As Rasmussen et al. (2019, 2020) described, 
most grains exhibit complex internal U-Pb 
systematics due to magmatic inheritance as 
well as Pb loss related to metamictization and/
or impact-related hydrothermal alteration. In 
light of these complications, total average in-
tegration ages for single zircon do not offer 
the most meaningful way of deciphering the 
magmatic evolution of these basement rocks in 
the Chicxulub peak ring. To circumvent those 
difficulties caused by traditional bulk age re-
duction, where the entire laser ablation trace is 
used to calculate a single date, we examined the 
depth-profiled data second by second and only 
used a portion of the trace with the most stable 
plateau to calculate the “true age” of each grain. 
In this approach, we split a single 30 s ablation 
analysis into 1 s increments from a subset of 
the samples, which allowed us to carefully and 
systematically monitor age changes and U-Pb 
systematics through a single crystal (Marsh 
and Stockli, 2015; Rasmussen et  al., 2019, 
2020). Incremental 206Pb/238U ages for each 1 s 
increment were plotted against ablation time 
as age spectra (Rasmussen et al., 2019, 2020) 
to visualize the intra-grain U-Pb systematics. 
These Pb-loss, inheritance, and common Pb 
complexities are readily apparent when plotting 

1Supplemental Material. Appendix I: Core-
rim relationships, magmatic discrimination plot, 
previously published inherited ages, concordia 
and stack plots for all the samples and secondary 
standard; Appendix II: U-Pb raw data, secondary 
standard raw data, incremental one second raw 
data, and trace element data. Please visit https://
doi.org/10.1130/GSAB.S.14230751 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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the time-resolved, depth-profiling data for each 
zircon from this subset of samples.

After examining the subset of data in 1 s in-
crements, it is apparent that the integration of the 
entire full-length ablation trace for a grain leads 
to systematic uncertainties that do not address 
the complexities in U-Pb systematics. Hence, to 
refine the crystallization ages recorded for all 
grains and the weighted mean age of each sam-
ple, we carefully selected “plateau ages” and ap-
plied discordance filters to minimize Pb loss and 
the inherited component. Also, in the workflow, 
we further filtered the age data by first statisti-
cally (>2σ) culling inherited and Pb-loss ages 
by obtaining weighted mean 206Pb/238U age 

calculations (Fig. 4 insets). Subsequently, we 
evaluated the 206Pb/238U data by progressively 
constricting discordance filters (15%, 5%, 3%, 
and 2%) to pinpoint the intrusion age.

Rare Earth Element Depth Profile Analysis

In addition, we completed zircon LA-ICP-
MS trace element analyses on a subset of the 
granitoid zircon crystals to understand their 
petrogenesis and tectono-magmatic affinity 
following the procedures outlined in Anfin-
son et al. (2016). Zircon grains were selected 
for trace element analyses if they were large 
enough to fit two 30 μm-diameter laser abla-

tion spots (one spot for U-Pb, another spot for 
trace elements). NIST612 glass was includ-
ed as a standard for trace element analyses 
(Kent, 2008). We measured 29Si, 45Sc, 49Ti, 
89Y, 93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 
153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 
172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th, and 
238U. Trace element data were reduced using 
the “Trace_Elements” data reduction scheme 
in Iolite using 29Si for the internal stoichio-
metric (15.3216 wt% Si) standardization and 
National Institute of Standards and Technol-
ogy (NIST) 612 for the external concentration 
standard. All trace element analytical data are 
reported in Appendix II.

Figure 3. Various granitoid 
samples from the Expedition 
364 core are shown. (A) Half-
core photograph of a coarse-
grained granite with 1 cm 
translucent quartz crystals 
(97R3, ∼752 meters below sea-
floor [mbsf]). (B) Zircon crystal 
(sample 105R3, ∼772 mbsf) re-
covered from a granite similar 
to (A). (C) Halfcore photograph 
of altered granite with pink 
quartz (272R1, ∼1237 mbsf). 
(D) Zircon crystal recovered 
from the same section as (C) 
that displays fracturing near 
the edges of the crystal. The 
two spots on the crystal are 
from the laser ablation-induc-
tively coupled plasma-mass 
spectrometry U-Pb and trace 
element analysis. (E) Halfcore 
photograph of red alkali-feld-
spar granite mainly recovered 
in the lowermost part of the 
core (296R2). The crystal ex-
terior shows minor fractur-
ing. (F) Zircon crystal (296R3, 
∼1310 mbsf) recovered from a 
granite similar to (E) that has 
a unique morphology and does 
not display the tetragonal crys-
tal habit typical of zircon. Half-
core photographs from Gulick 
et al. (2017).

A
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F
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C D
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Figure 4. Zircon U-Pb results are plotted on Wetherill Concordia diagrams; insets show Carboniferous crystals only from six 
samples: (A) 105R3, (B) 123R1, (C) 155R1, (D) 184R2, (E) 212R2, and (F) 272R1. Ellipses are color-coded by U concentration 
(ppm) and are <30% discordant.
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RESULTS

Overall, the entire granitic basement sec-
tion is composed of relatively monotonous 
and variably shocked Carboniferous granite 
that yielded concordant U-Pb dates of euhedral 
to subhedral zircon crystals ranging from ca. 
212 Ma to ca. 392 Ma (n = 658; Figs. 4–5) that 
are less than or equal to 15% discordant. The 
granitoid rocks are likely more voluminous at 
this location in the crater but were not cored in 
Hole M0077A. Systematic depth-profiling also 
revealed inherited zircon dates (n = 42) in 12 

samples that provide insights into the basement 
ages of the northern Maya Block.

Zircon U-Pb Age Determination

Incremental Depth Profile Zircon U-Pb 
Results

In an attempt to remove subjective user filter-
ing and to better understand U-Pb systematics 
within single zircon crystals, we explored 1 s 
(∼0.5-μm-deep) ablation increments as detailed 
by Rasmussen et al. (2019, 2020). This method 
allows for an improved determination of intra-

grain U-Pb age topologies and definition of 
spatially coherent age domains (“U-Pb plateau 
ages”), which minimize the effects of Pb loss 
due to metamictization and mobilization due to 
hydrothermal alteration to derive robust granitic 
crystallization ages (Rasmussen et al., 2019).

The incremental LA-ICP-MS U-Pb depth 
profiling technique (Marsh and Stockli, 2015; 
Rasmussen et al., 2019) allows for careful selec-
tion of U-Pb “plateau ages” in contrast to the 
conventional U-Pb dates, which integrate over 
the total ablation duration. If the total integration 
windows are used (conventional U-Pb dates), the 
ages tend to be systematically younger and there 
is evidence of more substantial Pb loss (Fig. 6, 
black labels). Three common patterns have been 
observed in our data set, including (1) Pb loss 
around the exterior rims of grains (Fig. 6A), (2) 
Pb loss/metamictization within the interior of the 
grains correlated with high [U] (Fig. 6B), and 
(3) stable total integration plateaus with portions 
of the grain having large uncertainties (Fig. 6C). 
Visual inspection of age variations within crys-
tals allows for careful selection of coherent, un-
disturbed “plateau” age domains for these U-Pb 
plateau ages (Fig. 6, blue labels). We utilized in-
cremental [U] data as a proxy for metamictiza-
tion and damage in single grains to further refine 
U-Pb plateau ages by calculating a U-Pb age for 
the portion of the crystals with low [U] as was 
done for Figure 6B. These grains (Fig. 6) high-
light the superiority of selecting U-Pb plateau 
ages and not using the total integration age when 
determining the ages of a single grain. Addition-
ally, by improving single grain ages, we improve 
each sample’s weighted mean ages and the age 
of the pluton.

We also qualitatively evaluated the possible 
effects of impact microstructure on grains by 
scanning electron microscopy based on the ex-
ternal morphology without polishing the grains 
(Fig. 7; Wittmann et al., 2006). Approximately 
86% of the subset (n = 250) of crystals that we 
imaged had no external shock-related damage 
features or had minor fractures; 8% were severe-
ly fractured, and <6% displayed potential planar 
microstructures or possible granular textures.

Conventional U-Pb ages (integrating over the 
total ablation signal) appear to decrease with in-
creasing damage (Fig. 7). The degree of discor-
dance and age spectra instability of the grains 
generally increases with younger ages and more 
damaged crystals (Fig. 7). Sample 105R3 grain 
#72 (Figs. 7A–7C) shows a Middle Cambrian 
zircon with an undisturbed 1 s age spectrum, 
where all increments are concordant and define 
a coherent plateau age and in which adjacent 
depth increments overlap within 2σ uncertain-
ties. Sample 145R1 grain #22 (Figs. 7D–7F) 
shows a pristine  Carboniferous crystal with 

Figure 5. (A) Weighted sample 
mean ages were sorted by depth 
using grains that passed the 
15% discordance (circles) and 
5% discordance (triangles); fil-
ters are colored by mean square 
of weighted deviates (MSWD). 
Uncertainty (black lines) re-
ported is in the 95% confi-
dence interval. Translucent 
horizontal color bars show the 
locations of suevite and impact 
melt (greens), diabase (blue), 
and felsite/dacite (tan). Vertical 
lines and associated translucent 
color bars are the weighted 
mean ages, and 95% confidence 
intervals were calculated us-
ing all data less than 400 Ma 
from all samples for all grains 
that passed the 15% (purple), 
5% (blue), 3% (green), and 
2% (teal) discordance filters. 
(B). Kernel Density Estima-
tion (KDE) plots for all grains 
from all samples that passed the 
15% (purple), 5% (blue), 3% 
(green), and 2% (teal) discor-
dance filters. Vertical lines and 
associated translucent color 
bars are the same as in (A).

A

B
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a U-Pb plateau age of 348.8 ± 6.3 Ma and 
7.7% discordance for the section of the grain 
that excludes Pb loss and high U concentra-
tion on the rim of the grain as well as inside 
the crystal. The incremental U-Pb ages in 
Figs. 7D–7F are younger in the center of the 
crystals, which Rasmussen et al. (2019) inter-
pret as metamict zones within fractured zircon 
crystals, which indicates that intragrain U-Pb 
kinetics and/or hydrothermal fluid flow control 
age resetting in zircon rather than just impact-
induced shock and heating. A highly fractured 
grain (105R3#1) had a U-Pb plateau date of 
295.1 ± 2.81 Ma and 4.4% discordance, which 
was calculated using the flat latter part of the 
incremental U-Pb age spectra where the [U] is 
lower (∼700 ppm) (Figs. 7G–7I). With care-
ful investigation of the 206Pb/ 238U, 207Pb/ 235U, 
207Pb/206Pb, and [U], we selected coherent pla-
teaus with low [U] to calculate single ages and 
robust mean sample ages.

Sample Weighted Mean U-Pb dates
Figure 5A shows sample mean ages for indi-

vidual samples calculated for <15% and <5% 
discordance, respectively. Generally, the cal-
culated ages are older when more  rigorously 
filtered as most of the Pb-loss grains are re-
moved. While the filtering reduces the intra-
sample scatter and improves the individual 
mean ages, the intersample variability persists 
and is larger than intrasample variability, as the 
sample mean ages (with 5% filter) exhibit sig-
nificant overdispersion (high mean square of 
weighted deviates [MSWD]), which suggests 

that there is no systematic age trend with depth. 
Even with the tightest discordance filters, con-
cordant ages in the different samples will dis-
play a large range of ages. Therefore, we chose 
to combine all of the Carboniferous (non-
inherited) zircon grains to calculate a single 
weighted mean age for all samples (Fig. 5B). 
Figure 5B shows a Kernel Density Estimation 
(KDE) of all Carboniferous grains with sample 
weighted mean calculated for each filter. The 
15% discordance filter gives a combined age of 
324.7 ± 1.3 Ma (95% confidence interval) for 
538 grains (MSWD = 140), while the 5% fil-
ter yielded a combined age of 331.9 ± 2.4 Ma 
for 342 grains (MSWD = 43.1). An age of 
333.9 ± 2.1 Ma is obtained from 235 grains 
passing through the 3% discordance filter 
(MSWD = 38.3). The 2% discordance filter 
yields an age of 334.3 ± 2.3 Ma for 166 grains 
(MSWD = 33.1). The results for the combined 
ages using 5%, 3%, and 2% discordance filters 
all overlap within their 95% confidence inter-
vals and are within less than 2 Ma for their 
weighted mean age. As the filters tighten, the 
means converge at ca. 334 Ma, which suggests 
that this result is the most robust estimate for the 
crystallization age of the pluton. The MSWD 
calculations (43.1, 38.3, and 33.1, respectively) 
are high, and this is likely attributable to both 
the small individual errors and scatter along 
concordia over a relatively wide range between 
380 Ma and 300 Ma even for grains with <2% 
discordance. We hypothesize that this scatter 
and subtle Pb loss is likely attributable to both 
late Carboniferous and Permian hydrothermal 

and magmatic activity as well as K-Pg, impact-
related Pb loss that is not resolvable in terms 
of discordance given the analytical precision.

Table 1 describes sample weighted mean ages 
calculated from data filtered at <15% and <5% 
discordance with uncertainties reported as the 
95% confidence interval as well as how many 
grains passed through each filter. With the 15% 
discordance filter, the samples’ weighted mean 
ages range from ca. 310 Ma to ca. 338 Ma, and 
after implementing the 5% discordance filter the 
weighted mean ages range from ca. 311 Ma to 
ca. 344 Ma (Fig. 5A; Table 1). See Appendix II 
for raw zircon U-Pb results (see footnote 1).

Eleven grains from samples 105R3 
(n = 5),145R1 (n = 4), 209R2 (n = 1), and 
235R2 (n = 1) exhibited rim-core age relation-
ships where both the rim and the core were 
<30% discordant. Four grains preserved core 
dates between 355 Ma and 377 Ma and rim dates 
between 315 Ma and 331 Ma (see Appendix I 
[see footnote 1]).

Inherited Zircon Component
Beyond age constraints for the intrusive gra-

nitic rocks in the Chicxulub peak ring, the depth 
profile U-Pb analysis also provides insights into 
the basement history of the northern Maya Block 
from xenocrystic zircon grains and inherited zir-
con cores. Inherited pre-Carboniferous zircon 
ages (n = 42) from all samples are character-
ized by Silurian-Devonian (ca. 440–400 Ma, 
n = 11), Ediacaran-Cambrian (ca. 630–500 Ma, 
n = 11), and Mesoproterozoic (ca. 1300–
1000 Ma, n = 20) age groups (Fig. 8). Sample 

A CB

Figure 6. (A–C) Three examples (105R3#8, 105R3#7, and 145R1#45) of incremental U-Pb ages are shown. Each bar shows the 2σ error of 
each second of analysis. Gray bars and associated calculated ages are the preferred plateau ages used in our study. U concentration is plot-
ted with depth within the single zircon crystal. Conventional U-Pb ages, where the age is integrated over the total analysis, are shown at the 
top of the plots. U-Pb plateau ages (blue) are calculated over the portion of the total analysis that excludes zones of Pb loss and inheritance 
where the 2σ error of each incremental U-Pb age overlaps. The ages below the incremental U-Pb age spectra are calculated only using the 
incremental U-Pb data where the U concentration is <1000 ppm. MSWD—mean square of weighted deviates.
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235R3 (∼1123 msbf) had Peri-Gondwanan 
(n = 2) grains, which had a rim with an age of 
322 ± 13 Ma. Sample 302R1 (∼1330 msbf) 
revealed the oldest zircon grain with an age of 
1976 ± 20 Ma. There is no systematic trend 
with core depth of inherited zircon components 
or magmatic age, so these samples are all from 
the same pluton.

Zircon Rare Earth Element Geochemistry

Magmatic zircon crystals not only preserve 
U-Pb crystallization ages but also trace ele-
ment compositions and, therefore, have the 
potential to shed light on the tectonic setting 

of magmatism. We selected a subset of zircon 
grains (n = 235) from five samples from the 
granitoid basement recovered in the Expe-
dition 364 Hole M0077A for trace element 
analysis guided by the zircon U-Pb age de-
terminations.

The chondrite-normalized REE concentra-
tions of Carboniferous zircon grains show 
positive Ce anomalies and slightly positive Eu 
anomalies (McDonough and Sun, 1995; Fig. 9). 
There is a spread in concentrations of light REE 
(LREE), which correlates with younger ages 
(Fig.  9). The average Th/U is 0.48 but varies 
from 0.13 to 7.37. The average Ce/Ce* anomaly 
is 7.53 and the average Eu/Eu* anomaly is 0.73 

based on the calculations in Trail et al. (2012). 
Zircon trace element ratios are plotted in dis-
crimination plots (Fig. 10; Grimes et al., 2015). 
The majority of the zircon grains plot within the 
continental arc field of the discrimination dia-
gram based on their characteristic heavy REE 
(HREE)-LREE ratios.

DISCUSSION

Depth profile zircon U-Pb geochronology 
and trace element geochemistry presented 
here provide a large new data set of crystal-
lization ages and REE concentrations for the 
northern Maya Block preserved within the 

A
B C

D

G H I

E F

Figure 7. The following are shown from left to right columns: incremental 206Pb/238U ages through a depth-profiled crystal using internal 
errors and ages associated with the U-Pb plateau ages, scanning electron microscope images of the zircon crystal analyzed, and Wetherill 
Concordia diagrams of 1 s increments through a single crystal. (A–C) Shown are 1s increment data for an inherited Peri-Gondwanan crys-
tal (105R3#72); (D–F) 1 s increment data for a Carboniferous zircon crystal in pristine condition externally (145R1#22); (G–I) 1 s increment 
data for a highly fractured Carboniferous zircon crystal (105R3#1).
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NW peak ring of the Chicxulub impact struc-
ture. Building on  previously reported regional 
ages, our zircon data set chronicles Carbonif-
erous arc magmatism along the northern mar-
gin of the Maya Block at 334.0 ± 2.3 Ma. 
This age is coincident with the closing of the 
Rheic Ocean as Gondwana approached Lau-
rentia and implies southward subduction of 
oceanic lithosphere beneath the Maya Block 
(Fig. 11). Furthermore, three distinct inher-

ited age groups shed light on the crustal evo-
lution of the Maya Block and include Peri-
Gondwanan, Pan-African, and the Grenvillian 
tectono-magmatic episodes (Figs.  4 and 8). 
The inherited Grenvillian and Pan-African 
zircon ages that contaminate the Carbonifer-
ous granitoids require a more evolved crustal 
source; thus, they are consistent with a conti-
nental magmatic arc origin for the peak ring 
granites.

Continental Arc Magmatism Produced by 
Rheic Ocean Subduction

In addition to a brief, shock-related heating 
pulse that induced a temperature increase on the 
order of 170 °C (Kring et al., 2020), the Maya 
Block basement granites at Hole M0077A are 
locally hydrothermally altered by the emplace-
ment of pre-impact dikes and low-grade meta-
morphism that is expected for their pre-impact 
depths of 8–10 km and an average continental 
geothermal gradient (Morgan et al., 2016; Gu-
lick et al., 2017; Wittmann et al., 2018; Kring 
et al., 2020). Additional alteration is expected by 
post-impact hydrothermal activity (Kring et al., 
2020). Based on adakitic whole rock geochem-
istry of the granites, Zhao et al. (2020) suggested 
a crustal anatexis origin for the Hole M0077A 
granite caused by asthenospheric upwelling re-
sulting from slab breakoff. One or a combina-
tion of these different hydrothermal alteration 
events could potentially affect the whole-rock 
geochemical signature of the granitoids, specifi-
cally fluid mobile elements such as K, Na, La, 
and Sr (as is shown in de Graaff et al., 2021). 
Generally, the granite bulk rock data indicate 
depletion of HREE and enrichment in LREE 
compared to chondritic values (de Graaff et al., 
2021). They exhibit depleted Nb and Ta signa-
tures but moderate Zr and Hf enrichment, which 
is typical of arc-type magmatism (Pearce et al., 
1984). Yb and Ta concentrations from bulk rock 
analyses plot in the volcanic arc granite field of 
the discrimination diagram from Pearce et  al. 
(1984) and de Graaff et al. (2021).

In contrast, geochemical signatures of con-
cordant zircon grains are less altered by open 

TABLE 1. SAMPLE WEIGHTED MEAN AGES FROM HOLE M0077A

Sample Interval 
top  

(cm)

Interval 
bottom 
(cm)

Approx 
depth 
(mbsf)

30% discordance filter 15% discordance filter 5% discordance filter

Grains 
analyzed

30% 
filter (exl. 
Inherited 
grains)

Grains 
passed 

15% disc. 
filter

Age 
(Ma)

Uncertainty 
(95% 

confidence 
interval)

MSWD Std. 
deviation

Grains 
passed 
5% disc. 

filter

Age  
(Ma)

Uncertainty 
(95% 

confidence 
interval)

MSWD Std. 
deviation

104R3 30 35 770 2 2 2 323.9 25.8 71.5 18.6 1
105R3 33 43 772 91 83 71 325.9 4.8 55.2 20.7 55 330.0 5.1 46.0 19.1
106R2 62 67 775 9 9 9 309.9 17.2 84.4 26.4 8 311.4 17.1  88.1 24.7
107R3 0 5 780 25 21 20 313.5 8.0 17.1 18.2 17 316.4 4.3 9.4 9.0
121R2 23 33 812 71 55 41 324.8 3.7 14.6 12.0 24 324.2 4.7 14.0 11.8
123R1 10 15 820 65 62 51 329.9 3.9 45.8 14.1 36 333.8 3.9 30.7 11.9
145R1 34 44 875 245 119 62 334.7 4.0 29.1 16.0 16 344.0 6.8 24.4 13.9
155R1 45 50 897 19 15 10 327.3 14.3 14.2 23.0 8 328.6 6.2 12.5 8.9
157R1 60 65 903 24 24 21 314.5 6.8 17.6 16.0 20 315.3 5.3 16.9 12.1
158R1 98 108 907 6 6 6 316.4 8.0 17.1 10.0 5 320.9 7.4 6.3 8.5
183R2 20 25 970 75 65 51 336.5 4.3 49.4 15.8 25 342.2 5.6 37.5 14.3
184R2 48 53 973 71 63 58 337.1 3.8 46.4 14.7 43 339.3 4.6 39.7 15.4
209R2 50 55 1045 6 4 3 338.2 21.3 45.3 18.9 2 319.3 22.9 51.0 16.5
212R2 10 15 1055 22 18 14 320.4 8.7 11.5 16.7 10 328.4 11.6 39.8 18.7
224R1 0.5 10.5 1090 9 7 7 313.1 14.3 57.5 19.3 3 328.5 14.0 26.4 12.4
235R3 58 63 1123 16 14 S 324.5 3.3 3.7 6.0 9 326.0 3.0 1.1 4.6
260R2 20 25 1200 28 24 21 320.4 7.0 18.7 16.4 19 321.3 6.6 15.7 14.6
261R2 0 5 1203 33 31 30 321.2 5.1 21.1 14.3 29 321.3 5.0 21.6 13.8
272R1 59 69 1237 18 14 14 322.0 10.8 54.2 20.6 7 328.8 6.4 7.0 8.6
296R3 16 26 1310 7 3 2 317.3 17.6 41.5 12.7 1
302R1 20 25 1330 4 2 2 310.8 8.4 5.2 6.1

Note: MSWD—mean square of weighted deviates; mbsf—meters below seafloor.

Figure 8. Two kernel density 
estimate plots show the inher-
ited age components. Top: Ages 
for the Yucatán basement from 
previous studies using zircon 
U-Pb, melt TCHUR, and TNd ages. 
See Appendix I (see footnote 1) 
for ages and literature sources. 
Bottom: Inherited ages from 
International Ocean Discovery 
Program Expedition 364 gran-
ite. See Appendix II (see foot-
note 1) for raw data and sample 
locations. Green bar from 
1.0 Ga to 1.3 Ga denotes age of 
Grenvillian orogeny. Gray bar 
from 500 Ma to 650 Ma marks 
the Pan-African orogeny. Light 
purple denotes Peri-Gondwa-
nan terranes (ca. 400–440 Ma). 
Purple bar signifies the domi-
nant Carboniferous (ca. 320–
340 Ma) age component of this 
study.
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system behavior after initial crystallization and, 
therefore, reflect the original REE patterns of 
the magmatic system (Rubatto, 2002). The 
interpretation of slab breakoff-related granite 
origin from Zhao et al. (2020) is inconsistent 
with our new age (334.0 ± 2.3 Ma), which is 
8 m.y. older than the age presented in Zhao 
et al. (2020). However, even with the tightest 
discordance filtering, there is a persistent sub-
set of grains that cluster ca. 317 Ma (Fig. 5B). 
We believe that the ca. 326 Ma age (Zhao et al., 
2020) is younger than our preferred age (ca. 
334) because it averages the two clusters of 
ages (334 Ma and 317 Ma). We propose that this 
Pennsylvanian zircon age cluster is the result of 
Pb loss in response to spatially heterogeneous 
reheating or hydrothermal fluid flow during 
slab breakoff or incipient continent collision. 
The notion of spatially heterogenous age re-
duction appears to be supported by the fact that 
younger ages are restricted to only four samples 
(Fig. 5A, Table 1; 106R2, 107R3, 157R1, and 
209R2) and do not correlate with U concentra-
tion or metamictization level. We hypothesize 
that this localized 317 Ma Pb loss is linked to 
the emplacement of cross-cutting felsite dikes 
characterized by the high K2O content, LREE 
enrichment, and positive εNd, which is sugges-
tive of a metasomatic mantle from slab fluids 
due to slab breakoff (Zhao et al., 2020). This 
igneous activity is similar in age to that to the 
southeast in the Altos Cuchumatanes, where 
the magmatism occurred between 317 Ma and 
312 Ma (Solari et al., 2010).

A slab breakoff at ca. 334 Ma is implausible 
as subduction persisted through the latest Mis-
sissippian (Nance and Linnemann, 2008), which 
supports the fact that the granitoid rocks in the 
Maya Block formed due to subduction zone arc 
magmatism and predate closure of the Rheic 
Ocean and initial continental collision. Defor-
mation in the Ouachita-Marathon foreland fold 
and thrust belt developed in the middle Penn-
sylvanian (ca. 308 Ma; Viele and Thomas, 1989; 
Thomas et al., 2019) and at least ca. 10–20 m.y. 
after the arc magmatism dated in this study.

The REE signatures of the Carboniferous zir-
con grains plot in the continental magmatic arc 
field (Fig. 10) and do not exhibit asthenospheric 
signatures as one would expect if related to slab 
breakoff. The chondrite-normalized REE pat-
tern is characterized by flatter LREE and steep 
HREE slopes as well as positive Ce anomalies 
and slightly positive Eu anomalies that are typi-
cal for magmatic arc systems (Rubatto, 2002; 
Hoskin and Schaltegger, 2003; Burnham et al., 
2015). The positive Ce/Ce* values have been in-
terpreted to correlate with an increased oxidation 
state of the melt (Trail et al., 2012), whereas the 
lack of an Eu anomaly may point to oxidizing 

Figure 9. Measured rare earth 
element (REE) concentrations 
normalized to chondrite values 
are plotted (McDonough and 
Sun, 1995). REE values of four 
small samples (105R3, 145R1, 
272R1, and 296R3) are plotted 
together. Blue lines are inher-
ited grains (600–500 Ma) and 
teal line is an inherited grain 
with age between 500–400 Ma.

A

B

Figure 10. Zircon trace element discrimination plot of five samples is after Grimes et al. 
(2015). (A) U/Yb versus Nb/Yb; (B) Sc/Yb versus Nb/Yb. Inherited grains (600–500 Ma) are 
outlined in black.
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fluids (Rubatto, 2002; Hoskin and Schaltegger, 
2003; Burnham et al., 2015). Using the classi-
fication in Hoskin (2005), our zircon analyses 
mainly plot in between the magmatic and hydro-
thermally altered fields and are characterized by 
moderate La concentrations, flatter LREE slope 
(Sm/La)N, and moderate Ce anomalies (see Ap-
pendix I). However, most geochemical evidence 
points to a magmatic nature and the limitations 
of this classification scheme. The bulk rock geo-
chemistry shows that La, which is usually an 
immobile element, was mobilized during the 
Chicxulub impact (de Graaff et al., 2021). This 
may account for some of the spread in the zircon 
REE discrimination plots.

The Carboniferous zircon age and REE patterns 
record Mississippian continental arc magmatism 
as a result of the closing of the Rheic Ocean prior 
to the continental collision of Gondwana and 
Laurentia along the Ouachita-Marathon suture in 
the late Carboniferous-Early Permian (Thomas, 
2010). Evidence of subduction has also been iden-

tified in the Acatlán Complex within the southern 
Oaxacan terrane in light of Carboniferous-aged 
eclogites, high-pressure schists, and migmatites 
(Estrada-Carmona et al., 2016; Middleton et al., 
2007; Vega-Granillo et al., 2007). Keppie et al. 
(2008) suggested that the muted detection of the 
arc may be due to subduction erosion beneath 
the Oaxacan/Gondwanan margin. However, our 
results show that although the Maya Block has 
Gondwanan affinity based on the inherited Pan-
African ages, the arc is preserved and not eroded 
within the northern Maya Block. Additionally, 
middle Mississippian to Early Permian detrital 
zircon and volcanic detritus in southern Lauren-
tia document the approaching arc in the Ouachita 
and Marathon areas as sediments are shed from 
sediments on the Gondwanan side of the suture 
and onto the Laurentian side of the suture and 
into the Marathon and Permian Basins (Gleason 
et al., 2007; Shaulis et al., 2012, Soreghan and 
Soreghan, 2013; Liu and Stockli, 2020; Soto-
Kerans et al., 2020, and references therein). These 

reconstructions are consistent with Peri-Gondwa-
nan terranes having been located along the Gond-
wanan margin until the final assembly of Pangea. 
In the Mesozoic, while portions of these terranes 
remained affixed to the Laurentian margin during 
rifting and Pangea breakup, other Peri-Gondwan-
an terranes fragmented or rifted away from Lau-
rentia. Rotation and translation of the Maya Block 
away from Laurentia occurred during the Middle 
Jurassic opening of the Gulf of Mexico (Pindell 
and Dewey, 1982; Dickinson and Lawton, 2001; 
Mann et al., 2007) until seafloor spreading ceased 
and spreading shifted to the south of the Maya 
Block into the proto-Caribbean realms, which left 
the Maya Block and the rest of the Mexican ter-
ranes as part of North America.

Evidence for Regional Carboniferous 
Continental Arc Magmatism

The similarities in the tectono-magmatic evo-
lution of the Coahuila and Suwannee terranes 
with the northern Maya Block suggest that these 
regions likely represent a contiguous Carbonifer-
ous convergent margin along the northwestern 
corner of Gondwana. In the Coahuila terrane 
of northern México (Figs.  1 and 11), the Las 
Delicias contains a record of late Paleozoic arc 
magmatism as indicated by the Pesuña peperite 
pluton (331 ± 4 Ma) and a dacitic ignimbrite 
(303 ± 13 Ma) (Lopez, 1997; Lopez et al., 2001; 
McKee et al., 1999). In addition, early Mesozoic 
strata in basins adjacent to the Coahuila terrane 
(Sierra El Granizo, Valle San Marcos, and La Ga-
via anticline) contain detrital zircon U-Pb spec-
tra characterized by a peak between ca. 370 Ma 
and 280 Ma as well as age peaks at 1040 Ma, 
562 Ma, 422 Ma, and 414 Ma (Thomas et al., 
2019). In the Huizachal-Pergrina anticlinorium, 
the Mesoproterozoic Novillo Gneiss Complex is 
overlain by the Carboniferous Aserradero Rhyo-
lite (ca. 334 Ma) with inherited zircon cores of 
ca. 1086 Ma (Stewart et al., 1999) that are simi-
lar to those in this study (Figs. 1 and 11). Most 
recently, the Asserradero Rhyolite yielded two 
ages from different samples: 347.8 ± 2.7 Ma 
and 340.7 ± 3.6 Ma with inherited grains rang-
ing from 1.0–1.4 Ga (Ramírez-Fernández et al., 
2021). The Granjeno Schist in the same area has 
an intrusion age of 351 ± 54 Ma (U-Pb in zir-
con) and a cooling age of 313 ± 7 Ma (40Ar/39Ar 
in muscovite; Dowe et al., 2005). These mag-
matic rocks and metamorphic cooling ages 
likely formed the NW corner of the continental 
subduction zone to accommodate the final as-
sembly of Pangea and were subsequently offset 
from the northern Maya Block by the East Mexi-
can transform during the Jurassic opening of the 
Gulf of Mexico.

Within the Suwannee terrane, there is evi-
dence for Carboniferous arc magmatism from 

Figure 11. (A) Tectonic re-
construction of west-central 
Pangea in the Late Carbonif-
erous-Early Permian is modi-
fied from Kirsch et  al. (2013). 
Purple dots represent the re-
constructed locations of Car-
boniferous arc magmatism. 
Black dots represent locations 
of Permian arc magmatism. 
1—Suwannee terrane granites 
from wells in South Georgia, 
Alabama, and Florida (Dall-
meyer, 1989a; Mueller et  al., 
2014); 2—Deep Sea Drilling 
Project Leg 77 Holes 537 and 
538A (Dallmeyer, 1984, 1988); 
3—Wiggins Uplift (Dallmeyer, 
1989a); 4—International 
Ocean Discovery Program 
Expedition 364 (this study); 
5—Las Delicias Basin (Lo-
pez, 1997; Lopez et  al., 2001; 
McKee et  al., 1999); 6—Atlos 
Cuchumatanes (Solari et  al., 
2009, 2010); 7—El Aserradero 
Rhyolite (Stewart et al., 1999); 
8—Totoltepec pluton (Kirsch 

et al., 2013); 9—Cuanana Pluton and Honduras batholith (Ortega-Obregón et al., 2014). 
AC—Acatlan Complex (Mixteca terrane) ; CA—Colombian Andes; Cho—Chortis Block; 
Coa—Coahuila; M—Merida terrane; Oax—Oaxaquia; SM—Southern Maya (proto-
Chiapas Massif Complex). (B) Schematic cross-section from across west-central Pangea. 
North-south closure of the Rheic Ocean between southern Laurentia (present-day Texas 
and Louisiana) and the Yucatán. Laurentia (brown) is dominated by Grenvillian-aged crust 
(1–1.3 Ga) and Appalachian crust (490–440 Ma, 420–350 Ma, and 330–270 Ma). Yucatán 
(purple) is dominated by Peri-Gondwanan crust (500–400 Ma). Plutonism dated within the 
Chicxulub crater in this study is shown in purple.

A

B
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basement well penetrations in Georgia, Ala-
bama, and Florida (Figs. 1 and 11; Heathering-
ton and Mueller, 1997; Mueller et  al., 2014). 
This includes the Elberton batholith, Bald Rock, 
Edgefield, Siloam, Winnsboro, and Liberty Hill 
granite with ages ranging from ca. 304–326 Ma 
(Dallmeyer et  al., 1986; Dennis and Wright, 
1997; Heatherington and Mueller, 1997; Sam-
son, 2001). However, given the diachronous 
closure of the Rheic Ocean and the oblique col-
lision between Laurentia and Gondwana, some 
studies suggested that these granitic rocks could 
already be post-orogenic in nature and related to 
lithospheric delamination (Heatherington et al.; 
2010; Mueller et al., 2014).

Deep Sea Drilling Project (DSDP) Leg 77 
at Site 537 and Hole 538A recovered pre-Me-
sozoic gneissic basement between the Yucatán 
and Florida near the present-day Campeche 
Escarpment (Figs. 1 and 11; Dallmeyer, 1984), 
which yielded a biotite 40Ar/ 39Ar plateau age 
of 348 ± 8 Ma that was suggested to be due 
to open system behavior during a ca. 190 Ma 
thermal event (Dallmeyer, 1984). Our new U-Pb 
data from the basement at IODP Expedition 364 
Site M0077, Hole M0077A, however, suggest 
that these 40Ar/ 39Ar dates could be associated 
with Carboniferous arc magmatism (Fig. 11). 
The ca. 190 Ma diabase emplacement was like-
ly linked to the initial extension and dismem-
berment of Pangea (Dallmeyer, 1984) and may 
be similar to the diabase dikes encountered in 
Hole M0077A.

In southern Oaxaquia, the paragneisses, gran-
ites, and charnockites are intruded by or overlain 
by Carboniferous granitoids and felsic lavas, re-
spectively (Ortega-Obregón et al., 2014), such 
as the Cuañana pluton, which yielded a zircon 
U-Pb date of 311 ± 2 Ma. The spatial and tem-
poral transition from Late Carboniferous Rheic 
to Late Permian Pacific subduction and arc mag-
matism remains unclear (Coombs et al., 2020; 
Ortega-Obregón et al., 2014). However, the Car-
boniferous arc magmatic rocks of the Coahuila, 
Suwannee, and northern and southern Maya 
Block correlate in space and time and likely 
formed a coherent group of Peri-Gondwanan 
terranes that were intruded by continental arc 
magmatism related to the closure of the Rheic 
Ocean (Fig. 11).

Early Paleozoic and Proterozoic Tectono-
Magmatic Evolution

A small subset of zircon analyses from the 
Hole M0077A core yielded U-Pb ages between 
500 Ma and 400 Ma (Fig.  8) that are similar 
to ages found in the Maya Mountains and as 
a minor component in Chicxulub breccias and 
worldwide K-Pg boundary sections (Krogh 

et al., 1993a; Kamo and Krogh, 1995; Steiner 
and Walker, 1996). These Peri-Gondwanan ages, 
which are related to deformation and magmatism 
along the transform margin between Laurentia 
and Gondwana, support a paleo-position of the 
Maya Block along the northwestern margin of 
Gondwana alongside other Peri-Gondwanan ter-
ranes including Oaxaquia and Suwanee (Keppie 
et al., 2011).

In addition to these Ordovician-Devonian 
ages, we also observed inherited Pan-African 
zircon ages (Fig. 8) that we interpreted as evi-
dence for Neoproterozoic magmatic or metased-
imentary Peri-Gondwanan basement that was 
later intruded by a younger volcanic arc. Ages 
between 465 Ma and 550 Ma are found in Yu-
catán 6 core breccia clasts (n = 6; Kettrup and 
Deutsch, 2003) and Yaxcopoil 1 (n = 33; Kep-
pie et al., 2011) as well as K-Pg boundary sec-
tions in Colorado, Saskatchewan (Krogh et al., 
1993a, 1993b; Kamo and Krogh, 1995), Spain, 
and Italy (Kamo et al., 2011; Fig. 8). See Appen-
dix I for chronometers used and more details. To 
the NE of Yucatán, in samples from DSDP Leg 
77, hornblende 40Ar/39Ar age spectra recorded 
cooling ages of ca. 500 Ma (Dallmeyer, 1984), 
which is indicative of a pervasive Peri-Gond-
wanan orogenic imprint on the northernmost 
Maya Block.

The oldest group of inherited U-Pb ages ob-
served in this study is linked to the Mesoprotero-
zoic Grenvillian Oaxaquia terrane (0.9–1.4 Ga; 
Fig. 8). These ages suggest that the Maya Block 
was linked to the Oaxaquian belt (Weber et al., 
2018). This is also supported by Chicxulub 
granitic gneiss clasts from the Yucatán 6 bore-
hole that yielded TDM model ages of 1.2–1.4 Ga 
(Kettrup et al., 2000) and impact melt rocks that 
gave model ages of ca. 1.06 Ga (Blum et  al., 
1993) and 1.1–1.2 Ga (Kettrup et  al., 2000). 
Zhao et al. (2020) obtained slightly younger Nd 
model ages (TDM2) of 1.03–1.07 Ga from the 
Hole M0077A granite samples. All of these ob-
servations are consistent with the observed Me-
soproterozoic inherited zircon, which points to 
a Grenvillian crustal component in the northern 
Maya Block. Overall, inherited zircon ages re-
covered from the Carboniferous basement in this 
study likely stem from Silurian-Early Devonian, 
Ediacaran, and Mesoproterozoic igneous rocks 
assimilated during Carboniferous arc magma-
tism and corroborate previously reported U-Pb 
zircon and TDM ages recording Grenvillian, Pan-
African, and Famatinian tectonic events typical 
of Peri-Gondwanan terranes (Figs. 8 and 11).

Furthermore, these new data support a link 
between southern and northern portions of the 
Maya Block on the basis of the following obser-
vations: (1) 1.4–0.9 Ga zircon cores within the 
El Triunfo Complex (González-Guzmán et al., 

2016) similar to the inherited zircons; (2) Edia-
caran and early Paleozoic sedimentary rocks in 
Belize with common Mesoproterozoic detrital 
zircon (e.g., Weber et al., 2012); (3) Ordovician-
Silurian zircon in the southern Chiapas Massif 
Complex that is only slightly older than the in-
herited zircon (Estrada-Carmona et al., 2012); (4) 
Mississippian detrital zircon in the Carboniferous 
Santa Rosa Formation east of the Chiapas Mas-
sif (e.g., Weber et al., 2009); and (5) abundant 
Ediacaran detrital zircons in the Santa Rosa For-
mation similar to the inherited zircon component 
(e.g., Weber et al., 2009). The inherited zircon 
in the Chicxulub Carboniferous basement is also 
similar to detrital zircon from the Jocote unit in 
the El Triunfo Complex and the Badly unit in Be-
lize with ages of 1.5 Ga, 1.2 Ga, and 1.0–0.9 Ga, 
which suggests a similar metasedimentary base-
ment component for both Belize and the El Tri-
unfo Complex (Estrada-Carmona et  al., 2012; 
Weber et al., 2012). Overall, detrital zircon and 
metamorphic ages of the southern Maya Block 
are similar to those of the northern Maya Block 
(this study) and do not support a separate Paleo-
zoic history or separate sub-terranes with differ-
ent tectono-magmatic evolutions as was suggest-
ed by Ortega-Gutiérrez et al. (2018).

Regional Similarities in Early Paleozoic and 
Proterozoic Evolution

In the Coahuila terrane, granitic and gneissic 
clasts within the Las Uvas conglomerate of the 
Late Permian Las Delicias Formation yielded 
U-Pb zircon ages of 1232 ± 7 Ma, 1214 ± 2 Ma, 
and 580 ± 4 Ma as well as a TDM (Nd) model age 
of 1394 Ma, which points to the derivation of 
the clasts from Pan-African and Oaxaquian 
basement (Lopez et al., 2001). Geochemically, 
the Grenvillian zircon results plot within the 
volcanic arc field (similar to Fig. 10), while the 
Pan-African grains plot within the “intra-plate 
granite” field (Lopez et al., 2001).

Our new constraints on inherited zircon com-
ponents from the Carboniferous arc also support 
a genetic link between the Tamaulipas Arch and 
the Maya Block. Early Ediacaran enriched mid-
oceanic-ridge basalt (E-MORB) amphibolite 
dikes in the El Triunfo Complex (southern Maya 
Block) dated at ca. 615 Ma are related to final 
Rodinia breakup and Iapetus opening (Weber 
et al., 2020) and are similar to E-MORB dikes 
from Novillo (ca. 619 Ma; Weber et al., 2019). 
However, no Ediacaran (ca. 550 Ma) granitic 
rocks have been reported from the southern 
Maya Block. Oaxaquia basement is composed 
of the Novillo Gneiss (1235–1115 Ma), which 
is intruded by anorthosite and related intrusive 
rocks at 1035–1010 Ma and metamorphosed 
under granulite facies conditions at 990 ± 5 Ma 
(Trainor et al., 2011).
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The Suwannee terrane also hosts evidence 
for Pan-African orogenic events in the form of 
600–700 Ma and 552 Ma granitic plutons in 
southern Alabama and Florida, USA (Heather-
ington et al., 1996). 40Ar/39Ar ages in northeast-
ern Florida range from 535 Ma to 527 Ma in 
the Osceola granite (Dallmeyer et  al., 1986) 
and 513–511 Ma in the St. Lucie Metamorphic 
Complex (Dallmeyer, 1989b). These Neopro-
terozoic to Early Cambrian ages are consistent 
with studies that placed the Suwannee terrane 
at the edge of western Gondwana alongside 
other peri-Gondwanan terranes. Heathering-
ton et al. (2010) analyzed granitic well samples 
from the Suwannee terrane and obtained Car-
boniferous zircon U-Pb ages with xenocrystic 
ages of 1.0–1.2 Ga, which are very similar to 
those of the Maya Block basement presented 
in this study.

The data from the Coahuila Block and No-
villo basement in NE México show similari-
ties to our new data from the northern Maya 
Block and, along with the similarities in Car-
boniferous magmatism, strongly support the 
notion that the two blocks shared a common 
pre-Mesozoic history and formed a coherent 
terrane along the Gondwana margin prior to 
being dismembered and offset along the East 
Mexican transform during the Mesozoic Gulf 
of Mexico opening. The Suwannee terrane 
also shows a similar pre-Mesozoic, tectono-
magmatic evolution, which suggests that it rep-
resents a portion of the same Peri-Gondwanan 
margin before subduction and closure of the 
Rheic Ocean (Fig. 11).

Implications for K-Pg Ejecta Studies

Our new zircon U-Pb data also have im-
plications for Chicxulub ejecta deposits that 
warrant a new look at existing data. Concor-
dant Late Devonian to Early Permian zircon 
U-Pb ages have been observed in ejecta layers 
and breccia clasts from the Chicxulub impact 
structure. Early Paleozoic ages are reported in 
the Chicxulub breccia from the Yucatán 6 core 
(Krogh et al., 1993b), Yaxcopoil 1 impact melt 
(Schmieder et al., 2018), Haiti, Raton Basin in 
Colorado (Krogh et al., 1993b; Premo and Izett, 
1993), Saskatchewan (Kamo and Krogh, 1995), 
and Spain (Kamo et al., 2011). Previous zircon 
ejecta studies suggest a minor component of tar-
get rock sequence that is younger than the domi-
nant Pan-African signature. The re-evaluation of 
these data shows that the minor Carboniferous 
component is likely linked to a particular por-
tion of impact target rocks and is now linked to 
a tectonic process that is not related to impact-
induced Pb loss. The utility of zircon studies in 
describing impact target rock sequences pro-

vides more data to link target rocks to ejecta in 
distal locations.

CONCLUSIONS

Our geochronological and geochemical zir-
con analyses suggest the presence of a Car-
boniferous continental magmatic arc along the 
northern margin of the Maya Block. The loca-
tion of this magmatic arc suggests a southward 
subduction polarity of the Rheic oceanic plate 
beneath Gondwana and Peri-Gondwanan ter-
ranes during the closure of the Rheic Ocean. 
Our ages also show that arc magmatism predates 
final Pangea amalgamation and is not related to 
Ouachita-Marathon continental collision or slab 
breakoff. We present data for 846 zircon grains 
that were depth-profiled to investigate the U-Pb 
systematics and to robustly define the granitic 
crystallization ages and the basement inheritance 
to shed light on the pre-Mesozoic evolution of 
the northern Maya Block. The analyzed zircon 
grains yielded concordant Carboniferous U-Pb 
ages with a weighted mean age of 334 ± 2.3 Ma 
using 166 grains that are <2% discordant. Ce 
and Eu anomalies, Th/U, and HREE-LREE data 
confirm a continental magmatic arc setting for 
the analyzed pluton.

Inherited zircon U-Pb ages (>400 Ma) in 
the granitoid basement are dominated by Early 
Devonian-Silurian, Cambrian-Ediacaran, and 
Mesoproterozoic modes. The age modes show 
that the Carboniferous granitic plutons intruded 
into older Gondwanan continental basement of 
the northern Maya Block with a tectono-mag-
matic history that resembles that of the Coahuila, 
Oaxaquia, and Suwannee terranes. These simi-
larities suggest that these terranes formed a co-
herent Peri-Gondwanan margin prior to the late 
Paleozoic assembly and Mesozoic breakup of 
western Pangea.

Importantly, these new data also show that 
minor components of Carboniferous, as well 
as Peri-Gondwanan/Pan-African zircon from 
proximal and distal K-Pg ejecta layer sites, were 
likely derived from the Chicxulub target rock in 
the Maya Block. These data also indicate that 
Carboniferous zircon grains in K-Pg boundary 
layer sites, along with Pan-African grains, can be 
used as ejected tracers of the target rock.
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