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ABSTRACT

The Late Paleozoic tectono—magmatic history and basement of the Maya block are poorly understood due to the lack
of exposures of coeval magmatic rocks in the region. Recently, IODP-ICDP Expedition 364 recovered drill core sam-
ples at borehole M0077A from the peak ring of the Chicxulub impact crater, offshore of the Yucatan peninsula in the
Gulf of México, have been studied comprehensively. In the lowermost ~600 m of the drill core, impact-deformed
granitoids, and minor felsite and dolerite dykes are intercalated with impact melts and breccias. Zircon U-Pb dating
of granitoids yielded ages of around 326 + 5 Ma, representing the first recovery of Late Paleozoic magmatic rocks
from the Maya block, which could be genetically related to the convergence of Laurentia and Gondwana. The gran-
itoids show the features of high K;0/Na,O, Lan/Yby and Sr/Y ratios, but very low Yb and Y contents, indicating an
adakitic affinity. They are also characterized by slightly positive eNd 326ma) of 0.17-0.68, intermediate initial
8781/35Sr 326Mma) Of 0.7036-0.7047 and two-stage Nd model age (Tpwz) of 1027-1069 Ma, which may indicate a
less evolved crustal source. Thus, the adakitic granitoids were probably generated by partial melting of thickened
crust, with source components similar to Neoproterozoic metagabbro in the Carolina block (Pan-African Orogeny
materials) along Peri-Gondwana. Felsite dykes are shoshonitic with typical continental arc features that are sourced
from a metasomatic mantle wedge by slab-fluids. Dolerite dykes display OIB-type features such as positive Nb and
Ta anomalies and low Thypm/Nbypm. In our interpretation, the Chicxulub adakitic granitoids of this study are formed
by crustal anatexis due to asthenospheric upwelling resulting from slab breakoff. Through comparing sources and
processes of Late Paleozoic magmatism along the Peri-Gondwanan realm, a tearing slab breakoff model may explain
the discontinuous magmatism that appears to have occurred during the convergence of Laurentia and Gondwana.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Peri-Gondwanan realm located on the eastern edge of the
Appalachian-Caledonian orogen (Hibbard et al., 2006; Pollock et al.,
2012), comprises the Maya block, Oaxaquia block, Suwannee block
and Carolina block, which are crucial components for the assembly of
Pangea (Hibbard et al., 2002; Keppie et al., 2012; Mueller et al., 2014;
Murphy et al., 2004) (Fig. 1). With the amalgamation of Laurentia and
Gondwana, pre-, syn- and post-collisional magmatism are expected
to be distributed extensively along the Peri-Gondwanan realm, while
the Late Paleozoic magmatism is spatially distributed and occurs as:
(1) pyroclastic rocks in sedimentary formations or intrusions within
the Oaxaquia block; (2) intrusions discovered by boreholes in the Su-
wannee block; and (3) widely dispersed granitoids in the Carolina
block (Centeno-Garcia, 2016; Heatherington et al., 2010; Lopez and
Cameron, 1997; Ortega-Gutiérrez et al., 2018; Poole et al., 2005;
Samson et al., 1995a; Speer and Hoff, 1997) (Fig. 1). The Maya block
was located within the central region of the Peri-Gondwanan realm
during the Late Paleozoic, but few Late Paleozoic outcrops are known
so far (Centeno-Garcia, 2016; Marton and Buffler, 1994). Integrated In-
ternational Ocean Discovery Program-International Continental Scien-
tific Drilling Program (IODP-ICDP) Expedition 364 borehole M0077A,
located offshore in the Gulf of México, recovered relatively continuous
granitoids and dykes in drill cores from the 200 km diameter K-Pg
Chicxulub impact crater (Morgan et al., 2016). These basement rocks
were uplifted during the impact event from a pre-impact depth of 8
to 10 km (Riller et al., 2018) and provide crucial information about the

record of Late Paleozoic magmatism in the Maya block and its relation-
ship with other Late Paleozoic magmatism along the Peri-Gondwanan
realm during the assembly of Pangea.

In the Marathon-Ouachita-Appalachian orogen, the Late Paleozoic
magmatic events, especially in the Carolina and Suwannee blocks
(Fig. 1), are argued to reflect crustal anataxis related to thickened
crust and lithospheric mantle delamination (Heatherington et al.,
2010; Sacks and Secor, 1990; Samson et al., 1995a), or coinciding with
contemporaneous strike-slip faulting (Speer and Hoff, 1997; Speer
et al., 1994), whereas in the Oaxaquia block, they are attributed to coe-
val continental arc magmatism (Dickinson and Lawton, 2001; Lopez
and Cameron, 1997; McKee et al., 1988, 1999). There, may, thus be
some petrogenetic and tectonic divergences between areas, depending
on differences in original rock composition and/or locations along the
Peri-Gondwanan realm during the assembly of Pangea. Alternatively,
a transpressional model could explain the lack of continental arc
magmatism in the Carolina and Suwannee blocks (Mueller et al.,
2014), however, the coeval continental arc magmatism in the Oaxaquia
block cannot be well constrained in this model (Fig. 1). Since the Maya
block was situated between the Oaxaquia and Suwannee blocks, accord-
ing to the paleogeographic reconstruction for the Late Paleozoic of
Ortega-Gutiérrez et al. (2018), magmatism in the Maya block during
that period is critical in determining whether there was a continuous
delamination from east to west along the Marathon-Ouachita-Appala-
chian orogen.

The study of magmatic suites can effectively reveal sources through
the analysis of the contributions of crust and mantle. Outcrops of high-
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Fig. 1. Sketched geological map of central America modified from Centeno-Garcia (2016); Clift et al. (2017); Ortega-Gutiérrez et al. (2018); Poole et al. (2005) and Dickinson (2009). The
southern Appalachian region mainly consists of the Carolina and Inner Piedmont blocks, and the Carolina block refers to the Carolina zone mentioned in Hibbard et al. (2002); Hibbard et al.
(2007) and Pollock et al. (2012), the Suwanee suture zone is from Mueller et al. (2014). Late Paleozoic magmatic rocks are according to Heatherington et al. (2010); Lopez and Cameron
(1997); McKee et al. (1988, 1999); Samson et al. (1995a); Speer and Hoff (1997); Speer et al. (1994). Zircon ages and Nd isotope data of other areas are from Keppie et al. (2012); Martens
etal. (2010); Pollock et al. (2012); Weber et al. (2012). The site of Motague Fault is from Simon-Labric et al. (2013) and the site of Mz Tehuantepec fault is from Dickinson and Lawton
(2001). The Grenville-aged materials represent 1.3-0.9 Ga rocks with Tpy; of 2.02-1.35 Ga, while the Pan-African-aged materials represent 650-500 Ma rocks with Tpy; of 1.5-0.9 Ga.
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grade metamorphic rocks to the south of our study area show that the
southern Maya block's basement is dominated by Grenville-aged,
Pan-African-aged, and Acadian-aged materials (Keppie et al., 2012;
Kring, 2005; Kring et al., 2004; Schmieder et al., 2017b; Steiner and
Walker, 1996; Weber and Hecht, 2003; Weber et al., 2008). The north-
ern Maya block is covered by Mesozoic carbonates and evaporates, but
the basement samples are found close to the surface as clasts within
Chicxulub impact breccias, and are mainly composed of Ediacaran arc
materials (Keppie et al., 2011). Moreover, the granitic plutons in the
Maya mountains have zircon ages from Late Silurian to Early Devonian
(Weber et al., 2012), which could also be the possible basement in the
northern Maya block. In the other blocks of the Peri-Gondwana realm,
the Oaxaquia block is typical of Grenville-aged basement while Suwan-
nee and Carolina blocks feature the Pan-African-aged basement
(Heatherington et al., 1996; Heatherington and Mueller, 2003; Ortega-
Gutiérrez et al., 2018; Samson et al., 1995b). Therefore, the differences
of basement within the Peri-Gondwanna realm (Oaxaquia, Maya, Su-
wannee and Carolina blocks) need further investigation (Keppie and
Keppie, 2013).

In this study, geochronological and geochemical analyses of Late Pa-
leozoic granitoid cores from IODP-ICDP borehole M0077A in the Maya
block are compared with similar studies of coeval magmatism in the
Oaxaquia block (331-270 Ma), the Suwannee block (296-294 Ma)
and the Carolina block (335-285 Ma) (Fig. 1). Subsequently, an equilib-
rium melting simulation was used to assess the possible source of
Chicxulub granitoids and detailed analyses of the magmatic divergence
in the Oaxaquia, Carolina and Suwannee blocks were performed to elu-
cidate the lithological basement features. Finally, an integrated slab
breakoff model has been developed to explain the formation mecha-
nisms of magma within each block.

2. Geological setting

The Peri-Gondwanan realm is composed of an array of blocks with
Gondwanan affinity and separated from Gondwana during the Early Pa-
leozoic during the formation of the Rheic Ocean and closure of the
lapetus Ocean, which is typically composed of Ediacaran arc
(650-500 Ma) magmatic rocks (Keppie et al., 2011; Keppie et al.,
2012; Pollock et al., 2011). This study mainly focuses on the Late Paleo-
zoic magmatism in the Marathon-Ouachita-Appalachian orogenic
belts, located in the Oaxaquia, Maya, Suwannee and Carolina blocks, re-
spectively. Thus, since the basement serves a considerable function on
the attributes of these magmatic rocks, respective basement features
of the Oaxaquia, Maya, Suwannee and Carolina blocks are revisited
below.

2.1. Maya block

The Maya block is proximal to the Caribbean plate and includes the
Yucatan peninsula, the coastal plain of the western and northern Gulf
of México, the eastern part of Isthmus Tehuantepec, the Chiapas com-
plex and the northern Guatemala (Weber et al.,, 2012). The pre-
Mesozoic materials of the Maya block are identified by high grade meta-
morphic rocks in the Chiapas and the Cuicateco (Guichicovi) Complexes
(Keppie et al., 2012), and rock fragments excavated by the end-
Cretaceous Chicxulub impact. The Chiapas complex mainly includes
medium to high-grade metamorphic rocks intruded by less deformed
granitoids (Schaaf et al., 2002; Weber et al., 2008), and the detrital zir-
cons reveal ages of 500-650 Ma and 1.0-1.2 Ga in the Carboniferous
sedimentary formations (Weber et al., 2008). The single-stage Nd
model ages (Tpyp) in this area are 1.56-0.94 Ga (Schaaf et al., 2002).
In the Cuicateco Complex, parametamorphic rocks and AMCG suite (an-
orthosite-mangerite-charnockite-granitoids) are dated at 1.2-0.9 Ga
(Fig. 2), and their Tpy; are 1.63-1.35 Ga (Weber and Kohler, 1999).
The fragments excavated by the ~ 66 Ma Chicxulub impact event
(Kring, 2005; Kring et al., 2004) consist of Late Paleozoic sedimentary

and volcanic rocks (330-290 Ma) in the Yucatan-1 borehole (Marton
and Buffler, 1994), and the Yucatan-6 borehole recovered target rocks
(550-465 Ma, 418 Ma) (Kamo and Krogh, 1995; Krogh et al., 1993a;
Krogh et al., 1993b), of which Ediacaran granitic gneiss clasts reveal a
Tpmi1 age of 1.4-0.7 Ga (Kettrup and Deutsch, 2003; Kettrup et al.,
2000). In addition, the Yaxcopoil-1 borehole recovered Ediacaran volca-
nic arc rocks (545 Ma) (Keppie et al., 2011) and Paleozoic clasts
(536-395 Ma) (Schmieder et al., 2017b). Therefore, the basement of
the Maya block may mainly be composed of Pan-African-aged
(650-500 Ma) and Grenville-aged materials (1.3-0.9 Ga).

2.2. Oaxaquia block

Adjacent to the western part of the Maya block lies the Oaxaquia
block, which is a Mesoproterozoic block consisting of medium to high
grade metamorphic rocks with 1.1 Ga AMCG suite rocks and around
1.0 Ga pegmatites exposed discontinuously along the eastern margin
of México (Ortega-Gutiérrez et al., 2018; Ortega-Gutierrez et al.,
1995). The zircon ages of lower crust xenoliths and exposed metamor-
phic rocks in the Oaxaquia block are 1.3-0.92 Ga, and Tpy; model
ages of these basement rocks range from 2.02 to 1.35 Ga, representing
a Grenville-aged endmember called Oaxaquian basement (Keppie
et al,, 2012; Ortega-Gutiérrez et al.,, 2018; Ruiz et al., 1988a; Ruiz et al.,
1988b; Weber and Kéhler, 1999) (Fig. 2). In addition, McKee et al.
(1999) reported the Las Delicias arc magmatism (331-270 Ma) in the
Oaxaquia block. Their specific chronological and geochemical analysis
was conducted by Lopez and Cameron (1997), who demonstrated the
features of continental arc magmatism related to the Ouachita-
Marathon orogeny coinciding with the detrital zircons in the Marathon
foreland basin (Gleason et al., 2007; Shaulis et al., 2012), while some
Late Paleozoic magmatism in the Oaxaquia block could be linked to
eastward subduction of the Pacific ocean along Pangea (Rosales-
Lagarde et al., 2005; Torres et al., 1999) (Fig. 1). Thus, the Oaxaquia
block appears to be mainly composed of Grenville-aged basement
with some Late Paleozoic continental arc materials.

2.3. Suwannee block

Apart from the overlying Mesozoic and younger rocks of the Gulf
and Atlantic coastal plains, a range of Neoproterozoic to Middle Paleo-
zoic rocks comprise the Suwannee block (Heatherington et al., 1996;
Heatherington and Mueller, 1999) (Fig. 2). Neoproterozoic volcanic
and plutonic rocks (~ 550 Ma) constitute the basement extending be-
neath the east and southeast of the Suwannee block with the Tpy; of
1.58-1.04 Ga (Heatherington et al., 1996; Heatherington et al., 1997;
Heatherington et al., 2010; Keppie et al., 2012; Mueller et al., 1994).
The minor post-collisional granitoids from two drill holes in southwest-
ern Georgia and northern Florida yielded ages of 294 Ma and 296 Ma, re-
spectively, and they are related to a post-collisional lithospheric
collapse (Heatherington et al., 2010; Mueller et al., 2014). Therefore,
the Suwannee block contains more juvenile materials compared to the
Oaxaquia block based on the lower Tpp;.

2.4. Carolina block

The Carolina block and Inner Piedmont constitute parts of the south-
ern Appalachian region (Fig. 1). The Carolina block is predominantly
comprised of Neoproterozoic to Early Paleozoic meta-igneous rocks as-
sociated with metasedimentary rocks extending from central Virginia
southwards to Georgia (Pollock et al., 2010; Samson et al., 1995a),
while the Inner Piedmont mainly comprises Mesoproterozoic to
Neoproterozoic plutons and high-grade gneisses with a mixed affinity
to Gondwana and Laurentia (Fullagar, 2002; Pettingill et al., 1984).
Neoproterozoic meta-igneous rocks within the Carolina block represent
juvenile crustal materials typified by their higher eNd ;) values (mostly
exceeding +3.4) (Samson et al, 1995b) and younger Tpwm
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Fig. 2. Sketched stratigraphic columns for the Oaxaquia (Keppie and Ortega-Gutiérrez, 2010; Lopez and Cameron, 1997; Martens et al., 2010), southern and northern Maya (Keppie and
Ortega-Gutiérrez, 2010; Kring, 2005; Kring et al., 2004; Martens et al., 2010; Weber et al,, 2012), Suwannee (Dallmeyer, 1989; Martens et al.,2010; Mueller et al., 1994) and Carolina blocks

(Hibbard et al., 2002; Hibbard et al., 2007; Martens et al., 2010).

(1.1-0.75 Ga) than Grenville-aged materials (Hibbard et al., 2002;
Hibbard et al., 2007; Keppie et al.,, 2012). Thus, the Carolina-like crust
is more juvenile than the Grenville-like crust according to their isotopic
features (Keppie et al,, 2012; Samson et al., 1995a). During the Late Pa-
leozoic assembly of Pangea, the southern Appalachian region hosted ex-
tensive magmatic activity (Alleghanian granites: 335-285 Ma), of
which 75% are metaluminous biotite or amphibole biotite granites and
25% are peraluminous granites (Samson et al., 1995a; Speer and Hoff,
1997). These rocks were derived from the Carolina block-like crust
and the Grenville-like crust mentioned in Samson et al. (1995a). There-
fore, the Carolina block also has a more juvenile basement end-member
relative to the Oaxaquian basement.

3. Materials and methods
3.1. Materials

Samples for this study are from the IODP-ICDP Expedition 364 drill
cores (Site MO077A) from the peak ring of the Chicxulub impact struc-
ture (21°27.009'N, 89°56.962'W), located at about 25 km north-west of
the Yucatan Peninsula's coast line (Fig. 3). The drilling project was de-
signed to study the formation mechanism of the peak ring of the
Chicxulub impact structure and the post impact sedimentary deposits

within the crater through multi-disciplinary methods. The drilling
reached to a depth of 1334 mbsf (meters below sea floor), recovering
basement as well as overlying impact melt rocks, suevites (breccia
with impact melt fragments) and post-impact sediments (Morgan
etal, 2016). The drill cores were divided into three main stratigraphic
units from top to bottom: (1) Cenozoic sediments (505.7-617.33
mbsf); (2) suevites and impact melt rocks (617.33-747.02 mbsf);
(3) granitoids (747.02-1334.69 mbsf) intruded by felsic and mafic
dykes such as felsite and dolerite (Fig. 3). Felsite dykes occur at
1123.71-1125.44 mbsf, 1130.61-1132.05 mbsf, 1136.7-1139.51 mbsf
and 1159.72-1162.26 mbsf. Dolerite dykes are at 846.42-850.64 mbsf,
853.42-855.21 mbsf, 855.56-866.45 mbsf, 887.05-887.95 mbsf,
912.49-913.34 mbsf, 933.98-938.22 mbsf, 1015.87-1016.36 mbsf,
1026.92-1027.14 mbsf and 1082.17-1082.95 mbsf (Schmieder, 2017).
The depth of selected samples for geochemical analyses is shown in
Fig. 3 and Supplement 2.

3.2. Methods for major and trace elements and zircon U-Pb dating

Granitoid and dyke samples for major element analyses in this study
were ground in an agate mortar to pass a 200 mesh sieve to be exam-
ined by wet chemical analysis by acid digestion in the State Key Labora-
tory of Geological Processes and Mineral Resources (GPMR), China
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University of Geosciences, Wuhan (CUG). For the determination of sili-
con content, the sample solutions were produced from the reaction of
ash with sodium hydroxide at 650 °C to generate sodium silicate
which was then dissolved in HCI to give silicic acid in solution. For
other elements, the sample solutions were prepared from acid digestion
by hydrofluoric, hydrochloric, sulphuric and nitric acid sequentially. The
ten major elements were quantified using the Atomic Absorption Spec-
troscopy for Mg (<10 wt%), Mn, K, Na and Ca, the spectrophotometry for
Si, Fe, Ti, P, and EDTA titration for Al and Mg (>10 wt%). The relative er-
rors were yielded of <0.5% for Si, Mg, Fe, Ti, Min, K and Na, and <2% for Al,
the reference standard is according to GB/T14506-2010 in China.

Trace elements analyzed in the GPMR-CUG were conducted using
an Agilent 7500a Inductively coupled plasma mass spectrometer (ICP-
MS). The detailed sample-digesting procedures in the GPMR-CUG for
trace elements analyses are as follows: (1) Homogenized sample pow-
ders were placed in an oven at 105 °C for 12 h to fully dry, (2) 50 mg
of sample powder was weighed and digested using 1 ml HNOs and
1 ml HF in a Teflon bomb, which was put in a stainless steel pressure
jacket and heated to 190 °C for at least 24 h, (3) the Teflon bombs
were opened for drying on a hotplate at 140 °C and 1 ml HNO3 was

added and evaporated to dryness again, (4) 1 ml of HNO3, 1 ml of deion-
ized water and 1 ml internal standard solution of 1 ppm In were added,
and the Teflon bomb was placed in an oven at 190 °C for at least 12 h.
The final solutions were transferred into a polyethylene bottle and di-
luted to 100 g by the addition of 2% HNOs for analysis. AGV-2, BHVO-
2, BCR-2 and RGM-2 were used as reference standards (http://
minerals.cr.usgs.gov/geo_chem_stand/, http://georem.mpch-mainz.
gwdg.de/ and Govindaraju (1994)), of which AGV-2 yielded relative
standard deviation (RSD) of <1% for Nb and Ta, <2% for Sr, Y, Nd, Yb
and Lu, <3% for Zr, Ba, La, Ce and Eu, <5% for Rb, Sm and Hf, and the rel-
ative deviations (RSD) of other elements are shown in Supplement 2. U-
Pb isotope values of zircons were analyzed using an Agilent 7500a ICP-
MS coupled with a GeoLas 2005 laser-ablation system and a DUV
193 nm ArF-excimer laser (MicroLAS, Germany) (LA-ICP-MS) in
GPMR. Reference zircon 91500 (1063.9 4+ 6 Ma) (Wiedenbeck et al.,
1995), GJ-1 (600.3 4 2.6 Ma) (Jackson et al., 2004) and glass NIST 610
were used as external standards for calibration of the mass discrimina-
tion and U-Pb isotope fractionation. Each analysis incorporated a back-
ground acquisition of approximately 20-30 s followed by 50 s of data
acquisition from the sample. In-situ analysis of Hf isotopes and

T .
" FPg 2]
isedimentst— Marlstone/limestone
K-Pg e \ IL =
Boundary A
00" s . .
o3 %0 o[ Suevite
oo
0.7 ":f.\y '
7’4— Impact melts rock
R
.81 «Felsic
basement-_
—_ o=l
£ -
p= — Granitoids
%0.&- -
0
K=
Post-impact K-Pg
segdimentary . - .., boUNdary
B ’:‘ o B e — K=
SEE= e o=
N e B
s - .
a —— Dykes
8 K=
]
K3
—— Suevite and impact
melt rock
20l 5.0 -
Velocity (km/s)

<= Granitoids e Felsite

Sites for analysis (major & trace elements, isotopes, zircon dating)
« Dolerite

e Zircons

Fig. 3. Map with marked drill site of MO077A and lithostratigraphic context of samples in this borehole. The seismic profile is modified from Morgan et al. (2016) and Gulick et al. (2008),

gravity data courtesy of A. Hildebrand and M. Pilkington,


http://minerals.cr.usgs.gov/geo_chem_stand/
http://minerals.cr.usgs.gov/geo_chem_stand/
http://georem.mpch-mainz.gwdg.de/
http://georem.mpch-mainz.gwdg.de/

J. Zhao et al. / Gondwana Research 82 (2020) 128-150 133

corresponding U-Pb isotope ratios of zircons were conducted using spot
sizes of 44 ym and 32 um, respectively by LA-ICP-MS at the Wuhan
Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Operat-
ing conditions for the laser ablation system and the ICP-MS instrument
and data reduction were done following the methodology described in
Zong et al. (2017). The Excel-based software ICPMSDataCal was used
to perform off-line selection and integration of background and analyze
signals (Liu et al., 2010). Time-drift correction and quantitative calibra-
tion for trace element analysis and U-Pb dating followed the protocol
outlined by Liu et al. (2010). Concordia diagrams and weighted mean
calculations were generated using Isoplot/Ex-ver3 (Ludwig, 2003).

Bremen data including major and trace elements of evenly spaced
drill cores were acquired at the MARUM Center for Marine Environmen-
tal Sciences, University of Bremen, Germany. These analyses included
194 whole-rock samples, approximately evenly spaced every 3 m,
with a minimum weight of 12 g from the depth interval between 748
and 1333 mbsf; 158 of these samples were from granites; 25 samples
were from suevite and impact melt rock intercalations; 9 of these sam-
ples were from dolerite dykes, one sample was from a felsite dyke, and
one from a dacite dyke. Before processing, all samples were dried in an
oven at 40 °C for at least 10 h. The samples were then crushed, ground,
and homogenized to a fine powder (~20 um) using an agate mortar and
an agate ball mill. Every sample powder was then divided into three
subsets and 4 g was used for the measuring of elemental concentrations
by energy dispersive X-ray fluorescence (ED-XRF) spectroscopy with a
PANalytical Epsilon 3-XL benchtop ED-XRF spectrometer. Replicate
analyses of samples and repeated analyses of the certified standard ref-
erence materials JB-1b (Terashima et al., 1998) and JG-2 (Imai et al.,
1995) yielded relative errors of <6% for Na and Nb; <5% for Ba and Cr;
<4% for Cu; <3% for P, Mg, Ni, and Y; <2% for Si, Ti, and Sr; <2% for Al,
K, Fe, Ca, Zr, Rb, Pb, and Zn (Gulick et al., 2017). Replicate analyses of
samples analyzed in Bremen yielded the following relative errors: <3%
for major and minor element concentrations >1 wt%; <10% for trace el-
ement concentrations <1 wt% and > 300 ppm, and up to 30% and larger
for trace element concentrations <300 ppm.

3.3. Methods for analysis of Sr, Nd and Pb isotopes

Sr, Nd and Pb isotope analyses were conducted on a Neptune
multicollector inductively coupled plasma mass spectrometer (MC-
ICP-MS) operated in the Isotopic Laboratory of GPMR-CUG. Sample di-
gestion followed the same procedures as the trace elements digestion.
For Sr isotope measurements, after the three sample digestion steps
mentioned above, we dissolved the sample in 1.5 ml of 2.5 M HCl and
conducted centrifugation, the supernatant solution was then loaded
into an ion-exchange column packed with AG50W resin. After com-
plete loading of the sample solution, columns were rinsed with 2.5 M
HCl to remove matrix elements. Finally, the Sr fraction was eluted
using 2.5 M HCI and gently evaporated to dryness prior to mass—
spectrometric measurement. The residue was rinsed with 10 ml of
4.0 M HCl and then the REE fraction was eluted using 10 ml of 4.0 M
HCI. The REE solution was used to isolate the Nd fraction, evaporated
to incipient dryness, and taken up with 0.18 M HCl. The converted REE
solution was loaded into an ion-exchange column packed with Eichrom
LN resin. After complete loading of the sample solution, columns were
rinsed with 0.18 M HCI to remove undesirable matrix elements. Finally,
the Nd fraction was eluted using 0.3 M HCl and gently evaporated to
dryness prior to mass-spectrometric measurement. The analytical tech-
niques for Sr-Nd isotopes and analytical precision are the same as those
of Liu et al. (2004) and Gao et al. (2004). After the measured 3°Sr/38sr
and '“5Nd/'*“Nd ratios were internally normalized to 0.7219 and
0.51194, respectively, NBS SRM 987 yielded 37Sr/8°Sr = 0.710295 +
0.000010 (n = 10) (referenced value: 0.710241 + 0.000017 from
Thirlwall (1991)), while JNdi-1 yielded '**Nd/'*Nd = 0.512112 +
0.000008 (n = 10) (referenced value: 0.512115 + 0.000007 from
Tanaka et al. (2000)). For the Pb isotope analyses, powder samples

also underwent the procedure steps (1 to 3) for trace elements diges-
tion, followed by dissolution in 1 ml of 1 M HBr. After centrifugation,
the supernatant solution was loaded into an ion-exchange column
packed with AG resin. Columns were rinsed with 1.0 M HBr to remove
matrix elements. Finally, the Pb fraction was eluted using 6.0 M HCl
and gently evaporated to dryness prior to mass spectrometric measure-
ment. Instrumental mass discrimination correction was carried out via
doping with T1 and normalization to a 2°°T1/2°*Tl ratio of 2.3872,
which is the certified value for NBS SRM 997. NBS SRM 981 was used
as the Pb isotopic standard and yielded 2°®Pb/2°‘Pb = 36.6853 =+
0.0005 (referenced value: 36.7262 =+ 0.0031), 2°/Pb/?*Pb =
154852 4+ 0.0005 (referenced value: 15.5000 + 0.0013), and
206ph204ph = 16.9325 + 0.0006 (n = 10) (referenced value:
16.9416 + 0.0013) (Baker et al., 2004). Total procedural Pb blanks
were lower than 50 pg. Rb, Sr, Sm, Nd, Th, U, and Pb contents measured
by ICP-MS were used to calculate the initial ratios of 8’Rb/®5Sr,
]47Sm/144Nd, 2081)b/2041)b’ 207Pb/204pb, and 206Pb/204Pb.

4. Results
4.1. Petrography

4.1.1. Granitoids

The granitoids in this study exhibit porphyritic texture with 10-20%
of the volume represented by coarse phenocrysts of K-feldspar
(1-2 cm) and 80-90 vol% by matrix. The matrix comprises medium
granular (0.2-0.5 cm) K-feldspar (10-20 vol%), coarse granular
(0.5-1 cm) quartz (20-40 vol%), medium granular (0.2-0.5 cm) plagio-
clase (10-20 vol%) and fine granular (0.02-0.2 cm) biotite (5-10 vol%).
Accessory minerals include zircon, titanite, apatite and magnetite, com-
bined <1 vol%. Therefore, these rocks plot mostly in the field of
syenogranites, although a few represent monzogranites and quartz sye-
nites (Fig. 4a).

Alteration of granitoids tends to be more pronounced when they are
in close proximity to impact melt rocks and fractures. Biotite is often
partially or completely altered to chlorite. Meanwhile, plagioclase
underwent sericitization. Albitization and feldspathization occurred
along fractures close to impact melt intrusions.

4.1.2. Intermediate dykes

The intermediate dykes in this study are mainly represented by fel-
site dykes with a porphyritic texture. The felsite is composed of 5-10 vol
% K-feldspar (0.02-0.05 cm), 10-20 vol% biotite (0.02-0.2 cm) and
5-10 vol% quartz (0.02-0.05 cm) phenocryst and 70-80 vol% matrix;
additionally, there are some xenoliths from wall rock such as gneiss
and granitoids. Alteration of these dykes is evident with the
chloritization of biotite and the occurrence of hydrothermal calcite
veins that formed in the late processes, possibly in connection with hy-
drothermal activities triggered by the Chicxulub impact (Abramov and
Kring, 2007; Hecht et al., 2004).

4.1.3. Mdfic dykes

The mafic dykes are dolerite with a sub-ophitic to ophitic texture,
featuring 30-40 vol% plagioclase (0.2-1 cm) and 10-20 vol% pyroxene
(0.2-0.5 cm) phenocryst and matrix (40-60 vol%). Some plagioclase is
altered to epidote and most pyroxene is altered to serpentine or
chlorite.

4.2. U-Pb zircon geochronology

Zircons of granitoids were selected from five different depths in the
drill core: 829.73 mbsf, 927.31 mbsf, 1076.1 mbsf, 1200.26 mbsf and
1328.63 mbsf (Fig. 3). These euhedral to sub-euhedral zircons were me-
chanically broken with regular to irregular fractures, while oscillatory
zoning in zircons is clearly recognized in cathodoluminescence images.
We chose highly concordant zircon ages (concordance>95%) to obtain
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the weighted mean age (326 4 5 Ma (n = 40)). The results of LA-ICP-
MS are reported in Supplement 1 and illustrated in Fig. 5. Inherited zir-
cons are relatively rare but an example with an age of 589 Ma is shown
in Fig. 5 a, 7SHf/"”7Hf and ”Lu/"””Hf ratios of magmatic zircons are
0.282687-0.282747 and 0.00681-0.001382, eHf(326 ma) ranges from
3.8 to 6.0, and Tpyp are 952-1078 Ma. The inherited zircon has
178Hf/177Hf and '7Lu/"77Hf ratios of 0.282672 and 0.001968 with eHf
(326Ma) — 8.7 and Tomz = 984 Ma (Flg 5 b)

4.3. Major and trace element geochemistry

4.3.1. Granitoids

The nine granitoid samples that were analyzed show SiO, contents
of 68.65-73.76 wt%, MgO contents of 0.36-0.98 wt% and K,0 contents
of 2.45-5.30 wt%, designating these as part of the medium potassium
calc-alkaline series (Fig. 6 e), while most of them are metaluminous
(Fig. 6). The K,0/Na,O ratios of granitoids range from 0.5 to 1.21.
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Major and trace element concentrations are shown in Supplement 2.
Hereafter, we refer to these granitoids as Chicxulub granitoids. Trace el-
ements of the Chicxulub granitoids have negative anomalies in Ba, pos-
itive anomalies in Sr (362-539 ppm) (Fig. 6 b), and depletions in Nb and
Ta compared to N-MORB (Fig. 8 a). The total REE (rare earth elements)
content of the Chicxulub granitoids ranges from 44.4 to 81.1 ppm and
Eu reveals no obvious positive or negative anomalies (S6Eu are
0.97-1.04, 6Eu = 2*[Eu]n/([Sm]|n+[Gd]n), normalized to chondritic
values of Sun and McDonough (1989)) (Fig. 8 a). Additionally, the Sr/
Y ratios of the Chicxulub granitoids are higher than 40 (55.6-129.8)
and La/YDb ratios are over 20 (21.1-44.6). The Y and Yb contents are
<18 ppm (3.54-7.24) and 1.9 ppm (0.32-0.70), respectively (Fig. 7 f),
making these granitoids highly comparable to adakitic rocks as defined
by Chung et al. (2003) and Defant and Drummond (1990).

The Chicxulub granitoids-Bremen data show a large range of major
element concentrations especially in the case of Al,0s, K50, Na,0, TiO,
and P,0s (Fig. 6 a, e, f, g, h). The trace element concentrations for ele-
ments such as Rb and Ba show similar large variations (Fig. 7 a, c). All
these features indicate that the Chicxulub granitoids to some extent
underwent hydrothermal alteration presumably before or after the for-
mation of the Chicxulub impact structure (Abramov and Kring, 2007;
Schmieder M, 2019). In order to ascertain the alteration of granitoids,
we use the K/Rb ratios to divide Bremen data into two sample sets
(Fig. 4 b): (1) altered (K/Rb >300) and (2) less altered or unaltered
(K/Rb <300) as the K/Rb ratios in unaltered crustal rock is of about
250, and in altered rocks of between 400 and 500 (Helvaci and Griffin,
1983). Thus, alteration processes caused the increase of Na,O and K0
content, imparting a peralkaline character to these rocks as shown in
Fig. 4 b, c. Theoretically, Sr content is always covariant with CaO for iso-
morphism (Middelburg et al., 1988). Hence, Sr and CaO concentrations
are expected to decrease with the increase of K;0/Na,O during
feldspathization or other alterations (Saunders and Tuach, 1988). How-
ever, the range of Sr content in altered samples did not obviously change
compared to unaltered samples (Fig. 4 d). Additionally, according to the
K,0 + Nay0 vs K,0/(K,0 + Na,0) and the Alteration box (Fig. 4. e,
f) (Large et al., 2001), most of the granitoid data plots in the least altered
region, indicating that the K,0/Na,O ratios still represent the magmatic
features of the Chicxulub granitoids. Another explanation for the large
range of K/Rb ratios and high content of alkaline elements in Bremen
data is that the major and trace elements are affected by the K-
feldspar phenocrysts (Fig. 4 a, c).

4.3.2. Intermediate dykes
Six felsite samples have SiO, and K,0 contents of 56.37-59.18 wt%
and 3.59-4.61 wt% and plot in the shoshonitic series (Fig. 6 e). Mg#
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(100*Mg?*/Mg? ™ +Fe?™) of felsite are 59-63. Their MgO and CaO con-
tents are 4.96-5.97 wt% and 4.89-6.27 wt% (Fig. 6 b, f), and their Ni con-
tents are 96.9-110 ppm (Fig. 7 d). The shoshonitic felsite has typical
features as high K, Ni, Mg#, enriched LILE (large ion lithophile elements)
and depleted HFSE (high field strength elements) compared to N-
MORB (Fig. 8 b). The total REE of felsite are 387-517 ppm, higher than
those in the Chicxulub granitoid host rocks.

4.3.3. Mdfic dykes

The dolerite samples plot with medium potassium series (Fig. 6
e) with SiO, contents of 45.45-48.26 wt%, and low K,0 and Na,O con-
tents of 0.40-0.72 wt% and 2.00-2.80 wt%, respectively. They display
high MgO and Fe,03 contents of 10.78-13.4 wt% and 11.6-14.72 wt%,
respectively, and Mg# are 62-67. In a trace element spider diagram
(Fig. 8 a), these dolerites reveal negative anomalies of Th and U, and
positive anomalies of Nb, Ta and Sr. Their REE patterns indicate slightly
enriched LREE and depleted HREE compared to N-MORB.

4.4. Sr-Nd-Pb isotope characteristics

The Chicxulub granitoid samples have variable present-day 87Sr/%6Sr
(0.706726-0.709886) and '*3Nd/'**Nd (0.512227-0.512253), their ini-
tial 37Sr/3°Sr 356Mma) are 0.7036-0.7047, eNd 326ma) are 0.17-0.68 and
Tomz(326ma) are 1027-1069 Ma (Depaolo, 1981a; Liew and Hofmann,
1988). These Sr and Nd isotope ratios typically show that nine granitoid
samples represent the magmatic features without obvious alteration be-
cause these samples have lower initial 8’Sr/%6Sr than the possible wall
rock (Grenville-aged rocks) and generally altered samples have higher
initial 87Sr/%6Sr (larger than 0.7080 or even more) (Farmer and
DePaolo, 1987). Five felsite samples have Rb/Sr ratios of 0.07-0.13 and
Sm/Nd ratios of 0.16-0.17, their ¥’Sr/%8Sr(326ma) and eNd(saema) are
0.7045-0.7046 and +1.04-1.22, respectively. Because their fsm,/ng Values
are -0.48--0.50, Tpp; (873-915 Ma) are more suitable. Rb/Sr and Sm/Nd
ratios in five dolerite samples are 0.05-0.07 and 0.30-0.34, respectively,
the initial 3Sr/*®Sr(356ma) and eNd 3z6ma) are 0.7048-0.7053 and 5.4-7.7,
respectively. In addition, the dolerite samples have Tpy; and Tpmz(326Ma)
modelling ages of 908-1771 Ma and 459-644 Ma, respectively, see de-
tails in Supplement 3, 4, 5, 6.

Five granitoid samples have 2°°Pb/2%*Pb3,6ma) = 18.034-18.725,
207pp 294Ph 35601y 15.718-15.774,  2°8Pb/>%*Pb 356ma)
38.162-38.692. Three felsite samples have 2°°Pb/?*Pb(syema) =
18.416-18.769, 2°7Pb/>**Pb 356ma) = 15.681-15.693, and 2°8Pb/?**Ph
(326Ma) = 38.414-38.77. The two dolerite samples have 2°°Pb/2**Pb
(326Ma) — 18.78-18.816, 207Pb/204pb(326Ma) = 15.72-15.865, and
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208ph/204Ph 3560,y = 38.71-38.904, all these data are shown in
Supplement 3, 4, 5, 6.

5. Discussion
5.1. Ages of the Chicxulub granitoids and regional coeval magmatism

In the paleogeographic reconstructions, the Maya block was situated
at the convergent margin of Gondwana and Laurentia (Ortega-Gutiérrez
etal., 2018), adjacent to the Ouachita Orogen (Poole et al., 2005) (Fig. 1),
and is believed to have detached from this orogen during the Mesozoic
breakup of Pangea and the opening of the Gulf of México (Marton and
Buffler, 1994) (Fig. 1). The Chicxulub granitoids dated at 326 4+ 5 Ma

reveal a distinct magmatic event in the Marathon-Ouachita Orogen
during the Late Paleozoic (Fig. 3). A summary of all the zircon age data
used in the present study can be found in Xiao et al. (2017) and
Rasmussen et al. (2019). The 341 + 6 Ma titanite age of Schmieder
etal. (2017a,b)), allanite results of Wittmann et al. (2018), and zircon
ages from Yax-1 impact breccias in Schmieder et al. (2017b) are also
Late Paleozoic. Although there are arc-related materials like meta-
andesite and dacite with similar ages in borehole Yucatan-1 (Marton
and Buffler, 1994) and tuffs with similar ages (Shaulis et al., 2012),
this is the first report of Late Paleozoic ages from a relatively continuous
section of the Chicxulub granitoids. In a summary of Mesozoic
magmatism in México, Centeno-Garcia (2016) showed that magmatic
assemblages are spatially and temporally divergent from this Late



138 J. Zhao et al. / Gondwana Research 82 (2020) 128-150

10000 ¢
E @ Chicxulub granitoids
F -CUG

I Chicxulub felsite
1000} 4 UG

m Chicxulub dolerite
-CUG

100 LS\

Primative Mantle Normalized

0.1
RbBaTh U K TaNbLaCeSrNdP Hf ZrSmTi Tb Y YbLu

100

T,
—_—
~—

10

Th/Yb
%

0.1

0.01

0.1 1 10 100
Nb/Yb

10000 ¢
F Alleghanian Granitoids
(b)
g F insouthern Appalachian
N [ e 25 a
‘—E“ 1000 - Omlseg‘zgghageGramtmds
H Las Delicias arc
= in Oaxaquia
L
-
o
=3
[
>
E-]
©
E
a
0.1
RbBaTh U K TaNbLaCeSrNdP Hf ZrSmTiTb Y YbLu
1000 ¢
F(d) X
- X X
2
100
=
° S
10
4« MORB
average N-MORB 212y
1
0.1 1 10 100
Nb/Yb

Fig. 8. Primitive-mantle (PM) normalized patterns for Late Paleozoic magmatic rocks for the Carolina, Suwannee and Oaxaquia blocks are from Heatherington et al. (2010); Lopez and

Cameron (1997); Speer and Hoff (1997).

Paleozoic magmatism in the Maya block. Thus, these Late Paleozoic
magmatic rocks must be related to the Marathon-Ouachita orogeny
during the assembly of Pangea.

Magmatic activity has occurred along the Marathon-Ouachita
orogen such as the Las Delicias arc within the Oaxaquia block
(331-270 Ma); Alleghanian granites in the Suwannee block
(296-295 Ma) and in the Carolina block (335-285 Ma) (Fig. 1), illustrat-
ing how orogenic products are spatially distributed along the Pangea
convergent margin from the Late Mississippian to the Early Permian
(Heatherington et al., 2010; Lopez and Cameron, 1997; Samson et al.,
1995a). Since the ages of these magmatic events coincide with that of
the Chicxulub granitoids, this suggests that they may have a similar pet-
rogenesis. Their magma sources, processes and tectonic models will be
further analyzed below.

5.2. Magma sources of the Chicxulub granitoids and dykes

5.2.1. Granitoids

The granitoids in this study are conspicuously similar to typical
adakitic rocks shown in Sr/Y versus Y and (La/Yb)y versus Yby diagram
(Fig. 9, Moyen (2009)). Equilibrium melting modelling is a simple and
ideal way to ascertain the possible source and magma melting condi-
tions. According to the results of equilibrium melting of source A (Ar-
chean mafic composite) and source B (MORB) from Defant and
Drummond (1990), the granitoids might be sourced from mafic com-
posite which were melted with garnet-bearing amphibolite to eclogite
residues. Here, we examine in detail the four possible origins for the
granitoids: (1) Typical adakitic rocks formed by melting of a young oce-
anic slab in a subduction zone (Defant and Drummond, 1990; Martin
et al,, 2005; Moyen, 2009; Thorkelson and Breitsprecher, 2005);
(2) Metasomatic mantle melts that underwent a series of high-

pressure AFC (assimilation and fractional crystallization) (Castillo
et al., 1999; Manikyamba et al., 2009); (3) Thickened continental crust
melted by heating from upwelling asthenospheric mantle during de-
lamination (Chung et al., 2003; Lee et al., 2009; Wang et al., 2007b;
Xiao and Clemens, 2007; Xiao et al., 2007); (4) Partial melting of
lower crust in an intraplate setting caused by heating from upwelling
mantle (Ma et al., 2015; Qian and Hermann, 2013).

The Chicxulub granitoids reveal high K;0 contents and K;0/Na,0 ra-
tios (Fig. 4 d and Fig. 6 e), which potentially represent a K-rich
metabasaltic source (~ 1%) (Rapp and Shimizu, 2002; Xiao and
Clemens, 2007). Also, high Rb/Sr ratios (>0.05) indicate an evolved
source such as continental crust (Fig. 11 b, d). These features are con-
trary to melts sourced from oceanic crust slab, which are lower in K con-
tent (~ 1.97%), K;0/Na,O ratios (~ 0.4) (Martin et al., 2005), and Rb/Sr
(<0.05). Moreover, the Chicxulub granitoid eéNd 326ma) are 0.17-0.68,
which is lower than the value of MORB that are always larger than 4. Ac-
cording to Zr/Yb vs Nb/Yb (Fig. 8 ¢, d), the Chicxulub granitoids plot
away from the MORB region, indicating that they are unlikely to be
the products of the MORB. Therefore, the Chicxulub granitoids are un-
likely to be associated with slab melts, so we can discount the first pos-
sible explanation for their origin.

Typical high pressure differentiated adakitic rocks are sourced from
metasomatic mantle; they feature intermediate or mafic arc rocks,
which support differentiation processes (Castillo et al., 1999). The inter-
mediate or mafic arc rocks are quite distinct from the dykes in this study
for their different evolution trends (Fig. 6 and Fig. 8 ¢, d). Also, high pres-
sure differentiated adakitic rocks have similar low K,0/Na,O ratios and
large SiO, content range (Castillo et al., 1999; Macpherson et al., 2006).
Consequently, the Chicxulub granitoids are not formed from high pres-
sure differentiation, and we can rule out the second suggestion for their
origin.
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Adakitic melts from intra-continent settings are always indiscern-
ible because they contain the same geochemical features as melts
from thickened crust and require ancient crustal sources with the diag-
nostic features of lower (Sm/Yb)sy and higher Ybsy than typical adakitic
rocks from oceanic slabs (Ma et al., 2015; Qian and Hermann, 2013).
These features are not evident in granitoids in this study. More impor-
tantly, the regional tectonic setting represents a convergent margin of
Pangea, which is not consistent with an intra—-continent setting.

As for adakitic melts from thickened crust, they have typical features
like high K50 content and high K;0/Na,O0 ratios (Chung et al., 2003; Lee
etal,, 2009; Wang et al., 2006; Wang et al., 2007a). In addition, relatively
higher Rb/Sr, 87Sr/%Sr initia1y and lower eNd,y are also distinct from
adakitic rocks sourced from oceanic slabs (Wang et al., 2007a). These
kinds of K-rich adakitic rocks tend to have a larger range of Al,O3 con-
tents (Lee et al., 2009; Wang et al., 2007a), which agrees with the com-
position of the Chicxulub granitoids in this study, suggesting adakitic
granitoids. However, there are two mechanisms that can lead to the
melting of thickened crust: (1) thickened crust or mantle delamination,
and (2) slab break off. These two scenarios are discussed in Section 5.4.

5.2.2. Felsite dykes

The felsite dykes exhibit remarkable enrichments in LILE and LREE
coupled with depletions in HFSE such as Nb, Ta, and Ti (Fig. 8 a),
which are typical features of continental arc rocks (McCulloch and
Gamble, 1991). And they are consistent with the continental arc fea-
tures of both non-conservative elements (e.g. Th/Yb) and conservative
elements (e.g. Zr/Yb) mentioned in Pearce and Peate (1995) (Fig. 8 ¢, d).
Additionally, their high K,0 contents, enrichments in LREE and other in-
compatible elements demonstrate that the source of the felsite dykes
are metasomatic mantle by slab fluids, containing K-rich minerals
such as amphibole or phlogopite (Petford and Gallagher, 2001; Rapp
et al,, 1999). Slightly positive eNd(326ma) = 1.04-1.20 indicate a less
evolved metasomatic mantle source. In addition, felsite dykes may be
contaminated with crustal materials as evidenced by wall rock xenoliths
from wall rock within dykes and Pb isotopic features in Fig. 12. Also,
based on their REE patterns, the felsite dykes are similar to the
shoshonitic rocks related to slab breakoff reported in the Tibet plateau
(Lee et al., 2009) and the Alps (Davies and Blanckenburg, 1995), sug-
gesting they may be shoshonitic dykes.
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5.2.3. Dolerite dykes

According to the Th/Yb vs Nb/Yb and Zr/Yb vs Nb/Yb diagrams (Fig. 8
¢, d), the dolerite samples plot in the E-MORB region, representing an
enriched mantle source. The Ce/Y versus Zr/Nb diagram (Supplement
7), suggests that dolerite dykes in this study were possibly derived
from spinel peridotite (Hardarson and Fitton, 1991; Xia et al., 2004),
which could be the asthenospheric mantle. This is consistent with pe-
trology results of Schmieder et al. (2017), and suggests that the dolerite
dykes are a product of magma that was concomitant with the granitoids
and felsites, or a different later phase of magmatism than that of the
granitoids and felsites.

5.2.4. Constituents of the Northern Maya basement and possible sources for
the Chicxulub granitoids

Unlike the southern Maya block, there are no outcrops of high-grade
metamorphic rocks in the northern Maya block. The basement of the
northern Maya block is mainly composed of Pan-African-aged mate-
rials such as mafic tholeiitic dolerite (546 Ma) in the Gd. Victoria area,
Grenville-aged low-grade metasedimentary rocks and granodiorite
clasts from the Chicxulub impact crater, and Acadian granodiorite in
the Altos Cuchumatanes region (480-400 Ma). All these features were
presented in Ortega-Gutiérrez et al. (2018).

Zircons within impact breccias at the Chicxulub impact site and the
K-Pg boundary ejecta layer may originate from depths of up to 12 km
below the pre-impact surface (Kring and Durda, 2002). Three groups
of zircon ages reported in previous studies are categorized according
to abundance distribution: (1) 545 Ma, (2) 418 Ma, (3) 320 Ma (Kamo
and Krogh, 1995; Kamo et al., 2011; Krogh et al., 1993a; Krogh et al.,
1993b; Rasmussen et al., 2019; Schmieder et al., 2017b). The 545 Ma zir-
con ages represent Ediacaran arc materials formed in the Pan-African
orogeny, which constitutes the major part of the basement of the
Yucatan peninsula/northern Maya block (Keppie et al., 2011), while
Keppie and Keppie (2013) support the concept that most of the Yucatan
Peninsula/ northern Maya block has a Laurentian affinity. Zircon ages
from granitoids in this study (326 Ma) coincide with the aforemen-
tioned juvenile ages of zircons in impact breccias. Meanwhile, ages of
andesite or dacite in borehole Yucatan-1 are 330-290 Ma (Kring et al.,
2004; Marton and Buffler, 1994). The inherited zircon ages of 1210 Ma
from the Maya mountain (Steiner and Walker, 1996) and 1100 Ma
from the Chicxulub granitoids (Ross et al., 2019) imply that the north-
ern Maya block may also have Grenville-aged materials.

As for Nd and Hf model ages (Fig. 5 b and Fig. 12 b), those for the
granitoids in this study range from 1.1 to 0.9 Ga and the majority of
the impact breccias in the Chicxulub impact structure show Tpy; of
1.45-0.7 Ga, while the Tpy; of impact melt rocks are 1.2-1.1 Ga
(Keppie et al., 2011; Keppie et al., 2012; Kettrup and Deutsch, 2003;
Kettrup et al., 2000). These features also imply that both Pan-African-
aged basement and more juvenile materials such as Late Paleozoic orog-
eny materials were components of the target rock at the Chicxulub im-
pact site. Thus, the major basement component of the northern Maya
block appears to be Pan-African-aged materials.

Considering the possible source of the Chicxulub granitoids, several
types of Grenville-aged sources such as the high-grade metamorphic
rocks outcropping in the southern Maya region and the low-grade
metasedimentary clasts in the Chicxulub impactites are not alternatives
as their trace elements and Sr-Nd isotope characteristics are contradic-
tory to those of the Chicxulub granitoids in this study (Keppie et al.,
2012). Instead, the Pan-African-aged materials are the most probable
sources for the Chicxulub granitoids, considering their distribution,
chronological, and isotopic features. However, no continuous Pan-
African-aged materials have been recovered from the Chicxulub impact
structure so far, preventing the comparison of geochemical data. Thus,
we chose three Pan-African-aged sources from the northern Maya
block and the Carolina block to ascertain the possible starting materials
and their residues from equilibrium melting, see Supplement 4 and 5.

The mafic dolerite dykes from the northern Maya block formed by
plume-related magmatism during the Pan-African orogeny, the proxi-
mal Carolina block also contains Pan-African-aged metabasaltic rocks
(Keppie et al., 2011; Samson et al., 1995b), and the ages of Pan-
African-aged materials are similar to inherited zircons (589 Ma) in
the Chicxulub granitoids (Fig. 5 a, b). Thus, we chose three kinds of
Pan-African-aged materials from the northern Maya, northern and
southern Carolina block mentioned in Table 1 to ascertain possible or
analogous sources for the Chicxulub granitoids. They are both
metabasaltic rocks with less evolved Nd isotope values (eNdy =
+2.6-3.4, +2.0-3.5) (Dennis et al., 2004; Pollock and Hibbard, 2010),
theoretically coinciding with the source of the Chicxulub granitoids.
Source 1 (metavolcanic arc) and source 3 (dolerite dykes) are enriched
in LILE (Rb, Ba), HFSE (Nb, Ta) and HREE (Gd, Y, Lu), but modelling re-
sults only partially match the features of the Chicxulub granitoids
(Fig. 10 a, b, e, f). Source 2 (Stony Mountain gabbro) is less rich in Rb,
Ba, Nb and Ta and obviously more abundant in U and Sr (Fig. 10 c, d),
as are the Chicxulub granitoids. Fig. 10 shows the results of varying
the degree of partial melting of the starting materials between 1 and
60%. Source 2 (Stony Mountain gabbro, Fig. 10 ¢, d) produces the best
match to the source of the Chicxulub granitoids.

5.3. Magma processes of the Chicxulub granitoids

The Chicxulub granitoids in this study are simulated by melting
sources 1 to 3 with six types of residues: the partitioning coefficients
and 1-60% partial melting modelling data are shown in Supplement 4,
5 and Fig. 10. Source 2 has a wide range of SiO, (36.74-53.23 wt%),
Al,03 (9.63-16.1 wt%), MgO (2.13-23.65 wt%), K;0 (0.04-1.46 wt%),
Mg# (36-89), Sr contents (79.5-383 ppm) and Y contents
(7.33-64.6 ppm), and the results of the melting are compatible with a
source melted with garnet in the residue, specifically. The residues are
amphibolite (residue 1 and 3) or garnet-bearing granulite (residue 5
and 6) (Fig. 10 b, d, e, f). Moreover, the Nb/Ta ratio is low in the
Chicxulub granitoids (Fig. 11 a), which means that rutile does not dom-
inate in melting residues because it would have led to higher Nb/Ta ra-
tios. Positive Sr anomalies and the absence of positive or negative Eu
anomalies in the Chicxulub granitoids reveal that plagioclase is either
not dominant in residues or plagioclase fractional crystallization is neg-
ligible or, possibly, that the high Sr positive anomalies were inherited
from the features of the starting sources. All three explanations are con-
sistent with the modelling results (Fig. 10 c, d). Additionally, some low
Nb/Ta ratios in the Chicxulub granitoids suggest that either the magma
was contaminated by upper crustal materials or that the Nb/Ta ratio in
the source rock was lower than the modelled ratio (for the simulations,
we use the average Nb/Ta of the source) (Fig. 8 a and Fig. 11 a).

According to the Rb/Ba versus Rb/Sr diagram (Sylvester, 1998)
(Fig. 10 d), the magma source of the Chicxulub granitoids was most
likely clay-poor material. Likewise, the Pb isotope features indicate
that the Chicxulub granitoids are contaminated by more evolved re-
gional materials or late alteration (Fig. 12 c, d), but such contamination
does not affect the Sr-Nd isotopic features (Fig. 12 a, b). Additionally, the
Chicxulub granitoids have relatively low MgO (<3%), Ni, Y and Nb con-
tent as a whole (Fig. 7 d, e, f), thus, the involvement of mantle materials
in the generation of the Chicxulub granitoids is not significant. There-
fore, these features collectively indicate that the Chicxulub granitoids
are sourced from a less evolved lower crustal source (Fig. 12 a, b).

5.4. Geodynamic models for the K-rich adakitic Chicxulub granitoids

K-rich adakitic rocks sourced from thickened continental crust are
mainly caused by two mechanisms: delamination of thickened crust
or mantle (Chung et al., 2003; Nelson, 1992; Sacks and Secor, 1990;
Wang et al., 2006; Wang et al., 2007a) and slab breakoff (Davies and
Blanckenburg, 1995; Lee et al., 2009; Sacks and Secor, 1990). In both
of these models, asthenospheric upwelling is the cause of heating and



Table 1

J. Zhao et al. / Gondwana Research 82 (2020) 128-150

141

Possible sources chosen as starting materials for equilibrium melting, their detailed information from Dennis et al. (2004); Keppie et al. (2006); Pollock and Hibbard (2010). Their sites are

marked in Fig. 1.

Source Location Age eNd(y Inferred tectonic
setting
1 Mafic metavolcanic arc southern 540-626 Ma 20-35 Volcanic arc
rocks Carolina
2 Stony Mountain gabbro northgm 530-540 Ma 2.6-34 Arc rift-back arc
Carolina
3 Mafic dolerite dykes northern Maya 546 Ma - Rift, plume-related
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Fig. 10. Primitive-mantle (PM from Sun and McDonough (1989)) normalized patterns for equilibrium melting modelling results: melting sources are average compositions of
metamorphic Neoproterozoic volcanic arc basement in southern Carolina (Dennis et al., 2004) (Source 1) (a, b), Stony Mountain metagrabbro in northern Carolina (Pollock and
Hibbard, 2010) (Source 2) (¢, d) and Mafic dolerite dykes in northern Maya block (Keppie et al., 2006) (Source 3) (e, f). The equilibrium melting models are under the circumstance of
six types of residues: 1) 10% garnet Amphibolite (Rutile free): 0.1Grt + 0.75 Amp + 0.15Pl; 2) Amphibolite: 100% Amp; 3) 10% garnet Amphibolite (0.5% Rutile):
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rutile from Xiong et al. (2005), D for plagioclase from Severs et al. (2009), more detailed modelling results are in Supplement 5.
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melting results for eclogite (up) and amphibolite (down) after Martin et al. (2005).

melting of the thickened crust and/or mantle. However, the distribution,
type, volume and timing of magma generation are quite different in
these two models.

5.4.1. Delamination of thickened crust or mantle

This scenario occurs after collision or during the post collision period
due to the collapse of a thickened orogenic root by its high weight
(Nelson, 1992). The thickened crust or lithospheric mantle is removed
by the difference in density or by mantle convection (Kay and Kay,
1993). K-rich adakitic rocks sourced from thickened lower crust and
potassic magmatism derived from lithospheric mantle are typical fea-
tures of magmatism due to the upwelling asthenosphere (Chung et al.,
2003). The key problem with this scenario is that the onset time of
thickened crust or mantle delamination is not supported by regional
metamorphism and sedimentary records because the formation of the
Chicxulub granitoids preceded the main compressional setting (Poole

et al,, 2005). Although geochemical features of K-rich adakitic rocks in
thickened orogenic crust such as the Tibetan Plateau and the Dabie
orogenies show a good resemblance to the Chicxulub granitoids, it is un-
likely that the Chicxulub granitoids could be formed by the delamina-
tion of thickened crust or mantle without there being a period of
significant crust and mantle thickening (that generated a crustal thick-
ness of >60 km).

5.4.2. Slab breakoff

Slab breakoff can occur after the collision of two continents, when
continental lithosphere starts subducting with the oceanic slab during
the initial stage of collision, which may account for much of syn-
orogenic magmatism and metamorphism that is observed in orogenic
belts (Davies and Blanckenburg, 1995; Sacks and Secor, 1990). The
sources of magmatic rocks in this model mainly include the lower
crust, metasomatic lithospheric mantle and even the asthenospheric
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Fig. 12. Diagram of Sr-Nd-Pb isotopic features. (a). Regional Sr-Nd isotope data including Maya, Oaxaquia Suwannee and Carolina blocks, and the Late Paleozoic magmatic rocks, is from
Heatherington et al. (2010); Keppie et al. (2012); Lopez and Cameron (1997); Ruiz et al. (1988b); Samson et al. (1995a) and Ruiz et al. (1988a) Sr-Nd isotopes for foreland sediments and
tuffs from Marathon and Ouachita and Appalachian foreland sediments are similar in Nd isotopes (¢Nd(t) = —7-—10) (Gleason et al., 1995). Partition coefficients of Sr and Nd, and the
AFC models are from DePaolo (1981b), the simple mixing model is from DePaolo and Wasserburg (1979). (b). Sr-Nd isotopes for the clasts (amphibole, granite and gneiss) in the Chicxulub
impact crater are from Kettrup and Deutsch (2003). (c-d). Pb isotope data for the Grenville terrane in the southern Appalachian, the southern Appalachian terrane (Piedmont/Goochland),
the Mexican Oaxaquia and Pacific terranes, and Guichicovi complex in Maya are from Keppie and Dallmeyer (1995) and Ruiz et al. (1999), the evolution curves of upper crust, lower crust,
orogeny and mantle are from Zartman and Doe (1981). The NHRL (Northern Hemisphere reference line) is from Hart (1984). MORB (Mid-Ocean ridge basalt) region is from Zindler and

Hart (1986). Data sources and symbols are the same as in Fig. 11.

mantle, which can generate granitic or rhyolitic, alkaline to ultrapotassic
basaltic and MORB-like or OIB-like rocks, respectively (Davies and
Blanckenburg, 1995; Kay and Kay, 1993). This type of magmatism
tends to produce a linear magmatic zone because of rapid lateral slab
breakoff, and relatively small volumes of melt (Davies and
Blanckenburg, 1995; Samson et al., 1995a). When the slab breaks off,
the relatively light subducted continent becomes buoyant, and this
leads to a rapid rise in elevation. Consequently, there is an increase in
the rate of deposition of clastic sediments especially on the foreland. A
series of sedimentary records reveal that the rate of sediment deposi-
tion in the Ouachita foreland increased significantly to a maximum
thickness of ~ 16,000 m during the Late Mississippian to the Middle
Pennsylvanian (Shaulis et al., 2012), which is thicker than that in the
Marathon and Sonora region (Morris, 1989; Poole et al., 2005). These
sediments may have been derived from the southern Appalachian re-
gion (Shaulis et al., 2012), indicating a trend of rapid uplift, which was
a knock-on effect coeval with the formation of the Chicxulub granitoids
of this study. There are no Late Paleozoic detrital zircons in the Ouachita
foreland (Gleason et al., 2007), which is consistent with there being lit-
tle continental arc in the Carolina and Suwannee blocks during the as-
sembly of Pangea (Mueller et al., 2014). In contrast, the Late Paleozoic
zircons (~ 320 Ma) in the Marathon foreland may be derived from the
Las Delicias arc or the Yucatan region (Gleason et al., 2007), and the de-
trital mica (“°Ar->°Ar age of ~ 310 Ma) in the San Cayetano Formation in
western Cuba may also be sourced from the Yucatan region (Hutson
et al,, 1998). However, according to model-A from Keppie and Keppie
(2013) and Seton et al. (2012), the northern Maya block is more proxi-
mal to the Carolina and Suwannee block, whose similar basement

attributes will be discussed in Section 5.5. Furthermore, the remnant
of oceanic slab or crust is suggested in a density model obtained from
gravity data across the Ouachita Mountains and the Gulf of Mexico
(Mickus and Keller, 1992), supporting slab breakoff.

Slab breakoff often precedes the main phase of collision-driven
compression. Its corresponding magmas are generated earlier than the
termination of compressive deformation. Deformation in the Ouachita
belt began in the Middle Mississipian and ended in the Late Pennsylva-
nian (Poole et al., 2005). Therefore, this timing supports the slab
breakoff model rather than the thickened crust or mantle delamination
model. The idea that the overriding continental crust thickens during
this process has been verified by similar K-rich adakitic rocks in Tibet
(Lee et al., 2007). The high Sr/Y and Lan/Yby ratios suggest that the
lower crust in the Maya block underwent crustal thickening. However,
the low content of garnet and very low content of rutile in residues do
not favor a huge degree of crustal thickening (>60 km), which is more
likely to occur in a post-collisional period. Thus, the slab breakoff
model appears more likely than the thickened crust or mantle delami-
nation model, as it is able to explain the relatively low degree of crustal
thickening that happened in the pre-collision and syn—collision period,
when the Rheic ocean subducted beneath Gondwana.

The felsite dykes in this study are concomitant magma derived from
metasomatic mantle according to the aforementioned trace elements
features. Their slightly positive eNd ) and low 37Sr/2°Sr; ;i are indica-
tive of a less evolved metasomatic mantle source (Lee et al., 2009).
Thus, they may have formed by the heating from upwelling astheno-
sphere materials. The dolerite dykes possess features of the astheno-
spheric mantle, thus they are also consistent with a slab breakoff model.
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5.5. Comparisons of Late Paleozoic magmatism in the Maya, Oaxaquia, Su-
wannee and Carolina blocks

5.5.1. The similarities and differences of magma sources and processes

The Maya, Oaxaquia, Carolina and Suwannee blocks are significant
constituents of the Peri-Gondwanan realm, where Late Paleozoic
magmatism mainly occurred during the assembly of Pangea. The spe-
cifics of the coeval magmatism in each of these blocks can help us un-
derstand the nature of the basement at each location as well as its
tectonic evolution. The coeval magmatism on the Maya, Suwannee
and Carolina blocks resulted in overlapping isotopic features according
to Fig. 12 ¢, which suggests a collective juvenile source of Pan-
African-aged materials (i.e. not Grenvillian-aged materials). We chose
the least evolved Las Delicias arc in the Oaxaquia block and Alleghanian
granite in the Carolina block as parental magma endmembers and the
most evolved foreland sediments from the Marathon and Ouachita
Orogen as evolved endmembers to ascertain the AFC processes by Sr-
Nd isotopes. The modelling results are shown in Supplement 6.

5.5.1.1. Oaxaquia block. The Las Delicias region in Coahuila has outcrops
of peperite, granites and dacite ash. Their lower Rb/Sr ratios (mostly
<0.05), and typical arc features, such as negative anomalies in Nb and
Ti, enrichments in LILE, and depletion in HREE (Fig. 8 b), point to a
link with continental arc magmatism (Lopez and Cameron, 1997). The
lower Rb/Sr and La/Yb ratios represent the absence of crust contamina-
tion processes, which may imply a thin crust (Lopez and Cameron,
1997). Their positive range of eNd (t) values (42.7-5.45) and higher
875r/%5Sr (t) ratios (0.7050-0.7070, 0.71) collectively indicate that
their sources are slab-fluid metasomatic mantle materials, and AFC pro-
cesses mainly appear as plagioclase fractional crystallization with mini-
mal contamination from upper crustal materials. As the western part of
the Marathon-Ouachita-Appalachian orogen, the Oaxaquia block
contained only continental arc magmatic rocks during the convergence
of Pangea (McKee et al., 1988, 1999; Ortega-Gutiérrez et al., 2018).
These features suggest a continuous continental arc setting for the
Oaxaquia block during the assembly of Pangea.

5.5.1.2. Suwannee block. Late Paleozoic magmatism is scarce in the Su-
wannee block, possibly because it is concealed by Mesozoic cover simi-
lar to the Maya block (Mueller et al., 2014). However, A-type granites
related to post-collisional, lithospheric delamination events
(Heatherington et al., 2010) were recovered in drill cores. They display
high K,0 contents, high Rb/Sr ratios (Fig. 11 b, d), intermediate 7Sr/36sr
(300ma) = 0.70377 (Fig. 12 a), Tppy of 1.1-0.7 Ga and inherited zircon
ages of 560 Ma and 1.2-1.0 Ga (Table. 2). All these features reveal that
these granites were sourced from less evolved Pan-African crust. More-
over, high Y (22.8-46.8 ppm), Nb (22.3-68.9 ppm) and low Y/Nb (<1.2)
are indicators for the involvement of asthenospheric mantle (Fig. 11 c, e,
f) (Heatherington et al., 2010). According to AFC processes modelled by
Sr-Nd isotopes, Suwannee granites have a high 87Sr/*®Sr(3opa), indica-
tive of contamination with upper crustal materials (Heatherington
et al.,, 2010) (Fig. 12 a), meanwhile, they do show obvious contamina-
tion with upper crustal materials according to the Rb/Sr versus Rb/Ba di-
agram (Fig. 11 d).

Table 2

5.5.1.3. Carolina block. The Carolina block hosts extensive Late Paleozoic
magmatic rocks, especially Alleghanian granites, that are attributed to
post—collisional or strike-slip tectonic environments (Heatherington
et al,, 2010; Mueller et al., 2014). Some of them are divided into A-
type granites for their high Ga/Al ratios. Most of them are not related
to continental arc rocks (Samson et al., 1995a; Speer and Hoff, 1997;
Speer et al., 1994), and most of the Alleghanian granites are K-rich
and show high Rb/Sr ratios and Nb + Y contents, which demonstrates
more involvement of upper crustal and asthenospheric mantle mate-
rials. The Rb/Ba versus Rb/Sr diagram (Fig. 11 d), indicates that the pa-
rental magma of the Alleghanian granites from Carolina and/or Inner
Piedmont involved more upper crustal materials (clay-rich sources)
than the parental magma for the Chicxulub granitoids in this study.
The negative Sr anomalies (Fig. 8 b) reveal that the parental magma of
Alleghanian granites may have been affected by the fractional crystalli-
zation of plagioclase (Fig. 11 e, f). However, some Alleghanian granites
show a trend of amphibolite fractional crystallization through low Ds;
and high Dyg (DePaolo, 1981b) (Fig. 11 a), which may explain some
positive Sr anomalies in Alleghanian granites. An alternative explana-
tion is that amphibolite was part of the residue when the source melted.
As for the source of Alleghanian granites in the Carolina block, they are
more similar to source 1 (mafic metavolcanic arc rocks) because of their
high contents of LILE.

In summary, the coeval granitoids in the Maya, Suwannee and Caro-
lina blocks display similarities in their mineral assemblages, high K, Rb/
Sr ratios and juvenile isotopic characteristics, which suggests that they
may have been sourced from a similar juvenile lower crustal basement
(Pan-African materials) (Heatherington et al., 1997; Keppie et al., 2011;
Keppie et al., 2012; Samson et al., 1995a). It is possible that the
Chicxulub granitoids are the western extension of the Alleghanian gran-
ites. The major divergences in trace elements such as Rb, Sr, Ba, Nb and Y
are caused by different AFC processes such as the involvement of upper
crustal or asthenospheric mantle materials and plagioclase or amphi-
bole fractional crystallization. Magmatism in the Oaxaquia block, ap-
pears to have been sourced from less enriched continental
lithospheric mantle (Lopez and Cameron, 1997).

5.5.2. The asynchronous magmatism along the convergent margin of
Pangea

The supercontinent Pangea formed by asynchronous collision be-
tween Gondwana and Laurentia (Poole et al., 2005) during the
Marathon-Ouachita-Appalachian orogeny. Deformation in three seg-
ments of the Marathon-Ouachita-Appalachian orogen began approxi-
mately in the Middle to Late Mississippian, and ended diachronously
in the Early Permian in the Marathon region, the Late Pennsylvanian
in the Ouachita Mountains, and the Middle Pennsylvanian in the south-
ern Appalachian region (Dallmeyer et al., 1986; Poole et al., 2005; Sacks
and Secor, 1990). Therefore, the convergence between Gondwana and
Laurentia commenced simultaneously, but ended earlier in the east
and later in the west (Poole et al., 2005). The Late Paleozoic magmatism
in the Oaxaquia, Maya, Suwannee, and Carolina blocks occurred from
west to east at 331-270 Ma (Lopez and Cameron, 1997), 326 + 5 Ma
(in this study), 296-295 Ma (Heatherington et al., 2010), and
335-285 Ma (Samson et al., 1995a; Winchester, 2013), respectively
(Table 2). Magmatism roughly coincided with orogenic deformation pe-
riods, which hints at their evolutionary relationship in space and time. It

Comparison of Late Paleozoic magmatic rocks in the Carolina, Suwannee, Maya and Oaxaquia blocks. These features are summarized from Heatherington et al. (2010); Lopez and Cameron

(1997); Speer and Hoff (1997).

Magmatism Age Inherited zircons Possible basement eNd(t) Inferred tectonic setting

Carolina 285-326 Ma -— Pan-African —6.2-2.67 Post—collisional

Suwannee 294-296 Ma 560 Ma/1100-1200 Ma Pan-African or Grenvillian —1-16 Post-collisional

Maya 326 + 5.3 Ma 589 Ma/1100 Ma Pan-African or Grenvillian 0.17-0.68 Pre- or syn-collisional
to post—collisional

Oaxaquia 270-331 Ma —-— Grenvillian —2.17-5.45 Continental arc




J. Zhao et al. / Gondwana Research 82 (2020) 128-150 145

is plausible that magmatism ended earlier in the east and later in the
west in the Marathon-Ouachita—Appalachian orogen.

To ascertain the continuity of delamination via related magmatism
in the Marathon-Ouachita—Appalachian orogen, the ending time of con-
tinental arc magmatism in this orogeny is key evidence. As discussed
above, although Alleghanian granites may have formed due to some
early continental arc magmatism (east Blue Ridge) (Winchester,
2013), the major granites are from crustal sources which indicates
that the continental arc setting ended early in the southern Appalachian
region. Meanwhile, there are some continental arc rocks in the Maya
block (such as tuffs and andesite) (Marton and Buffler, 1994), but syn-
chronous Chicxulub granitoids represent the products of lower crustal
melting. This indicates a transformation from pre-collisional to syn-
collisional or post-collisional magmatism and a continuous delamina-
tion in the Marathon-Ouachita-Appalachian orogen from the Carolina
block to the Maya block. The continuous continental arc magmatism
in the Oaxaquia block suggests it did not undergo the delamination pro-
cess; this finding may imply that there was an interruption of delamina-
tion between the Maya and Oaxaquia blocks.

5.5.3. Comparison of geodynamic mechanisms

With the closing of the Rheic ocean, heat from the upwelling as-
thenosphere during delamination may have acted as a driving force to
generate the Alleghanian granites by melting Pan-African-aged lower
crust in the Carolina and Suwannee blocks (Heatherington et al., 2010;
Sacks and Secor, 1990; Speer and Hoff, 1997). In contrast to the
Chicxulub granitoids and Alleghanian granites, Sr/Y and La/Yb ratios
suggest that, there is no obvious evidence of crustal thickening in the
Carolina and Suwannee blocks. Thus, these findings do not completely
support the delamination of thickened crust and mantle throughout
the Marathon-Ouachita-Appalachian orogen. Additionally, in the
Oaxaquia block, the Late Paleozoic magmatism shows a continental
arc setting from beginning to end. And the Chicxulub granitoids (non-
continental arc rocks) in this study, plus some coeval continental arc
rocks in boreholes in the Maya block (Marton and Buffler, 1994) and
the presence of tuffs (continental arc type) with nearly similar ages in
the Ouachita foreland (Loomis et al., 1994; Poole et al., 2005; Shaulis
et al,, 2012) are not consistent with a transpressional model. Therefore,
the crust thickening model and transpressional model seem unable to
completely explain this phenomenon across the whole region including
the Carolina, Suwannee, Maya and Oaxaquia blocks. A different mecha-
nism is required to explain the transformation mechanism from conti-
nental arc to syn-collisional or post-collisional magmatism.

Considering the approximate simultaneity of magmatism and meta-
morphism in these three blocks, and the effects of the slab breakoff
model in the southern Appalachian region reported in previous studies
(Nelson, 1992; Sacks and Secor, 1990; Samson et al., 1995a), a tearing
slab breakoff model was put forward (Fig. 13) to explain the differences
and similarities of magmatism and tectonism over the whole region
during the Marathon-Ouachita-Appalachian orogeny. Slab breakoff
would commence in a certain place and propagate along strike
(Yoshioka and Wortel, 1995). The detached slab would give an addi-
tional drag force on the adjacent undetached slab, and promote the lat-
eral propagation (Wortel and Spakman, 1992). Plausibly, the depth of
detachment will migrate into a deeper level owing to the resultant
force of both the lower slab and the neighboring detached slab. On the
other hand, the rate of convergence could affect the depth of breakoff
(Davies and Blanckenburg, 1995). This model can explain some major
features of the magmatism along the Marathon-Ouachita-Appalachian
orogen (Fig. 1 and Fig. 13 a, b):

(1) Syn-collisional or post-collisional magmatism and very minor
pre-collisional magmatism occurred in the east of the
Marathon-Ouachita-Appalachian orogen (Carolina block), in
contrast, abundant continental arc magmatic rocks were
emplaced in the west (Oaxaquia block) (Dickinson, 2009;

Dickinson and Lawton, 2001). This style of magmatism can be at-
tributed to the depth of the breakoff site. According to the timing
of magmatism, slab breakoff commenced in the Carolina block at
arelatively shallow depth so that there are no metasomatic man-
tle materials to facilitate the formation of continental arc
magmatism (Fig. 12 ¢, d). The slab gradually detaches deeper in
the Maya block, causing the melting of metasomatic mantle ma-
terials above the detaching site to generate both syn- or post-

collisional magma and continental arc magma (Fig. 13 ¢, e).

Due to a deeper breakoff site or no slab break off in the west,

only continental arc magmas were generated in the Oaxaquia

block (Fig. 13 ¢, e).

All the Late Paleozoic magmatism in the three blocks (Carolina,

Suwannee and Maya) is dispersed along the Marathon-

Ouachita-Appalachian orogen. The volume, east-to-west along

strike and gradual age changes of Late Paleozoic magmatism

along the Peri-Gondwanan realm resemble magmatism caused
by the tearing slab breakoff model in Tibet and the Alps (Davies
and Blanckenburg, 1995; Zhang et al., 2014) because slab
breakoff leads to magmatism distributed linearly with relatively
smaller volumes than those generated by thickened crust delam-
ination (Davies and Blanckenburg, 1995; Samson et al., 1995a).

The Y/Nb ratios of Alleghanian granites in the Suwannee block

are lower than that of Alleghanian granites in the Carolina

block, while the 10000*(Ga/Al) values are higher

(Heatherington et al.,, 2010). The A-type Alleghanian granites in

the Suwannee block were likely caused by the direction of up-

welling asthenospheric mantle in the right of Fig. 13 f, which is
quite similar to the popular slab rollback model for the formation
of A-type granites (Li et al., 2014). Therefore, the timing of the
granites formation in the Suwannne block and Carolina block
may be a bit different. More importantly, the occurrence of the

K-rich adakitic Chicxulub granitoids further supports the slab

breakoff model.

(3) The contributions of upper crustal and asthenospheric mantle
are divergent in granitoids in the Maya block and Carolina
block, which could also be related to the depth of the slab
breakoff site. Different contributing portions from mantle and
upper crustal materials involved in the formation of these Late
Paleozoic magmatic rocks in three blocks can be observed. If
the asthenospheric mantle upwells at a shallow site (e.g.
shallower than 50 km) (Davies and Blanckenburg, 1995), de-
compression will cause it to melt, and more characteristics of as-
thenospheric mantle will be imparted into crustal melts such as
the Alleghanian granites (high Nb and Y content). If such as-
thenospheric mantle upwells at a deeper site (e.g. deeper than
50 km), such as in the Maya block, the asthenosphere would
not melt and, instead, would merely heat the overlying metaso-
matic mantle and crust that has been thickened. Therefore, less
asthenospheric materials would become involved in the
resulting magma.

—~
N
—

6. Conclusions

(1) We report the first U-Pb age of 326 + 5 Ma from zircons in the
Chicxulub granitoids from the peak ring of the Chicxulub impact
crater. This age contrasts with the dominant Pan-African-aged
zircon population revovered from K-Pg boundary sections and
other Chicxulub-related deposits, in which zircons with carbonif-
erous ages are rare. Meanwhile, the Chicxulub granitoids repre-
sent the extensional magmatic expressions of Alleghanian
granites (335-285 Ma) during the assembly of Pangea.

(2) The Late Paleozoic Chicxulub granitoids are K-rich adakitic rocks
derived from the melting of thickened crust with a residue of
garnet-bearing amphibolite or garnet-bearing granulite.
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Fig. 13. Schematic models for Late Paleozoic magmatic activities on the Carolina, Suwannee, Maya and Oaxaquia blocks, diagram a, b are modified from Mueller et al. (2014), Weber et al.
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Thickened crust was heated by upwelling asthenospheric man-
tle, which resulted from slab breakoff. These processes also
caused metasomatic mantle melting, which generated the intru-
sions of shoshonitic felsite. Dolerite dykes represent astheno-
spheric mantle derived melts that may be related to this
geodynamic process or a later Mesozoic episode.

(3) Hfmodel ages in zircons, Nd model ages and equilibrium melting
models of trace elements reveal that the Chicxulub granitoids
were sourced from a juvenile lower crust (Pan-African Orogeny
materials) that was similar to the basement of the Carolina
block. The northern Maya block (the site of the Chicxulub impact
crater) was proximal to the Carolina block and Suwannee blocks
during the assembly of Pangea. Coeval magmatic rocks on the Su-
wannee and the Carolina blocks also have similar sources, but in-
volve more upper crustal and asthenospheric mantle materials.

(4) The similarities and differences of magmatic expressions in the
Oaxaquia, Maya, Suwannee and Carolina blocks are consistent
with asynchronous convergence and a tearing slab breakoff
that propagated from east to west during the formation of
Pangea. The depth of slab breakoff is responsible for the diver-
gence in magma types in the Oaxaquia, Maya, Suwannee and
Carolina blocks, that occurred during the assembly of Pangea.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2019.12.003.
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