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Abstract

Two cores from Brazos, Texas, spanning the Cretaceous—Paleogene (K—P) boundary, are investigated by a multidisciplinary
approach aiming at unraveling environmental changes and sequence stratigraphic setting. In addition, the sedimentology of the K—
P event deposit and its correlation with the K—P boundary is studied. Foraminifera and nannofossil stratigraphy indicates that both
cores include a latest Maastrichtian (Zone CF1-CF2) and earliest Danian (PO, Pa and Pla) shale sequence with a sandy and
Chicxulub ejecta-bearing event deposit at the K—P boundary; a hiatus of unknown duration may be present by the unconformable
base of the event deposit. Planktic foraminifera as well as calcareous nannofossil abundance and diversity both decline abruptly
above the event deposit (K—P mass extinction), whereas benthic foraminifera show a pronounced faunal change but no mass
extinction.

Mineralogical and geochemical proxies suggest that—except for the sandwiched K—P event deposit-no facies change took place
across the K—P boundary and no evidence for adverse an- or dysoxic sedimentary conditions following the Chicxulub impact was
observed. Therefore, the interval bracketing the K—P event deposit is considered as highstand systems tract. Increased coarse detritus
input and low planktic/benthic (P/B) foraminifera ratios during the earliest Paleocene (PO and Pa) both suggest an increased coastal
proximity or relative sea-level lowering, although the K—P mass extinction of planktic foraminifera might have influenced the P/B
ratios as well. Consequently, the sandy shales of the early Paleocene are considered as late regressive highstand or as lowstand deposit.
During Pla, shales assigned as transgressive systems tract overlie a pyrite- and glauconite-rich bioturbated transgressive surface or
type-2-sequence boundary. The smectite-dominated clay assemblage, with minor illite, kaolinite and chlorite indicates semiarid—
humid climates with no obvious shifts across the K—P boundary. The magnetic susceptibility signature during the Maastrichtian
reveals a subtle cyclic (or rhythmic) pattern, whereas a high-amplitude cyclic pattern is present during the early Danian.

The K-P event deposit shows a succession of high-energetic debris flows and turbidites derived from multiple source areas,
followed by a period of decreasing current energy. Deposition was likely triggered by multiple tsunami or tempestites followed by a
prolonged period of reworking and settling. The Chicxulub ejecta at the base of the K—P event deposit consists of Mg-rich smectite-
as well as Fe-Mg-rich chlorite—spherules. Their mineralogical composition points to target rocks of mafic to intermediate
composition, presumably situated in the northwestern sector of the Chicxulub impact structure. Besides these silicic phases, the
most prominent ejecta components are limestone clasts, accretionary carbonate clasts, and microspar, suggesting that the Texas area
received ejecta also from shallow, carbonate-rich lithologies at the impact site on the Yucatan carbonate platform. The excellent
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correlation of Chicxulub ejecta at Brazos with ejecta found in
extinction — provides no evidence that Chicxulub predated th
boundary at the event deposit.

© 2005 Elsevier B.V. All rights reserved.
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the K—P boundary layer worldwide — along with the associated mass
¢ K-P boundary and allows for unequivocal positioning of the K-P
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1. Introduction

Establishing a causal link between the mass extinc-
tion and the impact event at the Cretaceous—Paleogene
(K—P) boundary has continued to attract geoscientists
since the discovery of the Chicxulub impact site in
southern Mexico (e.g., Ryder et al., 1996; Koeberl
and MacLeod, 2002). Despite compelling evidence for
the relationship between this impact event and the
mass extinction, it is argued that gradual biotic and
environmental changes preceded the impact level,
deteriorating the Late Cretaceous fauna and flora
(e.g., Keller et al., 1998a). Among the additional
mechanisms of global change prior to the K—P bound-
ary are Deccan Trap volcanism, multiple impacts, sea-
level fluctuations, and climate change (Keller and

The study of marine sediments from the northwest-
ern Gulf of Mexico has played a central role in this
discussion. Prominent K—P localities from along this
region include Mimbral (NE Mexico), Braggs (Ala-
bama), and Brazos River in Texas (Fig. 1; Smit et al.,
1996). Specifically, the shales and marls exposed along
the Brazos River in Texas provide an excellent oppor-
tunity for studying the K—P boundary since they bear an
expanded record of environmental and ecological
changes across the boundary (Hansen et al., 1987,
1993a,b; Keller, 1989a). In addition, the Brazos K—P
sections include an event deposit that is frequently
present in Gulf of Mexico K—P sections and reveals
evidence for the sedimentary disturbances and ejecta
associated with the Chicxulub impact event (Bourgeois
et al., 1988; Yancey, 1996; Heymann et al., 1998). This
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Wignall, 2001). fill resulting from a latest Maastrichtian lowstand (Stin-
90° 60°
~_ O Red Deer Valley
T Canada
Lance Creek, 1 M
Sussex ~ Dogie Creek ... \ PRI
Teapot O - DSDP Leg 43
o) Dome / United States ODP Leg 174AX o Is
N Faton &) ' of America ' ¥
Basin . ‘ oDSDP Leg 93
. “Antioch Church
~_ , Brazgs Braggs ODP Leg 171 o
A @ DSDP Leg 2
Ha"fg%gg;;f’@ Gyl pspp Opsor site 309
T . Lleg77 Atlanti
El Perion Mexico antic
EI Mimbral . O Moncada
o . % Cuba . o
g Mexico O 5ol hiaiti &
Pazific 0T Be’_fze Beloc
El Caribe { /3_\’2;‘_;/ ogp Leg 165
<% Chicxulub impact strukture - I ODP Leg 207
QO K-P boundary cores and sections A Y ""‘:\_\_Yﬂ!szuela
@ This study .. Late Maastrichtian shoreline ~ Colombia \'f:\
90° 60°

Fig. 1. Gulf of Mexico with adjacent areas and K—P boundary sections referred to in this study. Position of Latest Cretaceous shoreline and Western

Interior Seaway according to Kennedy et al. (1998).



P. Schulte et al. / Sedimentary Geology 184 (2006) 77—-109

nesbeck et al., 1996), although most authors consider
this deposit as tsunamite or tempestite genetically
linked to the Chicxulub impact (Olsson and Liu,
1993; Smit et al., 1996; Schulte et al., 2003; Lawton
et al., 2005).

Moreover, at Brazos, a distinct 10- to 25-cm-thick
barren shale interval is ‘sandwiched’ between the Chic-
xulub ejecta and the first occurrence of Paleogene
microfossils (Keller, 1989a; Gartner, 1996), similarly
to the Yaxcopoil core from within the Chicxulub impact
basin (see Goto et al., 2004; Keller et al., 2004; Smit et
al., 2004). The stratigraphic position of this shale inter-
val-whether it can be assigned to the late Maastrichtian
or to the earliest Danian—is currently at issue.

Here, we provide an integrated study of the sedi-
mentology, micropaleontology, mineralogy, geochemis-
try, and magnetic susceptibility from two cores drilled
close to the famous Brazos River sections to address
long- and short-term facies changes and depositional
events. The rationale for our combined methodological
approach was (i) to detect shifts in the position of the
shoreline, (ii) to determine variations of the sediment
provenance, and (iii) to assess paleoclimatic changes in
the hinterland. In addition, this multidisciplinary ap-
proach also allows us to characterize the Chicxulub
ejecta.

Preliminary data from the two Brazos cores pub-
lished in Mai et al. (2003) and Schulte (2003) showed
that the Brazos cores yielded no evidence for pro-
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nounced trans- or regressions until the early Danian,
which shows a regressive event. Moreover, the Brazos
cores yield a detailed record of Chicxulub ejecta and
1.6 m (!) of laminated dark shales between the Chicxu-
lub ejecta- and mass extinction-horizon and the first
appearance of Paleogene microfossils. However, corre-
lation of the Chicxulub ejecta with K—P sections at
greater distance to Chicxulub allows for unequivocally
constraining the stratigraphic position of the
‘sandwiched’ shale unit as of earliest Danian age.

1.1. Locality and geological setting

The Brazos K—P outcrop area is situated along the
Brazos River between Waco and Hearne (Figs. 1 and
2A) in south-central Texas. At present, some 15-20
Cretaceous—Paleogene outcrops and cores from the
Brazos riverbed, the adjacent Cottonmouth Creek, and
the Darting Minnow Creek are documented in the
Brazos area (Fig. 2B and Hansen et al., 1987,
1993a,b; Yancey, 1996). The Brazos cores investigated
for this study were drilled in close proximity at the
western side of the Brazos River, about 370 m down-
stream from the Texas Highway 413 Bridge, which is
located near the crossing between Texas Highway 413
and 1773 (Fig. 2B).

Paleogeographically, the Brazos area is located at the
entrance to the Western Interior Seaway on the shallow
northern Gulf of Mexico shelf (see Fig. 1 and Kennedy
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et al., 1998; Sweet and Braman, 2001). This region is
known for nearly continuous, and predominantly silici-
clastic sedimentation during the Late Cretaceous and
the early Paleogene (Davidoff and Yancey, 1993).
Quantities of sediment supply have generally been
higher than the development of accommodation space
on the continental shelf, resulting in an outward pro-
grading shelf margin and an overall shallowing trend
from the Latest Cretaceous to the late Eocene (Davidoff
and Yancey, 1993). Therefore, marine sediments at the
Brazos river site reflect a general trend from mid-to-
outer shelf settings during the Latest Cretaceous—early
Paleocene (shelf-slope break at approximately 100 km
down-dip of the Brazos river outcrops) to a non-marine
setting by the Eocene (basinward migration of the shelf-
slope break). This general trend of environmental
change in the Brazos area and the progradation of the
Paleogene shelf margin has been modified substantially
by variations in sediment supply and eustatic sea level
(cf. Galloway, 1989).

1.2. Previous results from K—P studies at Brazos, Texas

Hansen et al. (1987) and Bourgeois et al. (1988)
were the first to describe the sedimentology and the
faunal patterns across the K—P boundary at Brazos,
Texas. These studies revealed distinct sedimentary
structures (“tsunamites or tempestites”) and an abrupt
mass extinction at the K-P boundary that both were
possibly related to an impact event —even long before
the location of the K—P impact at Chicxulub had been
found at around 1990 (Hildebrand et al., 1991). Based
on foraminiferal data, however, Keller (1989a) and
Keller and Stinnesbeck (1996) considered the K-P
boundary sequence rather as sea-level lowstand deposit.
In turn, subsequent sedimentological investigations by
Smit et al. (1996) and Yancey (1996), further strength-
ened the case for impact-related tsunami or tempestite
deposition at the K—P boundary. Consequently, both
studies suggested that no major sea-level changes are
detectable during this interval, besides a possible se-
quence boundary in the early Danian.

The most disputed “critical” interval of the Brazos
K—P boundary, however, is the 15- to 25-cm-thick shale
‘sandwiched’ between the event deposit and the first
appearance of Paleogene microfossils. High-resolution
grain-size analysis by Smit et al. (1996) showed that
this interval is normal-graded and hence, most likely
reflects a short-term deposit from settling from the
water-column. In spite of these detailed sedimentolog-
ical studies, information about Chicxulub ejecta pre-
served in the event deposit has remained sparse.

Preserved ejecta spherules are commonly of green
color, hollow, and very fragile (Smit et al., 1996; Yan-
cey, 1996) and sometimes even dismissed as glauconite
grains (Keller and Stinnesbeck, 1996), whereas glassy
ejecta particles have not been reported yet.

Magnetic susceptibility (MS) studies have not yet
been conducted in the Brazos area, although a number
of globally distributed K—P sections and cores have
been investigated (e.g., Ellwood et al., 2003). Ellwood
et al. interpreted the results of their measurements on
cores from Oman, Italy, the Caribbean and the North
Atlantic to show a common signal of regression across
the K—P boundary immediately followed by a trans-
gression. In addition, Herbert et al. (1995) and Herbert
(1999) used the MS pattern and the sediment reflec-
tance data to constrain the timing of the K—P boundary
by incorporating Maastrichtian and Paleocene sedimen-
tary (Milankovitch) cyclicity.

2. Methods

Optical microscopy of resin-stained thin sections
was performed to assess the textural and mineralogical
properties. For the mineralogical, geochemical, and
magnetic analyses, samples were dried, crushed, and
finely ground in an agate mill.

Samples were prepared for planktic foraminiferal
biostratigraphic analysis at the University of Karlsruhe
by using two size fractions (38—63 um and >63 um)
after methods given by Pardo et al. (1996). The fraction
>125 um was used for qualitative and quantitative
benthic foraminiferal analysis. For nannofossil biostra-
tigraphy, sample material was ultrasonically cleaned at
the University of Bremen in a weak ammonium solu-
tion for 3 min. The resulting suspension was allowed to
settle for 3 min and the water decanted. The deposit was
then again brought into suspension and a few drops
spread over a graphitic scanning electron microscope
(SEM) stub. After drying and coating with gold, the
stub was observed in a SEM at 2500 magnification.

Non-clay and clay mineralogy was analyzed by X-
ray diffractometry (XRD) at the Geological Institute of
the University of Neuchatel, with a SCINTAG XRD
2000 diffractometer and Cu-Ka-radiation. Diffracto-
grams were evaluated with the MacDIFF software
(freeware by R. Petschick, University of Frankfurt,
see Petschick et al., 1996). In absence of a reliable
internal standardization, the non-clay mineralogy is
reported as counts per second. However, XRD analyses
were conducted during one sample run to ensure the
relative comparability of the data. The semiquantitative
estimation of the relative abundance of the clay miner-
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als (given in % of the clay fraction) was conducted by
using the ratios of the weighted peak areas of smectite
(weighting factor ‘1°), chlorite (‘2°), illite (‘4”), and
kaolinite (‘2°) from glycolated specimens according to
Biscaye (1965).

Major elements were determined by wavelength-
dispersive X-ray fluorescence spectrometry (WDS) at
the Institute for Mineralogy and Geochemistry, Univer-
sity of Karlsruhe, with a SRS 303 AS XRF. For these
analyses, fused glass discs were prepared from a mix-
ture of 1 g ignited powder of each sample and 4 g of
SPECTROMELT. Major elements were evaluated by a
fundamental parameter calibration procedure. Trace ele-
ments (Cr, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Ba, La, Ce,
and Pb) were analyzed from bulk powder samples (5 g)
by energy-dispersive X-ray fluorescence spectrometry
(EDS) with a SPECTRACE 5000 X-ray analyzer at the
same institute. Trace elements were determined using a
Compton and intensity matrix correction procedure.
Detailed analytical procedures, detection limits, and
standards used were compiled by Kramar (1997).

The magnetic susceptibility (MS) was determined at
the magnetic laboratory of the University of Heidelberg
in low fields (300 A/m, 920 Hz) with a Kappabridge
KLF-3 (AGICO). Three aliquots with 7 g bulk powder
of every sample were measured and a mean value
calculated.

Wavelength-dispersive (WDS) and energy-disper-
sive (EDS) electron microprobe analyses (EMPA), as
well as back-scattered electron (BSE) images were
performed with a CAMECA SX50 microprobe on
polished, carbon-coated thin sections at the Laboratory
for Electron Microscopy, University of Karlsruhe.
Quantitative (WDS) microprobe analyses were carried
out using the crystals TAP (Si, Al), PET (Ti, Ca, K),
RAP (Mg, Na) and LiF (Fe, Mn). All quantitative major
element analyses were calibrated with the following
standards: Fe: Fe,O5; Si: wollastonite; Mg: MgO; K:
orthoclase; Ca, Al: anorthite; Ti: MnTiOs; Na: albite.
Accelerating voltage was set to 15-20 kV with a pri-
mary beam of 15 nA; counting times of 20—40 s were
used per element. Detection limits are in the range
between 0.5 and 1 wt.%. Oxide percentages were cal-
culated using a ZAF correction program (Fialin, 1988).

3. Results and interpretation
3.1. Lithostratigraphy and sedimentology
The detailed lithology of the two Brazos cores as

well as the subdivision of the Brazos K—P interval into
the corresponding lithological units ‘A’ to ‘I’ of Hansen

et al. (1987, 1993a) is shown in Fig. 3. The K-P event
deposit is outlined in Fig. 4 that also includes the
lithological units ‘BCB’ to ‘RPH’ introduced by Yan-
cey (1996).

3.1.1. Corsicana Formation (Unit A)

The Corsicana Formation (Unit A) comprises the
lower 0.8 and 6.7 m of cores 1 and 2, respectively, and
consists of friable dark grey—brown shale, which is
slightly laminated. The Corsicana shales include shell
hash and small mollusks; evidence for bioturbation is
rare. In both cores, the 20- to 40-cm-thick topmost
interval of these shales is devoid of lamination and
strongly disturbed. Unit A is interpreted as ‘mud’
deposited between, or slightly below, fair-weather
and storm wave base; storm-driven currents probably
led to intermittent reworking of shells (Hansen et al.,
1987, 1993b; Kerr and Eyles, 1991). However, no
distinct sand- or silt-layers have been observed, sug-
gesting that reworking by currents acted on a local
scale. The lamination of the shales may record subtle
changes in the texture and discharge of suspended
sediment or may be a later, diagenetic texture (Schie-
ber, 1998).

3.1.2. Littig member of the Kincaid Fm. (Unit B-I)

The Corsicana Fm. is disconformably overlain by
the Littig Member of the Kincaid Formation (Yancey,
1996). The basal part of the Littig Member is a 0.2- to
0.4-m spherule-rich, sandy-silty, and carbonate-rich
sequence, commonly referred to as “K—P event depos-
it”, which comprises Units B to F.

The basal Unit B (BCB, basal conglomerate bed) is
a 10-cm-thick brown, disturbed shale with cm-sized
shale clasts. It is rich in shell hash and shows no
lamination. The sedimentologic characteristics of Unit
B meet the criteria suggested by various authors to be
indicative of an origin from a debris flow (e.g., Iverson,
1997; Mulder and Alexander, 2001). Yancey (1996) has
drawn a similar conclusion for the basal part of the
Brazos event deposit.

Unit C (SCB, spherulitic conglomerate bed) is a 8-
cm-thick, normal-graded spherule-rich layer, speckled
with green, black, red, white, grey mm-sized ejecta—
spherules. However, this unit lacks bedding and sorting
characteristics typical of primary fallout deposition
(e.g., Fisher and Schmincke, 1984; Bitschene and
Schmincke, 1991), but shows characteristics of deposi-
tion from grain-dominated debris flows with decreasing
current energy (e.g., Iverson, 1997; Mulder and Alex-
ander, 2001), in line with the interpretation of Yancey
(1996).



82 P. Schulte et al. / Sedimentary Geology 184 (2006) 77109

0|8 g Brazos core 1 olE| g Brazos core 2
2IE|lB 2|Ela
a2 & Lithology Samples Remarks|Units| #|2| & |[Lithology Samples Remarks| Units
E[MPEZ==T ° pisgah shale: c|e[M|== 7 iss Fissile Littigshale, [ G_|
= = laminated, no J <1 % i50 dark color, no shells| " F
-Sg’ = bioturbation, rare o 5 K-P event deposit
b = shell hash K-A = ) B-E
[l ) ) 3 40 Disturbed shale
=1 1 -45 === Pyrite horizon 1 e __| |
g Increased :
glauconite, =
- sandand '30
- bioturbation )
2 -40 2
Littig shale:
[ =
o _ sandy and
@l 5 _nz Calcareous, gradual 3
E ~* increased sand
u? _ upsection, of | c
clo " grey-brown color, e
=] _ fossiliferous (shells 2 g Corsicana shale:
g E 4 and shell hash % 5|4 slightly laminated,
b4 " upward =L of dark grey-brown
i " increasing); rare ﬁ o color, fossiliferous
o bioturbation ols (shell hash and A
E g 5 small mollusks); rare
2l 5 ) 5] 5 bioturbation
£ =25 (&)
= -
= -
2 -
= g
6 -20 Figsile Littig shale, 5
- almost unfossilifer-
= ous, dark brown and
~  not bioturbated. It G
© contains pyrite,
7 =15 spherules and 7
- limestone clasts
[P “10 K-P event deposit| E-F
=[E - Disturbed shale o
%8| g : & Eshate [=] Man [:]sand [Po]shale clasts
Sla s Corsicanashale | A o
s 8 51 3 Sherl hashE, Spherules Bioturbalion

Fig. 3. Stratigraphy and lithology of (A) Brazos core 1 and (B) Brazos core 2.

Unit D (GSB, granular sand bed) consists of 0.5- to
I-cm-thick thin silty—sandy layers that are intercalated
in the upper part of Unit C and lower part of Unit E.
The spherules, limestone clasts (accretionary lapilli),
shale clasts, phosphatized particles, and sand-sized car-
bonate-rich material in Unit C, as well as the thin
intercalated layers of micaceous silt-sand grains of
Unit D, suggest that a mixture of materials from differ-
ent source areas occurred: (i) ejecta spherules, derived
via air—water fallout from the Chicxulub impact in
southern Mexico, (ii) silt-sand, originated from more
proximal coastal areas, and (iii) phosphatized particles,
which derived either by winnowing and lateral rework-
ing of adjacent unconsolidated sediments or lag hori-
zons (Schieber, 1998).

Unit E (HCS, hummocky sandstone unit) is a 10-
cm-thick package of alternating layers of light grey,
silty, and calcareous sands. These layers show planar

lamination and low amplitude wavy bedding; in the
upper part, more pronounced asymmetric current rip-
ples are present. This unit contains some spherules,
rusty concretions and Ophiomorpha or Thalassinoides
burrows with diameters of 0.5-1 cm. The sedimento-
logical features of Unit E, with the intercalated layers of
Unit D, mark a change of the hydrodynamic conditions,
compared to the underlying units, implying deposition
from suspension during multiple subsequent steps of
waning current energy (upper to lower flow regime, see
Shanmugam, 1997; Shiki et al., 2000). The burrows in
this unit are confined to the topmost part of the se-
quence and-as indicated by the dark mud infill- appar-
ently originated from a horizon of different sediment
composition.

Unit F (CCH, calcareous clayey bed) is a 6-cm-
thick, massive, and indurated calcareous marl that
grades upward into Unit G. It shows no bioturbation
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K-P event deposit of Brazos core 2

Lithology

Stage |
Foram.
Nanno

Units
(1)) (2)

Interpretation

i Depth

Danian
PO
NP1

K-P boundary
event deposit: No
diagnostic species

Maastrichtian
CF1
CC26

CCH

End of strong current activity
though intermittent reworking of
ejecta indicated by the presence of
spherules. Subsequent to the K-P
mass extinction event: Adverse
environmental conditions indicated
by absence of bioturbation, shells, a
sharp decrease in microfossils and a
reduced carbonate content (<4
wt.% Ca0) in unit G.

GSB

HCS

SCB

Deposition from turbidity currents
with waning current energy upsec-
tion, intercalated siltlayers derived
from nearshore coastal areas, inter-
vals of bioturbation and erosion

Grain-dominated  debris  flows
incorporating fallout from Chicxu-
lub ejecta material, winnowed
phosphatized debris, and small
shale clasts

BCB

Debris flows with large rip-up shale
clasts and/or soft-sediment
deformation or liquefaction (?)
possibly due to current drag or
earthquakes

Normal shelf sedimentation (>7-9
wt.% Ca0), rare bioturbation

K-P event deposit of Brazos core 2

Lower part: Units B to E|

Upper part: Units F and G

Sedimentary units Bto G

83

Correlation with the sedimentary units of (1) Hansen et al. (1993) and (2) Yancey
(1996): BCB, basal conglomerate bed; SCB, spherulitic conglomerate bed; GSB,
granular sand bed; HCS, hummocky sandstone unit; CCH, calcareous clayey bed

according to Hansen et al.
(1993). For further details
see Fig. 4A

Fig. 4. (A) Detailed lithology and subdivision of the K—P event deposit in Brazos core 2 combined with the lithological units provided in Hansen et
al. (1993b) and Yancey (1996). (B) Photographs showing the K—P event deposit in Brazos core 2 (units B to F) and the gradual transition to the

overlying carbonate-poor unit G.

or lamination; some spherules, limestone clasts and
rusty concretions as well as pyrite are present. Unit F
may represent fine-grained carbonaceous ejecta materi-
al, although no particular smectite enrichment was en-
countered in this layer. Alternatively, this limestone is
made of inorganically precipitated micrite, since it con-
tains only few microfossils and no evidence for partic-
ular nannofossil blooms (see also Bralower et al.,
2002).

The part of the Littig Member above the “K-P
event deposit” comprises Unit G to Unit I (Fig. 3).
Unit G is 1.6 m (core 1) and 0.5 m (core 2) fissile and
laminated, almost unfossiliferous dark brown clayey
shale (Unit G). Unit G contains pyrite and rusty con-
cretions, as well as altered spherules and carbonate
chips. This shale is generally devoid of fossils and
shows no bioturbation. The sporadic occurrence of
altered spherules, as well as limestone clasts through-
out this interval, indicates intermittent periods of
reworking and redeposition. The absence of bioturba-
tion may also suggest rapid sedimentation and rework-

ing (Brett and Allison, 1998). Unit H is a cm-thick
sandy layer that is intermittently present in some Bra-
zos outcrops above the event deposit, although it was
not observed in the Brazos cores of this study. Unit I
conformably overlies Unit G and is about 6 m thick in
Brazos core 1. This unit is carbonate-rich sandy-silty
shale of light grey color with upward-increasing bio-
turbation, carbonate and shell content. The uppermost
meter of Unit I is sandier, contains some glauconite,
and is bioturbated by cm-thick Thalassinoides burrows
(MSB or DSB, middle or dirty sandstone bed). Its top
is a pyrite- and iron oxide-rich layer (RPH, rusty pyrite
concretion horizon). Unit I may record the return to
normal sedimentary conditions almost equivalent to
Unit A, although the increased coarse detritus content
suggests a more proximal facies (MacQuaker et al.,
1998).

3.1.3. Pisgah member of the Kincaid formation (Unit J)
The Pisgah Member comprises the topmost part of
core 1 and consists of slightly fossiliferous brown shale
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(with shell hash, small mollusks, sea-urchin spines),
which is moderately bioturbated and in part laminated.
The absence of coarse detritus compared to the under-
lying indicates an abrupt change to a more distal setting
(MacQuaker et al., 1998).

3.2. Biostratigraphy and paleoecology

The preservation of coccoliths and foraminifera in
the Brazos cores is excellent, facilitating a detailed
biostratigraphical and paleoecological analysis (Fig.
5). Only microfossils from the K—P event deposit are
rare and likely reworked, hence the units B-F are
excluded from the biostratigraphic analysis. The biozo-
nation is based on the schemes provided by Martini
(1971) and Perch-Nielsen (1985) for calcareous nanno-
fossils and Berggren et al. (1995) for planktic forami-
nifera with added refinements for the Late Cretaceous
zonation by Pardo et al. (1996).

3.2.1. Calcareous nannofossils

The calcareous nannofossils in the interval from the
lower part of Brazos core 1 and core 2 up to the event
deposit shows a stable, very diverse (~45 species) latest
Maastrichtian assemblage of the Micula murus zone
(CC26). The index fossil for the latest Maastrichtian
subzone CC26b, Micula prinsii (Self-Trail, 2001), was
not detected during this study. This designation agrees
with previous studies by Jiang and Gartner (1986),
although these authors reported the intermittent and
very rare occurrence of M. prinsii concomitant to the
occurrence of M. murus throughout the 18 m below the
K-P event deposit. The finding of single occurrences of
Paleogene coccoliths (and foraminifera) below the
event deposit in the Brazos outcrops by Montgomery
et al. (1992) have not been confirmed by other bio-
stratigraphic studies (e.g., Olsson and Liu, 1993), in-
cluding ours. However, related to recent observations
by Mai et al. (2003) from the Antioch Church core
(Alabama), El Kef (Tunisia), and Geulhemmerberg
(The Netherlands), tiny specimens of Neobiscutum
romeinii, Neobiscutum parvulum, and Cruciplacolithus
primus have also been observed in the first sample of
core 2, about 8 m below the event deposit. These
calcareous nannofossils have long been used as index
fossils for the earliest Paleogene, although recent stud-
ies show their consistent presence already in latest
Maastrichtian sediments during the uppermost part of
the M. murus Zone (CC26, Mai et al., 2003). At the
Elles K—P section, Tunisia, their first occurrence rough-
ly parallels the first occurrence of M. prinsii (Gardin,
2002).

In the 1.6-m-thick interval (Unit G) above the K—P
event deposit, the abundance of calcareous nannofossils
and their species number is drastically reduced. The
remaining nannofossils constitute an impoverished Late
Cretaceous fauna; exclusively Paleocene species were
not observed. Jiang and Gartner (1986) encountered
similar findings, although they figured a nannofossil-
poor interval overlying the event deposit of only about
20-30 cm in thickness. A similar drop in abundance of
calcareous nannofossils has been observed frequently
above the K-P boundary (e.g., at El Kef, Tunisia),
preceding the first occurrence of Paleogene species
(Gartner, 1996; Pospichal, 1996a).

The first definite Danian calcareous nannofossil
Biantholithus sparsus occurs at 1.6 m above the event
deposit in core 1; Brazos core 2 yielded no Danian
species. The presence of B. sparsus in Brazos core 1
suggests a zone NP1 age for the sediments above Unit
G. In addition, abundant (reworked?) Cretaceous spe-
cies, blooms of Operculodinella operculata (Thoraco-
sphaera operculata, a calcareous dinoflagellate cyst)
and Braarudosphaera bigelowii are present. In the
interval above the 7. operculata and B. bigelowii
blooms, acmes of N. romeinii followed by N. parvulum
are concomitant to an upward decreasing number of
reworked Cretaceous species. A bloom of C. primus
follows the acme of N. parvulum. The uppermost meter
of Brazos core 1 is marked by an acme of Futyania
petalosa with only a few reworked Cretaceous cocco-
liths. The index marker of the Cruciplacolithus tenuis
Zone (NP2) was not observed, although the acme of F.
petalosa is characteristic for the upper part of Zone
NP1 and the lower part of Zone NP2.

An ordered succession of opportunistic blooms fol-
lowing the first appearance of Paleogene calcareous
nannofossils is a characteristic feature of Zone NP1 in
many K-P boundary sections (Gartner, 1996; Gardin
and Monechi, 1998; Gardin, 2002). A remarkably sim-
ilar succession of calcareous nannofossil acme-sub-
zones has been obtained for the Brazos section by
Jiang and Gartner (1986), and for the Elles section,
Tunisia, by Gardin (2002). However, the blooms of
B. bigelowii and N. romeinii are contemporaneous to
planktic foraminifera Zone PO at the Brazos core 1 (see
below), and occur generally above Zone PO in several
K-P sections elsewhere (e.g., Tunisia, Italy, Spain, see
Gartner, 1996; Gardin and Monechi, 1998; Gardin,
2002).

3.2.2. Planktic foraminifera
Planktic foraminifera in the basal part of core 2, up
to 0.5 m below the event deposit, represent an im-
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poverished Maastrichtian assemblage with a low num-
ber of species. This fauna is largely dominated by
heterohelicids and guembelitrids with subordinate
hedbergellids and globigerinoids, as well as very
rare Globotruncana and Rugoglobigerina. No index
foraminifera for the late(est) Maastrichtian have been
encountered (e.g., Abathomphalus mayaroensis or
Plummerita hantkeninoides). Gansserina gansseri 1is
a common species in the Corsicana Fm. of Texas
(Smith and Pessagno, 1973), but is absent in our
samples. This suggests that the studied interval corre-
sponds to Zone CF2, since this zone is defined by the
interval between the last appearance date (LAD) of G.
gansseri at the top of the Pseudoguembelina hariaen-
sis Zone (CF3), and the first appearance date (FAD)
of P hantkeninoides or Plummerita reicheli, which
both mark the latest Maastrichtian Biozone CF1
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(Pardo et al., 1996). The upper 0.5 m of the Corsicana
Fm. contained a few specimens of P. reicheli indicat-
ing the uppermost Maastrichtian Zone CFI1. The
planktic foraminifera data are consistent with previous
results from Keller (1989a,b), who reported the pres-
ence of an impoverished latest Maastrichtian forami-
niferal fauna below the event deposit in combination
with the general absence of 4. mayaroensis. However,
Keller (1989a, Fig. 9) reported the sporadic occur-
rence of P reicheli in an interval extending 24 m
below the K—P event deposit, even paralleling the
occurrence of G. gansseri (Zone CF3 of Keller et
al., 1995). In other upper Maastrichtian sections (e.g.,
at Caravaca, Spain), however, P. reicheli is observed
at several meters below the K-P boundary (Zone
CF1), well above the last occurrence of G. gansseri
(Pardo et al., 1996).
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Fig. 5. Calcareous nannofossils and planktic/benthic foraminifera and biostratigraphy of (A) Brazos core 1 and (B) Brazos core 2. A legend is

provided in Fig. 3.
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Fig. 5 (continued).

Planktic foraminifera in Unit G are rare and main-
ly consist of guembelitrids and heterohelicids. No
index species have been detected. These planktic
foraminifera data are well comparable to previous
findings of Keller (1989a,b), although the FAD of
Paleocene species is about 25 cm above the event
deposit in the Brazos core studied by Keller, which is
much lower than the 1.6 m in the Brazos core 1 of
this study.

The earliest (38—63 pum) Paleocene planktic fora-
minifera, including Globoconusa and Eoglobigerina,
which are indicative of Zone PO, are present about
1.6 m above the event deposit in core 1. In addition,
rare rugoglobigerinids and heterohelicids occur in this
interval. The first occurrence of Parvularugoglobiger-
ina eugubina and Parvularugoglobigerina longiaper-
tura at 20-40 cm above the base of Zone PO marks
the beginning of Zone Pa (Berggren et al., 1995) or
Pla (Keller et al., 1995). However, Parasubbotina
pseudobulloides was not found and therefore, it was
not possible to subdivide Zone Pla into Pla(l) and

Pla(2), based on the FAD of this species (Keller et al.,
1995). The absence of P. eugubina in the topmost 3.6 m
of core 1 suggests a Zone Pla (Berggren et al., 1995), or
P1b (Keller et al., 1995) age for this interval.

In conclusion, the biostratigraphy from planktic fo-
raminiferal and calcareous nannofossil allows for a
relatively imprecise Maastrichtian zonation and for a
detailed zonation of the Danian. The thicknesses and
durations of the zones and the calculated sedimentation
rates are shown in Table 1.

Table 1
Overview on thickness of planktic foraminiferal zones, their estimated
duration and the calculated sedimentation rates for the Brazos cores

Biozone Thickness Duration® Sedimentation rate
Pla At least 3.5 m 300 ka At least 1.2 cm/ka
Pa I m 200 ka 0.5 cm/ka

PO 3m 2040 ka 750 cm/ka
CF1-CF2 At least 6.8 m 450 ka At least 1.25 cm/ka

* Duration according to Berggren et al. (1995), Cande and Kent
(1995) and Pardo et al. (1996).



P. Schulte et al. / Sedimentary Geology 184 (2006) 77109 87

3.2.3. Benthic foraminifera

The benthic foraminiferal Corsicana assemblage
(Unit A) is dominated by Clavulinoides trilatera,
Anomalinoides sp. 1 and sp. 2 and Planulina nacato-
chensis, together consistently constituting 70-80% of
the benthic assemblage (size fraction >125 um). This
late Maastrichtian benthic fauna is stable up to the
base of the K—P event deposit, with few first or last
appearances. Planktic/benthic (P/B) ratios vary be-
tween 75 and 90% plankton, but remain high and
stable up to the top of the Corsicana Fm. The only
foraminiferal parameter showing significant temporal
variation is the number of foraminifera per gram of dry
sediment. For most of the Maastrichtian record the
total number of foraminifera (>125 pm) is ~200 speci-
mens/gram sediment. The topmost 50 cm of the Cor-
sicana Fm., however, shows an increase up to 300-
1000 specimens/g.

The K-P event deposit marks an abrupt faunal
change in the benthic foraminiferal assemblage. The
post-event (“disaster”) assemblage in Unit G and in
the lower part of Unit I constitute a new fauna with
a subordinate component of Corsicana taxa. The four
most common Corsicana taxa compose between 1%
and 18% of the new benthic fauna. Pseudouvigerina
naheolensis is the first new species to appear, com-
posing up to 42% of the assemblage. It is followed
by other common species such as Eponides elevatus,
Cibicides newmanae, and Cibicides sp. 1. P/B ratios
in this interval gradually drop from a peak value of
80% plankton just above the K—P event deposit to
below 5% plankton in the lower part of Unit L. It is
striking that within this interval there is a one-to-one
match with samples that contain a relatively large
proportion (8—18%) of Corsicana benthic taxa. This
relationship strongly suggests that a significant pro-
portion of both foraminifera groups within this in-
terval is reworked. At the same time, the total
number of foraminifera is extremely low in the
lower part of Unit G (~20 specimens/gram), but
gradually increases to 100 specimens/g in the lower
part of Unit L.

With the appearance of the benthic taxa Alabamina
midwayensis and Anomalinoides midwayensis during
Zone Pa—Pla, a typical benthic “Midway-fauna”
(Berggren and Aubert, 1975) was established; other
common taxa are Anomalinoides acutus and Gyroidina
subangulata. Only a few other species, for instance
Pulsiphonina prima, Cibicidoides alleni, and Lenticu-
lina rotulata, are observed in this interval. Individual
scattered single specimens of the Corsicana taxa are
observed within this Midway assemblage, suggesting

that there was limited — if any — reworking from the
upper Maastrichtian into this interval.

The gradual formation of the Midway assemblage
coincides with increasing P/B ratios, up to 50% plank-
ton and increasing foraminiferal numbers up to a max-
imum of 3000 specimens/g at the top of the Littig
Member. The latter values drop again in the Pisgah
Member. The Midway fauna typifies deposition in
middle to outer shelf setting (50-100 m). The other
assemblages are not well known and thus their paleo-
bathymetric indication is unclear. However, judging
from the higher P/B ratios of the Corsicana Fm., it
can be concluded that deposition during the latest
Maastrichtian occurred on a deeper part of the shelf
(~100 m). It is, however, difficult to assess the depo-
sitional conditions during the earliest Paleocene (Zones
PO and Pa) by evaluating P/B ratios since most plank-
tic foraminifera became extinct within this interval and
the ones present are probably reworked.

3.3. Mineralogical phases

The bulk-rock mineralogy of marine sediments—
especially the calcite/siliciclastic detritus ratio—can be
used to detect changes in terrigeneous input and in
biogenic productivity that both can ultimately be
related to transgressive—regressive events. Similarly,
clay mineral assemblages change with increasing dis-
tance from the shoreline (e.g., Chamley, 1997,
Bengtsson and Stevens, 1998; Schutter, 1998). There-
fore, both bulk-rock and clay mineralogy may give
evidence of relative sea level changes within a se-
quence stratigraphic framework. On the other hand,
inherited clay mineral assemblages in marine sedi-
ments record the climate conditions in the hinterland
(e.g., Gingele, 1996; Yuretich et al., 1999; Miiller et
al., 2001), although careful consideration of the facies
evolution, the regional setting, and possible source
regions is mandatory (e.g., Deconinck et al., 2003;
Thiry, 2000).

The non-clay minerals identified in the bulk pow-
der fraction include quartz and calcite, with minor
amounts of K-feldspar (Fig. 6). Plagioclase and pyrite,
as well as accessory hematite is also present in low
quantities (see details in Schulte, 2003). Plagioclase is
dominant over K-feldspar in most samples. In the late
Maastrichtian interval below the K—P event deposit,
calcite is remarkably constant and only shows a slight
increase in the uppermost part, together with an in-
crease in the amount of foraminifera and shell hash.
The other non-clay phases reveal only insignificant
fluctuations and no apparent long-term trends. The
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Fig. 6. Composite illustration of the non-clay and clay minerals of the two Brazos cores as determined from X-ray diffractometry. Non-clay minerals
are given in counts per second, whereas clay mineral data is given in relative percent of the clay fraction with correction factors (Biscaye, 1965). In
addition, the carbonate/detritus and the smectite/(kaolinite +illite+chlorite) ratios are shown. A legend is provided in Fig. 3.

K—P event deposit is characterized by an abrupt in-
crease of calcite (doubling of counts per second) and
pyrite, concomitant to a decreased quartz and plagio-
clase content. Above the event deposit, in the carbon-
ate-poor shale, abundances of mineral phases step
back to ‘pre-event values’, although calcite shows
slightly lower values and pyrite increases significantly.
The calcite, quartz and feldspar content between the
base of the earliest Danian and the pyritized horizon is
strongly fluctuating with high peak values. In the
uppermost meter of Brazos core 1, above the pyritized
horizon, the contents of calcite, quartz, and feldspar
decrease abruptly.

The clay mineral assemblage of both Brazos cores is
characterized by strong predominance of smectite,

which comprises generally about 50-75% of the clay
fraction (Fig. 6). Additional components include illite
(~20%) and about equal amounts of chlorite and kao-
linite (5-15%, each). Mixed layer clay minerals, for
instance 1illite—smectite, illite—chlorite, and chlorite—
smectite, are generally below 5% and have therefore
not been included in the quantitative analysis. The
variations in relative abundance of clay minerals in
the Brazos cores reveal that there are no substantial
long-term changes in the clay mineral composition as,
from a quantitative and qualitative point of view, the
clay mineral assemblage of late Maastrichtian and early
Danian shales is quite similar. There are only subtle
fluctuations in the range of +5-10%, which is well
within the error range of the methodology used
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(Petschick et al., 1996). Significant short-lived changes,
however, are associated (i) with the K—P event deposit,
which shows a prominent 10-20% smectite detriment
in its lower part and a strong increase of smectite
decrease in its upper part (up to 95%), and (ii) with
Unit I, which reveals an increased smectite content,
compared to the underlying unit.

The smectite of the Corsicana and Kincaid Forma-
tion generally shows medium- to well-defined peaks
with a crystallinity index (“FWHM?”, full width at half
maximum peak height above background, Moore and
Reynolds, 1997) of about 1°-1.3° 20, indicating a
certain degree of disorder, typical for detrital smectites.
Deviations from these crystallinity values occur in the
K-P event deposit—specifically in Unit D—where lower
crystallinity index values (FWHM ~0.6° to 0.8° 20)
imply a significant higher crystallinity and may sug-
gest that a large part of this smectite formed as an
authigenic phase by the alteration of glassy ejecta
material.

Additional constrains on the qualitative classifica-
tion of the smectites comes from their (060) reflections
in bulk rock powder samples (Moore and Reynolds,
1997). The smectite in the shale above and below the
K—P event deposit is characterized by (060) peaks in
the range between 61.6° and 62.3 °20, indicative of
dioctahedral smectites (e.g., montmorillonite). In con-
trast, samples from the event deposit show prominent
peaks at about 60.9° and 61.2° 20, which may indicate
the presence of nontronite and/or saponite (Moore and
Reynolds, 1997), as also revealed by EMP analysis (see
Section 3.6).

3.4. Major and trace element stratigraphy

According to studies by Keller et al. (1998b), Jarvis
et al. (2001), and Miiller et al. (2001), variations of
geochemical phases may provide an objective tool at
hand to trace even subtle lithofacies changes and,
therefore, paleoenvironmental changes within a sedi-
mentary succession. This can be conducted by moni-
toring elements related to biogenic productivity (e.g.,
Ca, Sr, Ba, P) versus elements typically associated with
terrigeneous detritus (e.g., Al, Rb, Zr, Ti, see Jeans et
al., 1991; Wray and Gale, 1993; Miiller et al., 2001,
Kastner, 2003). Moreover, geochemical criteria for
identifying systems tracts and proximal—distal facies
trends (for instance the Si/Al, Si/Ca and Zr/Rb ratio),
which ultimately may be related to relative sea level,
have been proposed (e.g., Jarvis et al.,, 2001). For
instance, zirconium (Zr) is commonly enriched in
heavy minerals and hence associated with the relative

coarse-grained fraction of fine-grained siliciclastic
sediments, whereas rubidium (Rb) in fine-grained sili-
ciclastic rocks is associated with the clay minerals and
the micas (Dypvik and Harris, 2001). In consequence,
the Zr/Rb ratio may be used to trace grain size varia-
tions of the sediments, with higher values in the rela-
tively coarser units and vice versa. In contrast,
strontium (Sr) is normally associated with carbonate
minerals (Elderfield et al., 1996); only a small amount
of Sr may also be associated with feldspar and biotite.
The (Zr+Rb)/Sr ratio commonly reflects the balance
between clastic and carbonate contents with high
values typically found in samples with little calcium
carbonate.

Selected geochemical data from analyses performed
on both Brazos cores are presented in Fig. 7. The element
abundances throughout the lower 3 m of Brazos core 2
show only insignificant fluctuations and no distinct com-
positional changes occur, as sustained by constant ele-
ment/Al, Sr/Ca, and Zr/Ti ratios. Above the relative
uniform basal part of the Brazos core 2, the 1-m-thick
interval immediately below the K—P event deposit shows
slightly increasing contents of CaO and Sr as well as
reduced Sr/Ca ratios. The spherule-rich bed has an am-
plified carbonate and Sr content concomitant to strong
depletion of all other elements, whereas the ratios of Si,
Ti, Fe, and Mg against Al increase. This interval also
shows an abrupt lowering of the Sr/Ca ratio.

All elements and element ratios decrease gradually
to pre-event values in the upper part of the event
deposit and in the capping marl layer. The carbonate-
poor, 1.2-m-thick shale interval above the event depos-
it, shows a >50% drop of the carbonate contents and a
twofold increase of the Sr/Ca ratio, when compared to
the late Maastrichtian shales below the event deposit.
Concomitant to this decrease in carbonate content,
geochemical phases associated with terrigeneous detri-
tus (e.g. Al, Ti) show slightly higher quantities than in
the marls below the event deposit. In the upper part of
the carbonate-poor interval, the shales become gradu-
ally enriched in carbonate. Concomitant to the first
appearance of Paleocene microfossils and to the onset
of sequential calcareous nannoplankton blooms during
Zone Pla and NP1, a series of carbonate maxima (CaO
>20 wt.%) occurs. In the upper 2 m of this interval (1 to
3 m core depth), the Si/Al ratio is considerably higher,
although other detrital phases (e.g., Ti, Rb) are not
elevated, pointing to increased input of silica-rich
phases (e.g., quartz). An iron oxide- and pyrite-rich
layer (>20 wt.% FeO) marks the top of this interval.
In the topmost meter of Brazos core 1—above the pyrite-
rich horizon — the Si/Al ratio decreases substantially,
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Fig. 7. Composite figure of the two Brazos cores showing the CaO contents and selected major and trace element ratios determined by WDS and
EDS. For the element ratios, the major elements are given as mol, whereas the trace elements (Sr, Zr, Rb) are given as mmol. All Fe are given as

Fe,05. A legend is provided in Fig. 3.

suggesting an increase in fine-grained terrigeneous de-
tritus, probably derived from clay minerals or feldspars.

3.5. Magnetic susceptibility

Rock magnetic parameters such as magnetic sus-
ceptibility (MS) provide information on the concen-
tration of ferrimagnetic, mainly iron oxides and iron
sulfides, and paramagnetic minerals (e.g., Butler,
1998). Magnetic particles can sensitively reflect cli-
matically or sea level modulated changes in the
depositional realm, because mineralogy, concentration
and grain size of iron minerals are related to envi-
ronmental conditions (Dekkers, 1997; Maher et al.,
1999; Kopler et al., 2001). Specifically, the magnetic

susceptibility is interesting in a climatic context be-
cause it has been used successfully as climatic proxy
in several studies (e.g., Robinson, 1993; Arai et al,
1997; Barthés et al., 1999; Mayer and Appel, 1999;
MacLeod et al., 2001). These studies have demon-
strated pronounced climate dependence and coinci-
dence with the Earth-orbital parameters driven by
eolian dust load, dilution of magnetic detritus by
biogenetic carbonate/silicate accumulation, or cyclic
sedimentation resulting from climate-related changes
in continental runoff.

The MS signature of the Brazos K-P boundary
sections (Fig. 8) exhibits quite constant low paramag-
netic susceptibility values (<100 x 10~ ° Si/g) for the
latest Maastrichtian Corsicana shales with a weak low-
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Fig. 8. Composite figure of the two Brazos cores with the magnetic
susceptibility (MS). A legend is provided in Fig. 3.

amplitude cyclic (or rhythmic) pattern. The wavelength
of the cycles is between 1 and 1.5 m. In the meter
immediate below the event deposit, a slight lowering of
the MS occurs which parallels the increase in (dia-
magnetic) carbonate content and in foraminiferal
abundance. The K-P event deposit is characterized
by an abrupt decrease of the MS (<60 x 10~ ° Si/g),
which is related to the deposition of smectite- and
(diamagnetic) carbonate-rich ejecta. Low, paramagnet-
ic MS values are characteristic for proximal K—P sites,
resulting from the high amount of target rock material
in the ejecta (e.g., Sigurdsson et al., 1997; Schulte and
Kontny, 2005), whereas distal K—P sites generally
reveal a high, ferromagnetic MS values, reflecting

the input of mainly bolide material (e.g., Worm and
Banerjee, 1987; Kletetschka et al., 2001; Ellwood et
al., 2003). Immediately above the event deposit, the
magnetic susceptibility increases again to pre-event
values at the base of the Unit G shales. Within the
carbonate-poor Unit G, the MS values then decrease
gradually up to the base of the carbonate-rich Unit L.
This decline may be related to the gradual increase of
productivity during deposition of Unit G following the
K-P event. Further up-section, the MS of Units I and
J shows scattered values that are superimposed on a
broad cyclic pattern with a wavelength of about 1.5 m,
although no clear correlation between the MS and Ca
content is apparent (as also revealed by plotting the
MS vs. the Ca content of the samples resulting in
r*=0.47). The MS declines during the bioturbated
uppermost part of Unit I, probably due to the increase
in coarse silicic detritus.

3.6. Petrography and mineralogy of the event deposit

Microphotographs of the spherule-rich basal part
(Unit C) of the K-P event deposit show a chaotic,
microbreccia-like texture with rare preferred orientation
of grains (Fig. 9A, B). No apparent cementation has
been observed and the components are ‘loosely’ float-
ing in a micritic matrix. The component shapes range
from rounded particles to elongated—irregular fragments
without any distinct abrasion-textures; grain sizes vary
in a broad range from about 0.1 to 2 mm in diameter.
The following components were encountered in the
spherule-rich basal part of the K—P event deposit by
thin-section analysis and backscattered EMP imaging
(see Figs. 9 and 10) and are listed in order of decreasing
abundance:

* Rounded to irregular flaser-like schlieren-rich
ejecta spherules of brown to green color (Fig.
9A-C). They are either opaque or green—brown
color in plain light, in part with high birefrin-
gence under crossed nicols. They have similar
shapes and forms to other K-P spherules found
in Mexico and Alabama (Schulte, 2003). The
spherules are frequently fringed by calcite with
outward radiating crystals and/or pseudomorphical
replacement by numerous tiny pyrite crystals.
Some may have been flattened by compaction.
Spherules show internal structures, including vesi-
cles, flow-patterns, and dark lamellaec. Further
mineralogical characterization of the ejecta spher-
ules is done by electron microprobe analysis as
outlined below.
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Fig. 9. Thin section photos of lithologies from the event deposit in the Brazos cores showing characteristic features of microfacies and components
in plane-polarized light. (A) Microbreccia-like unit C with spherules, opaque phases, limestone clasts, accretionary lapilli, phosphatized particles,
and fossil debris (unit C, sample BZC2-43). Note near-absence of quartz or feldspar. (B) Brown spherules and fragments (unit C, BZC2-43).
Spherules are hollow and show thin lamellae of Ti—Fe-rich oxides. (C) Irregular smectitic fragment with opaque inclusions (unit C, BZC2-42). Note
schlieren with flow-structures and opaque inclusions. (D) Lithoclast with internal concentric structure interpreted as accretionary lapilli (unit C,
BZ(C2-42). (E) Carbonate-rich ‘sandstone’ from unit D-E (BZC2-46). Components include limestone grains, smectitic grains, opaque phases,
phosphatized detritus, and foraminifera. Note rare presence of quartz or feldspar grains. (F) Silty layer incised in the upper fine-grained part of the
micritic limestone from unit D-E (BZC1-10). The well-sorted siltstone contains opaque phases, phosphatized detritus, and fossil fragments as
accessory components.

» Carbonate fluorapatite (CFA), including rounded to goethite), rare plant remains, as well as fine sand- to
irregular shaped grains, mollusk shell debris, fish silt-sized quartz grains are present in the basal part of
teeth, and bone fragments (Fig. 9A). the K—P event deposit. Among these constituents,

e Tiny mm-sized limestone clasts with ‘lapilli-like’ pyrite is quite prominent, since it occurs not only
accretionary features (Fig. 9D). as dispersed euhedral crystals, but it also pseudomor-

phologically replaces spherules (Fig. 10A) and con-
In addition, benthic foraminifera, glauconite, abun- stitutes pyrite framboids of 20-50 um in diameter

dant pyrite, iron oxides and -hydroxides (hematite, (Fig. 10B).
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Fig. 10. Backscattered electron (BSE) images of components from the spherule-rich deposit at the base of the event deposit in the Brazos cores (unit
C). Dark matrix is resin from embedding. Abbreviations: Sm=smectite; Py =pyrite; Cc=calcite. (A) Spherule, which is pseudomorphically replaced
by tiny pyrite crystals. (B) Framboidal pyrite. (C and D) Flaser-like smectite and chlorite ejecta fragments. Note flow-structure and delicate outlines
as well as abundance of bright (opaque) phases, including predominantly pyrite and hematite. (E) Details of smectite ejecta clasts with Ti-rich
lamellae. (F) Flaser-like clayey ejecta fragments enveloping carbonate fragments and vice versa. Note similarity to textures from spherule deposits

in northeastern Mexico (Schulte and Kontny, 2005).

We applied wavelength-dispersive electron micro-
probe (EMP) analysis to investigate the mineralogical
composition of the ejecta spherules. Some 4-10 points
were analyzed on each individual ejecta spherule to
assure reliable average values and a reasonable measure
of compositional variability. The stoichiometric conver-
sion of oxide-weight percentage into formula units

yields reasonable cation sums for both smectites and
chlorites, indicating that the mineral analyses are affir-
mative. The results of the EMP analysis show low
oxide totals between 70 and 90 wt.%. This implies
copious amounts of low-Z materials, commonly H,O
or CO, that are typical for clay minerals (e.g., smectite;
Newman and Brown, 1987). The geochemical compo-
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Table 2
Chemical composition and calculated structural formulae of representative smectite and chlorite spherules from unit C of the Brazos core 2
Sample Smectite Chlorite

2-43 2-43 2-42 2-43 2-43 2-43 2-43 2-43 2-42 2-43 2-43 2-43 2-43
Number P3 P2 P9 P4 P30 P28 P16 P35 P5 P19 P9 P8 P22

Wt.%)  (wt%) (wt%) (wt%) (wt.%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt.%) (wt.%) (wt.%)
SiO, 59.29 59.46 60.83 59.03 57.58 55.81 55.79 57.53 53.87 33.56 30.69 31.13 30.36
TiO, 0.19 0.19 0.15 0.16 0.37 0.39 1.26 0.99 0.06 0.61 0.31 0.21 2.00
ALO; 23.31 22.21 24.40 23.87 23.29 23.67 24.15 23.57 22.87 18.22 16.90 17.09 15.94
FeO 0.71 0.70 0.70 0.76 0.70 0.63 0.74 0.70 4.07 18.77 21.19 21.69 21.64
MgO 3.90 4.16 4.03 3.75 391 3.67 2.76 3.55 4.56 7.05 8.05 10.51 9.03
CaO 0.03 0.06 0.04 0.04 0.07 0.05 0.07 0.05 0.10 0.13 0.16 0.15 0.27
Na,O 0.08 0.04 0.05 0.01 0.05 0.09 0.08 0.08 0.09 0.09 0.11 0.13 0.09
K,0 1.25 1.15 1.23 1.14 1.12 1.12 1.19 1.17 0.90 0.23 0.28 0.27 0.14
Total 88.80 88.11 91.44 88.82 87.11 85.46 86.11 87.69 86.56 78.80 77.73 81.21 79.54

Numbers of cations per half structural unit cell
Si 3.88 3.93 3.87 3.87 3.85 3.80 3.78 3.82 371 3.70 3.52 3.43 3.43
Al(IV) 0.12 0.07 0.13 0.13 0.15 0.20 0.22 0.18 0.29 0.30 0.48 0.57 0.57
3 (Tetra) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al(V]) 1.68 1.66 1.70 1.71 1.68 1.71 1.71 1.67 1.57 2.07 1.81 1.65 1.56
Fe 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.23 1.73 2.03 2.00 2.05
Mg 0.38 0.41 0.38 0.37 0.39 0.37 0.28 0.35 0.47 1.16 1.38 1.73 1.52
Ti 0.02 0.02 0.01 0.02 0.04 0.04 0.13 0.10 0.01 0.10 0.05 0.03 0.34
3(Octa) 2.12 2.12 2.13 2.13 2.15 2.16 2.16 2.16 2.28 5.07 5.28 5.41 5.46
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02
Na 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K 0.09 0.08 0.08 0.08 0.08 0.08 0.09 0.08 0.07 0.03 0.03 0.03 0.02
3(Inter) 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.09 0.08 0.04 0.06 0.05 0.04
Fe/(Fe+Mg) 0.09 0.09 0.09 0.10 0.09 0.09 0.13 0.10 0.33 0.60 0.60 0.54 0.57

Smectite analyses were calculated on basis of O;9(OH),, chlorite analyses on the basis of O;o(OH)g. Tetra=tetrahedral, Octa=octahedral;
Inter=interlayered.

Table 3

Calculated structural formulae of representative smectite analysis (on the basis of O;o(OH),) from the spherule deposits in the Brazos core 2
compared to smectite analysis from K—P boundary spherules and K-P clay layers

Locality Brazos Brazos Beloc Beloc ODP 1049A DSDP 390B  Stevens Klint Agost
Region Texas Texas Haiti Haiti W-Atlantic W-Atlantic Denmark Spain
Material Spherule Spherule Spherule Spherule Spherules Spherule K-P Clay K-P Clay
References This study  This study  Koeberl and Bauluz et al.  Martinez-Ruiz ~ Klaver et al. ~ Ortega-Huertas
Sigurdsson (1992)  (2000) et al. (2001c)  (1987) et al. (1998)

Numbers of cations per half structural unit cell
Si 3.93 3.71 4.00 391 3.66 3.74 3.96 3.60
Al(IV) 0.07 0.29 0.00 0.09 0.34 0.26 0.04 0.40
S(Tetra) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al(VI) 1.66 1.57 1.17 1.04 1.84 1.26 1.29 1.40
Fe 0.04 0.23 0.37 0.44 0.71 0.63 0.24 0.48
Mg 0.41 0.47 0.68 0.62 0.48 0.27 0.69 0.20
Ti 0.02 0.01 0.06 0.01 0.03 0.05 0.01 0.01
3,(Octa) 2.12 2.28 2.29 2.11 3.06 222 223 2.09
Ca 0.00 0.00 0.12 0.36 0.02 0.01 0.15 0.02
Na 0.00 0.01 0.00 0.01 0.01 0.07 0.00 0.01
K 0.08 0.07 0.01 0.13 0.22 0.21 0.00 0.39
3 (Inter) 0.09 0.08 0.13 0.50 0.25 0.29 0.15 0.42
Fe/(Fe+Mg)  0.09 0.33 0.35 0.42 0.60 0.70 0.26 0.71

Tetra=tetrahedral; Octa=octahedral; Inter=interlayered.
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Table 4

Calculated structural formulae of representative chlorite analysis (on
the basis of O19(OH)g) from the event deposit in Brazos core 2 and
from spherule deposits in northeastern Mexico (Schulte and Kontny,
2005)

Locality Brazos Brazos La Sierrita El Mimbral
Region Texas Texas NE Mexico NE Mexico
Material Spherule  Spherule  Spherule Spherule
References  This study This study Schulte and

Kontny (2005)

Numbers of cations per half structural unit cell

Si 343 3.43 3.06 3.40
AI(IV) 0.57 0.57 0.94 0.60
S\(Tetra) 4.00 4.00 4.00 4.00
Al(V]) 1.65 1.56 1.78 1.51
Fe 2.00 2.05 2.07 1.67
Mg 1.73 1.52 1.65 2.27
Ti 0.03 0.34 0.01 0.00
3(Octa) 5.41 5.46 5.51 545
Ca 0.01 0.02 0.03 0.06
Na 0.01 0.01 0.01 0.01
K 0.03 0.02 0.04 0.02
S (Inter) 0.05 0.04 0.07 0.09
Fe/(Fe+Mg) 0.54 0.57 0.56 0.42

Tetra=tetrahedral; Octa=octahedral; Inter=interlayered.

sition of the spherules is shown in Table 2; a compar-
ison with smectite and chlorite spherules from other K—
P sections is provided in Tables 3 and 4.

Smectite spherules have high SiO, (54-60 wt.%),
AlLO; (22-24 wt.%), MgO (3-5 wt.%), and show
minor values for K,O (~1 wt.%), FeO (<1 wt.%),
whereas Na,O, TiO,, and CaO are generally well
below 0.5 wt.%. In addition, the smectite spherules
contain iron-hydroxides (e.g., hematite crystals), pyrite
crystals, and schlieren of TiO, (up to 10 wt.%) and
FeO (up to 7 wt.%). In addition, schlieren and inclu-
sions of low SiO, (30 wt.%), high FeO (20 wt.%), and
high MgO (10 wt.%) are present. Their totals are
between 80 and 90 wt.%. This geochemical composi-
tion is equivalent to Mg-enriched dioctahedral smec-
tite as shown by the characteristic cation sums when
normalized to O;¢o(OH), (Newman and Brown, 1987).
The (Al+Fe)V/Mg"! ratio of 1.7/0.4, which is typical
for smectites, substantiates this classification (Grauby
et al., 1993). Following the geochemical criteria pro-
vided by Giiven (1988), these smectites belong to the
beidellite—nontronite series. However, sums for the
cations occupying the octahedral sites exceed the
ideal value of two by 0.1-0.3 and indicate a slight
trioctahedral character of the smectite (Newman and
Brown, 1987).

Chlorite spherules have high amounts of FeO
(18-22 wt.%) and MgO (7-11 wt.%) and consider-

able lower SiO, (30-34 wt.%) and Al,O; (16-18
wt.%) contents compared to the smectite spherules
outlined above. The oxides K,O, Na,O, TiO,, and
CaO are generally between 0.5 wt.% and their totals
sum up to 78-82 wt.%. Normalization to O;o(OH)g,
showed cation sums indicative for chlorite (Newman
and Brown, 1987; Bailey, 1988). The number of
octahedral cations per formula unit is between 5
and 6, with mean values of about 5.4. This compo-
sition corresponds to an intermediate composition
between di,trioctahedral chlorites (5 cations) and
trioctahedral chlorites (5.5-6.1 cations, see Newman
and Brown, 1987). The predominance of Fe in the
octahedral layer points to a chamosite-like composi-
tion. However, the high silica content (Si>3-3.4 per
formula unit), an AIY" (1.5-2) contents much larger
than the AI'Y (0.3-0.6) content, and a total octahe-
dral occupation lower than 6 cations, suggests that
some interlayers (e.g., smectite) are present (Shau et
al., 1991).

4. Interpretation and discussion
4.1. Stratigraphy and placement of the K—P boundary

Before discussing the environmental changes across
the K—P boundary, it is essential to evaluate (i) the
Maastrichtian stratigraphic record, (ii) the placement
of the K—P boundary, and (iii) the stratigraphic record
of the early Danian.

4.1.1. (i) The Maastrichtian stratigraphic record

The composition of the late Maastrichtian calcare-
ous nannofossil and planktic foraminifera assemblages
indicates stable environmental conditions up to the
event deposit. There is no evidence for significant
hiatuses from the sedimentological, mineralogical and
paleontological record. On the other hand, the respec-
tive index fossils for the latest Maastrichtian biozones
are missing (CC26b, M. prinsii) or very rare (CF1, P,
reicheli), although the nannofossil investigations of
Mai et al. (2003) of the Brazos cores and of Jiang
and Gartner (1986) suggest that the uppermost Maas-
trichtian is almost complete at the Brazos area. Previ-
ous outcrop studies of the Brazos area have revealed
that the relief induced by erosion may reach up to no
more than 0.2 to 0.7 m (Hansen et al., 1987, 1993b;
Yancey, 1996). This would indicate maximum erosion
of late Maastrichtian shales in the range of 40 to 120
ka based on a sedimentation rate of about 0.4-0.5 cm/
ka given by Hansen et al. (1993b). In conclusion, it is
difficult to establish the amount of erosion of the late
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Maastrichtian shale and the associated duration of the
hiatus that is associated with the unconformity at the
base of the K-P event deposit.

4.1.2. (ii) Placement of the K—P boundary

The base of the boundary clay at El Kef, Tunisia,
has been defined to mark the position of the global
stratotype section and point (GSSP) for the Creta-
ceous—Paleogene boundary (Cowie et al., 1989). The
basal, mm-thick K—P boundary clay layer contains
peak iridium and siderophile—element concentrations,
Ni-rich spinels, and goethite and smectite microspher-
ules, interpreted as ejecta from the Chicxulub impact.
The K-P boundary clay is also associated with a
sudden drop in number and species (mass extinction
and mass mortality) of Cretaceous calcareous nanno-
fossils and (tropical) foraminifera (see summary in
Keller et al., 1995; Remane et al., 1999), whereas
new Paleocene species usually have their first appear-
ance well above this iridium-rich clay layer (Olsson
and Liu, 1993). The breakdown of carbonate produc-
tivity due to the mass extinction and mass mortality
led also to an abrupt drop of the carbonate content and
of the '*/'2C isotope ratio (D’Hondt et al., 1998). The
concentration of boundary markers within one distinct
mm-thick layer reflects the large distance of the El
Kef GSSP to the Chicxulub impact site in Southern
Mexico. In more proximal settings, the thickness of
the K—P boundary clay increases significantly. In the
Western Atlantic, for instance, the boundary clay,
which is overlain by an iridium-rich layer, is about
6—15 cm thick, reflecting the increased amount of
ejecta spherules in this area. In K-P site close to
Chicxulub, e.g., in the Gulf of Mexico, the stratigra-
phy of the K-P boundary becomes even more com-
plex due to further increased amounts of ejecta (e.g.,
constituting up to 1-m-thick layers in NE Mexico) and
the effects of tsunami erosion and sedimentary distur-
bances (e.g., slumping and sliding).

Therefore, it is not surprising that our petrological,
mineralogical, and geochemical analysis of both Brazos
cores — as well as previous Gulf of Mexico K-P stu-
dies—revealed no evidence for the presence of a distinct
mm-thick clay layer comparable to the “K—P boundary
clay” in the El Kef GSSP in Tunisia. Instead, the
classical boundary-markers occur in the event deposit
(e.g., spherules) as well as in the overlying strata (e.g.,
multiple Ir anomalies, see Heymann et al., 1998). An
analogous dispersion of the K—P boundary markers is
also observed in the NE Mexican K—P sections (e.g.,
Schulte and Kontny, 2005) and in the Yaxcopoil core
from within the Chicxulub crater (Arz et al., 2004; Smit

et al., 2004). In consequence, we consider the event
deposit to mark the K—P boundary. This position is in
line with several sections in the Atlantic, the Pacific, the
Western Interior, and the Tethyan realm, which all show
a smectite spherule-rich bed at the K—P boundary (see
Fig. 12 and Izett, 1990; Montanari, 1991; Schmitz,
1992; Bohor and Glass, 1995; Martinez-Ruiz et al.,
1997; Ortega-Huertas et al., 1998; 2002; Bauluz et
al., 2000; 2004; Wdowiak et al., 2001). For these
sections, the K—P boundary clay layer has been linked
to the Chicxulub impact event by a multitude of min-
eralogical and geochemical criteria. In addition, U-Pb
dating of single shocked zircons from the K—P bound-
ary clay in the Western Interior and from the Haitian
spherule deposits at Beloc, as well as from the suevite
from the Chicxulub impact structure, revealed similar
source ages. This U-Pb ages suggest that these zircons
derived from a common basement with an age of about
418 £ 6 Ma and 540 £ 10 Ma (e.g., Krogh et al., 1993a;
1993b; Kamo and Krogh, 1995). Moreover, a drop in
carbonate contents due to reduced productivity and a
decline of the nannofossil and foraminiferal abundance
are a characteristic feature of many K—P boundary
sections for the earliest Danian (Zones NP1 and PO,
Pla: Henriksson, 1996; Gartner, 1996; Speijer and Van
der Zwaan, 1996; Gardin and Monechi, 1998; Gardin,
2002; Hakansson and Thomsen, 1999; Culver, 2003;
Bown, 2005).

Alternatively, some authors have placed the K-P
boundary at the first appearance of Paleocene micro-
fossils, which is about 1.6—-1.8 m above the top of the
event deposit in the Brazos cores of this study (Fig.
5A) and about 15-20 cm according to previous studies
in the Brazos area (e.g., Jiang and Gartner, 1986;
Keller, 1989a; Keller and Stinnesbeck, 1996). Howev-
er, in K—P boundary sections, the first appearance of
Paleocene microfossils is usually several centi- to
decimeters above the K—P boundary clay and hence,
their FAD can therefore not be used as a valid K-P
boundary criterion (see discussion in Odin, 1992; Ols-
son and Liu, 1993; Bown, 2005). At Brazos, the
planktic foraminifera and the calcareous nannofossils
both show a significant drop in species number and
abundance in the interval immediately overlying the
event deposit without evidence that Cretaceous fora-
minifera and nannoplankton had recovered or were
thriving after the impact (see also Pospichal, 1996b).
Thus, it is reasonable to suggest that the nannoplank-
ton and foraminifera extinction event occurred some
time during the deposition of the clastic unit, and
hence in association with the Chicxulub impact event
at the K—P boundary.



P. Schulte et al. / Sedimentary Geology 184 (2006) 77109 97

4.1.3. (iii) The early Danian stratigraphic record

The early Danian in the Brazos core 1 reveals a
complete and expanded succession of microfossil bio-
zones and distinct evolutionary trends: The Danian
planktic foraminifera fauna (PO, Po, and Pla) is char-
acterized by the successive appearance of newly
evolved species (e.g., Parvularugoglobigerina eugu-
bina), whereas the calcareous nannofossil flora (NP1la)
shows consecutive blooms of various nannofossil spe-
cies that, generally, originated already during the late
Maastrichtian (e.g., Neobiscutum romeinii, N. parvu-
lum, and Cruciplacolithus primus). However, the bio-
zone PO is extremely thick (>1.6 m), when compared
to their thickness in other K—P boundary sections
(usually 5 to 50 cm). Even in other cores or outcrops
from the Brazos area, biozone PO is at most 15-25 cm
thick (Olsson and Liu, 1993). At present, there is no
obvious explanation why the biozone PO is so expand-
ed in the Brazos core 2 and the core may be disturbed
(for which there is no evidence from the data). Like-
wise, it may even reflect accumulation in a shallow
depression or enhanced sedimentation behind an ob-
stacle on the seafloor from a suspended cloud of silt
and clay that settled out during long periods of low-
energy conditions to form those units. In fact, the
presence of reworked spherules and the gradual trends
seen in the mineralogical and geochemical records
(Figs. 6 and 7) may support such a scenario, as also
suggested by Smit et al. (1996) on the basis of gran-
ulometric data. The paleogeographic setting of the
Brazos area inside the inlet of the shallow Western
Interior Seaway (see Fig. 1 and Kennedy et al., 1998),
which probably modulated impact-triggered tsunamis
and specifically their backflows, may provide a rea-
sonable explanation for such a prolonged interval of
sediment input.

4.2. Facies changes and sequence stratigraphic setting

The lithological as well as the mineralogical and
geochemical data provide no support for distinct facies
changes in the Corsicana shales (Unit A) up to the event
deposit in the Brazos cores. Compositional changes are
not as obvious as, for instance, in the shallower settings
at central Alabama (Baum and Vail, 1988; Schulte,
2003). No significant long-term compositional trends
have been observed, as also supported by the stable
microfossil fauna (see Fig. 5). Hence, there is no evi-
dence for significant facies changes during the late
Maastrichtian that may be related to sea level fluctua-
tions. This interpretation is consistent with data from
Jiang and Gartner (1986), Bourgeois et al. (1988),

Hansen et al. (1987; 1993a), and Yancey (1996) for
the Brazos area.

Minor compositional changes of the Corsicana
shales, however, occur in the 1.5-m-thick interval im-
mediate below the event deposit, where an elevated
carbonate contents (increase from ~6 to 9 wt.%) coin-
cides with an increase in the abundance of foraminifera,
tentatively suggesting a slight increase in productivity.
From the Brazos outcrop sections, it is known that this
interval is also associated with an increase in epibenthic
suspension feeding bivalves (e.g., oysters), as well as
with a drop in the molluscan diversity (Hansen et al.,
1993Db). Its (paleoecological) significance is yet unclear,
and a relationship to regional climate changes or even
the latest Maastrichtian warming event, which occurred
between 400 and 100 ka before the K—P boundary (e.g.,
Olsson et al., 2001), may exist, although a link is
difficult to constrain with the Maastrichtian biostrati-
graphic data from the core. Notably, a similar, although
more pronounced increase of the carbonate content,
coupled with elevated amounts of planktic foraminifera,
has also been observed immediately below the K-P
boundary and the basal sandy beds of the Clayton
Formation in the Antioch Church core, Alabama
(Schulte, 2003).

The lowered carbonate content of the laminated
shales of the Littig Member (Unit G) above the K—P
event bed is best explained by the decrease of the
biogenic carbonate productivity commonly observed
at the K-P boundary (Keller and Lindinger, 1989;
Zachos et al., 1989; D’Hondt et al., 1998; Stiiben et
al., 2002a), since this layer is essentially devoid of
macrofossil remains and drastically impoverished in
microfossils (Fig. 5). Mineralogical and geochemical
proxies indicate no changes in detritus composition that
could be attributed to significant proximal—distal trends
of the coastline and hence, to sea-level fluctuations.

The upper part of the Littig Member (Unit I) starts
with the almost simultaneous occurrence of Paleocene
microfossils and distinct nannofossil blooms (Fig. 5A),
as well as with the gradual return of many invertebrates,
mainly mollusks (see Hansen et al., 1987, 1993b). This
interval is also associated with a gradual but marked
change in the benthic foraminifera fauna (Midway as-
semblage, see Fig. 3). The sand and glauconite contents
(and mica, see Figs. 3, 6 and 7) increases markedly in
the uppermost strongly bioturbated meter of Unit I, and
quartz reaches peak values (Fig. 6), suggesting in-
creased proximity to the shoreline or a sea level low-
ering (Schutter, 1998). However, sections from
Alabama, including the Antioch Church core (Schulte,
2003), reveal no evidence for a distinct lowstand during
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Zone NP1 (Baum and Vail, 1988; Donovan et al.,
1988). In fact, several parasequences, each associated
with a distinct flooding surface, are present in this Zone
in Alabama and a maximum flooding surface constitu-
tes the upper limit of Zone NP1.

The carbonate content of the Littig Mm. reaches
amounts similar to those of the Corsicana Formation
upon the entry of the Paleogene fauna and further rises
throughout the Zones Pa and P1a with peak values of 30
wt.%. This rapid increase of the carbonate values — and
hence the increased productivity — is in marked contrast
to observations from other K—P boundary locations from
the Tethyan realm, including El Kef, Tunisia, where the
carbonate content usually remains low from Zone PO
through at least the lower part of Zone P1b (Keller and
Lindinger, 1989; Zachos et al., 1989; D’Hondt et al.,
1998; Stiiben et al., 2002a). Nevertheless, in sections
from the Atlantic and the western Tethys, including
Caravaca, Spain, the return to pre-K—P carbonate con-
tents and thus higher marine productivity is more rapid

and occurs already within Zone PO or at the base of Zone
Pla (e.g., Martinez-Ruiz et al., 2001a).

The shales of the Pisgah Member (Unit J) are sep-
arated from the underlying Littig Member by a pyri-
tized and bioturbated horizon. Their mineralogical and
geochemical composition, with decreasing quartz and
feldspar contents, increasing smectite, as well as lower
Si, Ti, and Mg rations versus Al shows a drastic facies
change, suggesting a sudden increase in the distance to
the shoreline (Van Wagoner et al., 1990; Schutter,
1998). Therefore, the base of the Pisgah Member is
interpreted as a flooding surface (Van Wagoner et al.,
1990; Schutter, 1998), an interpretation which is in line
with the elevated smectite contents that is often asso-
ciated with marine flooding periods (Chamley, 1997,
Adatte et al., 2002). The stratigraphic position of this
pyritized horizon in the Brazos core 1 is in keeping with
the position of the “rusty pyrite concretion horizon”
(RPH) within Zone Pla in the Brazos outcrop area by
Yancey (1996).
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Fig. 11. Interpretation of ecological events and facies trends across the K—P boundary in the Brazos cores with suggested sequence stratigraphic

setting and relative sea-level changes.
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In conclusion, the following two scenarios are pos-
sible for the sequence stratigraphic setting of the K-P
boundary in the Brazos area (Fig. 11):

(i) The Corsicana Fm. belongs to the highstand sys-
tems tract and the Littig Mm. of the Kincaid Fm.
belongs to the late, regressive highstand systems
tract, with shallowing and decreased proximity to
the shoreline. The sequence boundary is thus
situated at the transgressive pyritized horizon at
the base of the Pisgah Mm.

(i1) Only the Corsicana Fm. belongs to the highstand
systems tract and the Littig Mm. belongs to the
lowstand systems tract. Hence, a type-2 sequence
boundary would be situated in the upper part of
the Littig Mm. and the base of the Pisgah Mm.
would therefore be considered as a transgressive
surface.

Further, more distinct interpretations can only be
made by the detailed investigation of the K—P record
in the Brazos region. However, both scenarios are in
keeping with studies from adjacent areas that proposed
a transgressive event at or immediately following the
K—P boundary in the Dakotas (Johnson, 2002), in the
Carolinas (Hargrove and Engelhardt, 1997), and in
Alabama (e.g., Baum and Vail, 1988; Donovan et al.,
1988; Schulte, 2003).

4.3. Cyclicity inferred from magnetic susceptibility

The shales of the Corsicana Fm. as well as the
sandy-silty shales of the Littig Fm. show a rhythmic
magnetic susceptibility pattern with wavelengths be-
tween 1 and 1.5 m. Such rhythmic sedimentation
patterns are generally used to provide evidence for
the presence of cyclic sedimentation, which can be
ultimately linked to orbitally forced climate cycles
(e.g., Schwarzacher, 2000). For instance, rhythmic
bedding of Upper Cretaceous strata in the Western
Interior has been successfully linked to eccentricity-
driven climate changes (Ricken, 1994). However, in
contrast to the Upper Cretaceous strata in the Western
Interior, which show a carbonate vs. siliciclastic (c/s)
ratio of 1:2, the Maastrichtian and Danian shales
show a significant lower carbonate content (c/s ratios
between 1:8 and 1:12, see Ricken, 1994). Conse-
quently, the Corsicana and Littig shales should be
by far less capable of transforming the (weak) climate
cycles into rhythmic stratification. Comparing the
magnetostratigraphically  calibrated  sedimentation
rates (4.4 to 5.1 mm/ka for the latest Maastrichtian)

given in Hansen et al. (1993b) or the duration of
Zone CF1 (about 0.5 m equivalent to 300 ka) with
the wavelength of one Brazos cycle (1 to 1.5 m)
would correspond to about 230 to more than 600 ka
for one cycle, which is out of tune with the known
eccentricity periods of 100 and 400 ka. Therefore, it
is not clear whether the very weak rhythmic MS
patterns actually represent true rhythmic sedimenta-
tion resulting from Milankovitch cycles. Nevertheless,
the amplitude of the earliest Danian sedimentary
cycle increases significantly when compared the late
Maastrichtian amplitudes (Fig. 8); a behavior that has
been observed in a number of mid- to low-latitude
K-P sections (see Dinarés-Turell et al., 2003; Henne-
bert and Dupuis, 2003). These authors explained the
larger Danian cycle amplitudes by enhanced sensitiv-
ity to orbitally induced climate forcing following the
K—P mass extinction.

4.4. Paleoclimate inferred from clay minerals

Considering the paleoclimate record inferred from
clay mineral facies, we suggest that the relatively in-
variable smectite-dominated clay mineralogy of the
shales in the Brazos cores documents detrital influx
from soils that developed during chemical weathering
in warm climates with wet and dry seasons (Chamley,
1997). On the other hand, smectite may be derived from
the alteration of volcanic rocks or via burial diagenesis.
However, taking into account an origin from volcanic
sources, the continuous high abundance of smectite
throughout the cores would require a permanent high
volcanism in the Brazos area for which there is no
evidence in this passive continental margin setting
(Ewing and Caran, 1982). In addition, the sediments
in the Texas coastal plain did not suffer deep burial
diagenesis (Davidoff and Yancey, 1993). The absence
of significant diagenetic overprint other than a transfor-
mation of impact glass into Mg-smectite and chlorite is
documented by the constant presence of smectite, the
near-absence of mixed-layers (e.g., illite—smectite), and
the co-existence of smectite with kaolinite and chlorite.
Moreover, in contrast to the well-crystallized smectite
in the ejecta layer, the smectite in the shales of the
Brazos cores is not well crystallized (see details in
Schulte, 2003), probably Al-rich (beidelite), and sup-
ports a pedogenic, hence inherited origin.

Warm and humid to semiarid climate conditions
were reported from paleosol studies from western
Texas (Lehmann, 1990), as well as from Atlantic (Mar-
tinez-Ruiz et al., 2001b), and Tethyan (Chamley, 1997)
domains throughout the K—P transition. These condi-
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tions favored the development of thick continental soils
that led to the abundance of (Al-rich) smectites. In
addition, smectites may have formed in poorly drained
coastal areas resulting from tectonic stability, low con-
tinental relief, and warm, hydrolyzing climate condi-
tions. According to the data reported here, these
conditions may have prevailed in the Brazos hinterland
during the latest Maastrichtian into the early Paleocene.
The subordinate, albeit consistent amounts of illite,
kaolinite, and chlorites, imply additional, simultaneous
influx from (i) more mature (kaolinite) and (ii) from
less evolved (illite, chlorite) types of soils (Blanc-Val-
leron and Thiry, 1997). Less evolved soils may have
existed on uplifted regions, related to Laramide fold—
thrust loading in northern Mexico and western Texas
(Frank and Arthur, 1999).

4.5. Sedimentology of the K—P event deposit

The K-P event deposit in the Brazos cores records a
complex sequence of sedimentary events: (i) strong
currents associated with debris flows and soft-sediment
disturbance (Unit B), (ii) deposition of locally reworked
coarse ejecta that originally derived via air—water fall-
out to the seafloor (Unit C), followed by (iii) intermit-
tent periods of sand-silt deposition (Unit D), (iv)
deposition of finer-grained ejecta material (Units E
and F), finally followed by (v) periods of reworking
and settling (Unit G). This series of sedimentary events
is analogous to other K—P sections in the Brazos area,
although a distinct variability in thickness and exten-
sion of individual units exists (see Fig. 7 in Yancey,
1996). The ‘ordered’ succession of coarse ejecta parti-
cles overlain by finer-grained (sand- to silt-sized) ejecta
suggests an upward decrease in the depositional energy.
However, abrupt intermittent changes in the provenance
of the sediments (ejecta material vs. terrigeneous detri-
tus) make it very unlikely that the event deposit was
deposited via a single instantaneous event (e.g., a single
tsunami).

On the other hand, the presence of a cm-thick,
graded ejecta sequence, as well as the absence of
bioturbation in the units B, C and D, is difficult to
explain by—more long-term—changes in the proximal—
distal setting and/or sea-level fluctuations. Specifically,
since there exists no evidence for abrupt facies
changes from the mineralogical, geochemical, and pa-
leontological data for the interval immediately above
and below the event deposit (see previous Section 4.3).
In consequence, an origin of the event deposit as in-
cised valley fill during a pronounced sea-level lowstand
and subsequent sea-level rise — as for instance proposed

by Keller (1992) — is not supported by the sedimento-
logical data.

We conclude that a series of depositional events,
including tempestites and tsunamis, provides the best
explanation for the sedimentary sequence recorded in
the Brazos K—P event deposit. The record of multiple
depositional events in the aftermath of the Chicxulub
impact — acting over a distinct, yet brief period follow-
ing the impact — is consistent with the sedimentological
data from the Alabama shelf (e.g., Olsson et al., 1996),
from northeastern Mexico (e.g., Smit et al., 1996;
Schulte and Kontny, 2005), as well as from within the
Chicxulub impact structure (e.g., Goto et al., 2004).
Nevertheless, the high variability of storm- and tsuna-
mi-related event deposits makes it difficult to point out
characteristics for either depositional mechanism.
Moreover, the effects of a series of tsunami or storm
events in the Western Interior Seaway are currently not
known and probably difficult to model (see examples
outlined in Scheffers and Kelletat, 2003). However, it is
likely that the buffering effects of such an extensive
shallow water mass may have modulated substantially
the behavior of impact- or post-impact tsunami- and
tempestite-generated currents.

4.6. Chicxulub ejecta

The sedimentology, petrology, mineralogy, and geo-
chemistry of impact ejecta are generally used for con-
straining the location of the source crater, its geology,
and the physical processes during the impact event (e.g.,
Montanari and Koeberl, 2000). In the Brazos cores, the
thickness of the ejecta layer (about 10 cm) is well within
the range observed at other K—P sections at Brazos (5 to
10 cm, see Yancey, 1996). This thickness fits quite
reasonably to the clear trend of decreasing thickness
of ejecta deposits from NE Mexico, (e.g., at El Mimbral
about 0.5-1 m) to the Western Interior (in the Raton
Basin about 1 cm). The decrease in transportation ener-
gy is also reflected in the decreasing ejecta grain-size
with increasing distance from the Chicxulub structure:
grain size of the spherules is largest at the E1 Mimbral
locality (mm to cm-sized spherules) and smallest at
Texas and Alabama mm-sized spherules), In compari-
son, at Blake Nose, western Atlantic, spherules are 1-2
mm in size, at Bass River, 0.2—1 mm, and in the Western
Interior about 0.5—1 mm (see Fig. 1). In conclusion, the
regional ejecta thickness distribution and grain-size pat-
tern clearly suggests an origin for the ejecta spherules by
the Chicxulub impact event, although reworking and
redistribution of Chicxulub ejecta has likely occurred
around the Gulf of Mexico.
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A common origin by the Chicxulub impact is also
reflected by the similar morphological characteristics of
the ejecta spherules from the K—P boundary, including
their rounded to irregular shapes and forms, as well as
the presence of vesicles, schlieren, welding features,
and accretionary spherules (e.g., Alvarez et al., 1992;
Smit et al., 1996; Pope et al., 1999; Salge et al., 2000,
Stiiben et al., 2002b; Yancey, 2002; Schulte and
Kontny, 2005). A comprehensive in-depth outline of
the origination process of these ejecta particles is pro-
vided in numerous papers (e.g., Bohor and Glass, 1995;
Smit, 1999; Claeys et al., 2002; Schulte and Kontny,
2005), and will not be repeated here. Consequently,
only the most prominent features of the Brazos ejecta
deposit will be discussed as well as analogies and
differences to Chicxulub ejecta from K—P sections on
a regional to global scale (Fig. 12).

Electron microprobe analysis revealed that most
spherules from the Brazos K—P event bed are made of
smectite with a distinct Mg-rich composition; in addi-

tion, some spherules have a chlorite-like mineralogy
(Table 2). This composition suggests that the almost
exclusive smectitic composition (>90% smectite from
bulk rock analysis of the <2 um fraction) of the ejecta
layer (Unit C) is the result of an authigenic replacement
of former glassy spherules. Mg- (and frequently Ca-)
rich smectite is a common alteration product of Chic-
xulub ejecta spherules from K—P sections in the south-
ern Gulf of Mexico, the Caribbean and the Western
Atlantic (Ortega-Huertas et al., 1998; 2002; Debrabant
et al., 1999). In addition, pronounced smectite enrich-
ment has also been reported from a number of K-P
sections in the eastern Atlantic, the Pacific, and the
Tethyan realm to be associated with the basal (mm-
thick) ejecta-fallout K—P clay layer and the alteration of
microspherules (see review of Ortega-Huertas et al.,
2002). The smectite composition from the Brazos
spherules is well within the range given for these ejecta
spherules (see comparison in Table 2 and Klaver et al.,
1987; Bohor and Glass, 1995; Debrabant et al., 1999;

Gulf of Mexico
Brazos sections and cores, Texas

—_ ) Multiple minor
——| iridum anomalies

Gulf of Mexico
El Mimbral, Mexico

Multiple minor iridium
anomalies (<1 ng/g Ir)

North and South Atlantic
ODP 174AX New Jersey; ODP 171
Blake Nose; ODP 207 Demerara Rise

Danian

Maastrichtian 2

Dogie Creek, Wyoming
Starkville, Colorado

Large irid- |Smectite layer
ium anom. |with fern spike,
(>10 ng/g Ir)[shocked

} minerals,

£!813C Ni-spinels,

{) Laminated shaly clay

'i Spherulic claystone
Kaolinite layer with
spherules (goyazite,
goethite, pyrite),
shocked minerals

Danian

Maastrichtian}

El Kef (GSSP’), Elles, Tunisia

iridium anomaly
(>40 ng/g Ir)

{

H

15130

«—— ‘Boundary clay’|

‘Basal boundary clay’
Smectite layer with
spherules (K-feldspar,
smec., goe., pyroxene),
spinel, Fe-Ti nanopha.,

shocked minerals

. s 'Intermediate’
(<1 ng/g Ir) Jlron-oxide layer 2 iridium anomaly
i (hematite, goethite) 3 (~1-2 ng/g Ir)
i5130 «+«— Sand-siltstone complex L
{ «—Laminated shale o Spherule-rich
...... <, «—Sand-siltstones Spherule-bed 3 bsc’nt:ggti?sﬂ:grutes

Spherule-bed ) g;r;z:ﬁleesgfgg‘lsonte, S Fe-Ti nanophases
Spherules smectite, carbonate. hematite £ shocked minerals
chlorite, carbonate, pyrite goethite F'e-Ti-phas,es) = limestone fragments
hematite, Fe-Ti-phases shocked minerals 1=

Western Interior Tethys Pacific

ODP 198, Shatsky Rise
ODP 145, Northern Pacific

Large iridium
anomaly
(>2-12 ng/g Ir)

Danian

‘Boundary clay’
Spherules (goethite,
smectite, pyrite,
pyroxene),
Ni-Cr-rich spinels,
shocked minerals

Maastrichtians

im

[ clay
[E=] shale

Marl
=] Limestone

Sand
Il Lionite

[9o]Marl/shale clasts[_§ ] Bioturbation
@ Spherules

K-P boundary

Fig. 12. Correlation of the K—P boundary in the Brazos core 2 to the K—P boundary in the Gulf of Mexico (Northeastern Mexico), the Western
Interior (Raton Basin), the West Atlantic margin (ODP 171 and 174), the Tethyan realm (EI Kef, GSSP stratotype section for the K-P boundary),
and the Pacific Ocean (ODP 145 and 198). Note the “expanded” nature of the K—P boundary with intercalated siliciclastic (debris flow, tsunami or
tempestite) deposits in the Gulf of Mexico.



102 P. Schulte et al. / Sedimentary Geology 184 (2006) 77109

Martinez-Ruiz et al.,, 2001c, 2002; Stiiben et al.,
2002a). These smectite spherules often contain glassy
cores that by their geochemical composition point to a
progenitor phase of andesitic composition, in line with
the composition of melt fragments from Chicxulub
impact structure (see Schuraytz et al., 1994; Kettrup
et al., 2000; Kettrup and Deutsch, 2003; Claeys et al.,
2003). Therefore, we suggest that the smectite spher-
ules at Brazos derived via authigenesis from a similar
parental phase of probably andesitic composition.
Spherules of chlorite mineralogy have rarely been
observed from K-P spherule deposits in the Gulf of
Mexico and adjacent areas, although they constitute the
bulk of the ejecta particles in the spherule deposits of
northeastern Mexico (see Schulte et al., 2003). The
tabulated mineral compositions of typical chlorite
from the Brazos core 2 and from northeastern Mexico
in Table 4 show that the mineralogical composition of
the Fe—Mg-rich di,trioctahedral, and trioctahedral chlo-
rite ejecta particles are within the same range for both
locations. For the ejecta from northeastern Mexico, a
mafic precursor phase was suggested by previous stud-
ies (e.g., Schulte and Kontny, 2005), implying that
mafic rocks may also account for the chlorite spherules
in the Brazos area. Consequently, and in concert with
the presence of Mg-rich smectite spherules, we suggest
that the Brazos area in Texas received ejecta material
from compositionally different (felsic vs. mafic) regions
in the subsurface of the Chicxulub impact structure on
the Yucatan peninsula, reflecting the petrological vari-
ability of the basement in the subsurface of the Chic-
xulub impact structure, as outlined by several previous
studies (Kettrup et al., 2000; Kettrup and Deutsch,
2003), and specifically for the northwestern sector of
the Chicxulub structure (Schulte and Kontny, 2005).

5. Conclusions

Based on the multidisciplinary evaluation of the K—P
boundary interval in two cores from Brazos, Texas, we
conclude the following.

5.1. Biostratigraphy, K—P faunal turnover and position
of the K—P boundary

Foraminifera and nannofossil stratigraphy indicates
that the Brazos cores include a latest Maastrichtian
(Zone CF1-CF2 / CC26) and earliest Danian (PO, Pa
and P1a/NP1) shale sequence with a sandy and Chic-
xulub ejecta-bearing event deposit at the K—P bound-
ary; a hiatus of unknown duration may be present by
the unconformable base of the event deposit. The

Maastrichtian benthic foraminiferal fauna is stable,
shows a sudden faunal change in the interval above
the K-P event deposit, and a gradual change to a
‘Midway’ fauna within Zone Po. Calcareous nannofos-
sils show a rich flora in the latest Maastrichtian shales
below the K—P event deposit, an impoverished flora
above the event deposit, and an ordered succession of
characteristic nannofossil bloom upon entry of the first
Paleocene forms. However, during biozone PO carbon-
ate values reach and even exceed the carbonate con-
tents of late Maastrichtian shales. This contrasts to
other K—P boundary sections, for instance in the Teth-
yan realm, where the carbonate contents, and hence the
productivity usually remains low up to Zone Plb,
although K—P sections in the Atlantic and the Pacific
usually show no lowered carbonate contents during
these biozones.

The K-P event deposit is separated from the first
occurrence of Paleocene microfossils by 1.6 m of
laminated carbonate-poor shales that show an
impoverished planktic foraminifera and nannofossil
fauna, as well as almost no evidence for macrofauna
remains, compared to the Maastrichtian shales below
the event deposit. Trace element data provides no
evidence for enhanced dys- or anoxic conditions for
this interval. A similar interval is commonly present in
the Brazos area, although with only about 15 to 25 cm
thickness. Hence, the origin of this interval and pos-
sible reworking processes has to be evaluated within
the local context of the Brazos outcrop area. However,
in absence of characteristic K—P boundary clay, as
revealed by the biostratigraphic, geochemical, and
mineralogical data, we position the K—P boundary at
the base of the event deposit, concomitant to the first
appearance of Chicxulub ejecta. This position is in
keeping with the occurrence of smectite-rich Chicxu-
lub ejecta in the K—P boundary clay elsewhere (e.g.,
Atlantic, Pacific, Western Interior, Tethys). Conse-
quently, our micropaleontological as well as our geo-
chemical and mineralogical data provides no evidence
that Chicxulub predated the K—P boundary, but instead
strengthen the link between the Chicxulub impact and
the K—P mass extinction.

5.2. Sequence stratigraphic setting and paleoclimate

No evidence for major proximal—distal facies trends
is observed from the lithological, geochemical and
mineralogical composition of the shales bracketing
event deposit. The lowered carbonate content in the
interval above the event deposit is attributed to the
mass extinction resulting from the Chicxulub impact,
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possibly enhanced by dissolution. During the basal
Danian Zone PO, multiple criteria (e.g., increased
sand content) suggest regressive sea-level behavior
(late highstand systems tract). The late highstand (or
minor lowstand) systems tract is terminated at a pyr-
itized horizon (“transgressive surface or type-2 se-
quence boundary”) and overlain by the geochemically
and mineralogically distinct transgressive systems tract.

The relatively constant clay mineral composition
suggests that no major change occurred in the climate/
weathering conditions across the K—P boundary at the
Brazos region. The high smectite contents (>60%)
flanked by minor illite, chlorite, and kaolinite points
to warm, humid climates with pronounced seasonality,
albeit the high diversity of this clay assemblage points
to a complex hinterland with geologically and/or mor-
phologically distinct compartments.

5.3. Sedimentology of the K—P event deposit

The complex, 20-cm-thick graded sedimentary se-
quence of the K—P event deposit in the Brazos cores is
explained by ejecta deposition from debris flows and
subsequent turbidite currents, with sudden intermittent
provenance changes as indicated by thin intercalated
pure quartzose sand-silt layers. This depositional se-
quence is probably resulting from successive tempestite
or tsunami events. The top of this sequence is biotur-
bated and overlain by micritic limestone grading into
laminated dark shales, suggesting deposition over a
longer period. The basal part of the K—P event deposit
contains clayey and vesiculated spherules generated by
the Chicxulub impact, which in turn are observed at the
K-P boundary in sections from other areas of the Gulf
of Mexico, the Pacific, Northern America (Western
Interior), and the western Atlantic.

5.4. Chicxulub ejecta

The ejecta particles are altered to clay minerals,
including smectite and chlorite. In addition, tiny ac-
cretionary carbonate clasts are ubiquitously present in
the basal part of the event deposit, which are inter-
preted to represent ‘lapilli-like’ ejecta derived from
the accretion of fine carbonaceous dust. Smectite
spherules are the main altered ejecta phase and
their authigenesis led to the high amount of smectite
in the basal units of the event deposit. These smec-
tites are well crystallized, enriched in Mg, and com-
positionally belong to the beidellite—nontronite series.
Mg-rich smectite derived from the alteration of
microspherules is commonly observed in the basal

K-P boundary clay layer in the Tethyan realm
(Ortega-Huertas et al., 2002). The chlorites in the
spherules are Fe—-Mg-rich and have a chamosite-like
composition, albeit with smectite interlayers. In sum-
mary, the wide compositional range of the ejecta
spherules is interpreted as an inherited feature and
suggests precursor glass phases of presumably mafic
to intermediate character. This compositional spec-
trum is in line with the placement of the Brazos
area between northeastern Mexico that received ejecta
from mafic target rocks (now altered to chlorite), and
the western Atlantic region, which received ejecta
that derived from rocks of intermediate composition
(now altered to Ca—Mg-rich smectite).
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