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-------------------------------------------------------------------------- 1 A B S T R A C T  I--------------------------------------------------------------------------

The Antioch Church core from central Alabama, spanning the Cretaceous-Paleogene (K-P) boundary, was 
investigated by a multi-proxy approach to study paleoenvironmental and sea level changes within the well- 
constrained sequence stratigraphie setting of the Gulf of Mexico margin. The Antioch Church core comprises the 
Maastrichtian calcareous nannoplankton Zone CC25 and the Danian Zones NP1 to NP4 corresponding to the 
Maastrichtian planktonic foraminifera Zones CF3 and the Danian Zones P ia  to P2. Facies shifts from a M aas
trichtian siliciclastic to a mixed siliciclastic-carbonate depositional system during the late Danian. Sedimentary 
proxies indicate that depositional settings changed between littoral (foreshore) and inner and middle neritic (off
shore transition zone). Four sedimentary sequences, each encompassing LST, TST, and FIST were identified. 
Estimated water depths by using benthic foraminiferal assemblages were not exceeding 20-40 m for the Maas
trichtian and 0-40 m for the Danian sequences. The succession of facies shifts within systems tracts can be very 
well disentangled by major and trace element data as well as by various element ratios including Zr/Rb, 
(Zr+Rb)/Ca, and Sr/Ca. By applying element stratigraphy, the ambiguities of the natural gamma ray log -w ith 
peaks associated either with maximum flooding surfaces or with silty lag deposits (“placer silts”) during the late 
regressive FIST- are resolved. In addition, the Zr/Rb ratio provides a good proxy for monitoring grain size dis
tribution and sorting effects. According to the Antioch Church core data, the K-P boundary is associated with a 
sandstone event bed that includes ejecta spherules from the Chicxulub impact. Flowever, the genesis of the K-P 
event bed, whether lowstand, tempestite- or tsunami-related, cannot be resolved from this core. In terms of clay 
mineralogy, the studied interval is characterized by a steady increase in smectite that parallels a decrease in 
kaolinite with the latter disappearing about two My after the K-P boundary during Biozone NP2. This change in 
the clay mineral assemblage, which is almost independent of lithology, may suggest a long-term shift from sta
ble, tropical warm and humid climates during the latest Maastrichtian to warm climate with alternating humid 
and arid seasons in the middle Danian.
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INTRODUCTION

The succession o f  M aastrich tian  to  Paleocene strata 
on the A labam a coastal p lain  has played a central role in 
the developm ent o f sequence stratigraphie concepts due 
to  the outstanding com bination of outcrop, core, and seis
m ic data on the slowly subsiding passive margin. C onse
quently, a w ell-constrained  h igh-reso lu tion  sequence 
stratig raphie fram ew ork exists (B aum  and Vail, 1988; 
D onovan et al., 1988; Savrda, 1991; M ancin i and Tew, 
1993), w hich also served as a reference for the low er 
Paleogene in the sequence cycle chart o f  H aq et al. 
(1988). These studies reveal a striking difference between 
upper Cretaceous and low er Paleogene sequences -  w ith 
long-term  cycles in the M aastrichtian and frequent, short
term  cycles in the Danian. However, a m ixed siliciclastic- 
carbonate depositional system  was established during the 
Danian, w hich makes recognition of sequence stratigraph
ie surfaces difficult due to varying rates o f b iological and 
carbonate productivity versus siliciclastic influx (M ancini 
and Tew, 1997). Therefore, constraining ages o f sequence 
boundaries as w ell as m agnitudes o f sea level change is 
com plicated (Olsson and Liu, 1993).

The presence of channeled sandstones at the Cretaceous- 
Paleogene (K-P) boundary has further contributed to the 
uncertainties o f determining late Cretaceous-early Paleogene 
sea-level changes. These sandstones have traditionally been 
considered as bar sands or incised valley fill deposits geneti
cally linked to  a sea-level lowstand (e.g., Baum  and Vail, 
1988; Donovan et al., 1988; M ancini and Tew, 1993). Alter
natively, these sandstones have been interpreted as tem- 
pestite or tsunami event deposit associated with the Chicxu- 
lub impact (e.g., Olsson et al., 1996; Smit et al., 1996).

The A ntioch C hurch core from  central A labam a p ro 
vides a m ore expanded late M aastrich tian  and D anian 
succession than  the adjacen t w ell-know n B raggs and 
M ussel C reek K -P outcrop sections (Jones et al., 1987; 
Donovan et al., 1988; Baum  and Vail, 1988; Zachos et al., 
1989; Savrda, 1993). M oreover, w eathering does not bias 
its geologic record. W ith our m ulti-proxy approach incor
porating  sedim ent petrology, m ineralogy, geochem istry, 
and foram in ifera and by m aking use o f the previously  
estab lished  sequence stratig raphie architecture fo r the 
G ulf o f M exico M argin (Donovan et al., 1988; Baum  and 
Vail, 1988), we investigate late Cretaceous vs. early Paleo
gene environm ental changes. Specifically, we intend to 
answer the following questions:

a) Do system atic changes occur when com paring late 
M aastrichtian and early Danian sequences via pétrographie, 
m ineralogical, and geochem ical proxy data?

b) Are the w ater depth  changes given by previous 
studies for central A labam a (30-80 m  water depth; Baum

and Vail, 1988; O lsson et al., 1996) in line w ith  foram i- 
niferal data?

c) Is it possib le  to  derive relevant stratig raphie p a t
terns from  geochem ical facies analysis on a sub-system s 
tract scale?

d) Do clay m ineral assem blages show clim atically re l
evant variations?

In addition, the K -P boundary interval in the A ntioch 
Church core may provide further constraints on the gene
sis o f the K -P  boundary  sandstone deposit and possib le 
links to  the C hicxulub im pact on the Yucatan carbonate 
platform, southern Mexico.

GEOLOGICAL SETTING

The A ntioch C hurch Core was cored in  South-central 
Alabama, about 140 m north of A labam a Route 263 and 5 
km  northw est o f G reenville in Low ndes C ounty (Fig. 1). 
The core site is located in a downdip setting about 7.4 km 
northeast and 3.6 km  east o f the w ell know n B raggs and 
M ussel C reek K -P boundary  localities, respectively, and 
was drilled in front o f the abandoned building o f the B ap
tist “A ntioch Church.”

Generally, the late Cretaceous to  early Paleocene stra
ta  o f southern and central A labam a constitute a seaward- 
dipping w edge o f sedim entary  rocks tha t reflects the 
infilling  o f a slowly, but d ifferentia lly  subsiding deposi
tional basin on the passive southern m argin o f the N orth 
A m erican con tinen t (Fig. 1; Sohl et al., 1991; M ancini 
and Tew, 1993). L ateral lithofacies changes from  w est to 
east indicate tha t depositional conditions in southw est 
A labam a during this period w ere associated w ith deltaic 
and m arginal m arine sedim ent accum ulation. Sedim enta
tion  in sou theast and south-central A labam a was co n 
tro lled  by the presence o f a persisten t Paleocene carbon
ate p la tform  th a t form ed over Paleozoic basem ent rocks 
and was little affected by salt tectonics. D uring the early 
Paleocene, a delta developed in M ississipp i and in w est
ern A labam a, resulting in increased siliciclastic sedim en
ta tion  (M ancini and Tew, 1993). Facies sh ifts on the 
A labam a paleoshelf from  siliciclastic-dom inated deposi
tion during the late M aastrichtian to a siliciclastic-carbon- 
ate depositional system in the Danian.

F or the about 84 m  th ick  in terval from  the la test 
M aastrichtian to  the late Danian, w hich is recorded in the 
sedim ents o f  the A ntioch C hurch core, Baum  and Vail 
(1988), M ancin i and Tew (1993), and M ancin i et al. 
(1996), delineated a d istinct succession o f four unconfor
m ities that divide the lower and upper part o f the M idway 
Group into distinct depositional sequences (Fig. 1). These 
unconform ity-bound  sedim entary  sequences are now
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exposed along the SSE -N W W -trending ou tcrop  belt o f 
C retaceous and Paleocene units in the G u lf o f  M exico 
coastal plain o f Alabama, though local derivations exist in 
thickness and extent o f individual units (see M ancini and 
Tew, 1993 fo r details on reg ional paleogeographic 
aspects). These depositional sequences are outlined in the 
following and exem plarily depicted in Fig. 1.

S equence 1: The u p p er M a astr ic h tia n  U Z G C -5 .0  
(“U p p er Z un i, G u lf  C o ast C y c le” ) sequence is co m 
p o sed  o f  the  P ra irie  B lu ff  F o rm a tio n  (Fm ) and re p re 
sents late h ighstand  or reg ressive  deposits (M ancin i et 
al., 1996).

Sequence 2: The lower Danian TAGC-1.1 (“Tejas A, 
G u lf C oast C ycle” ) sequence com prises the C layton 
Basal Sands and the overlying Pine Barren M em ber o f the 
Clayton Fm  (Donovan et al., 1988; Baum  and Vail, 1988; 
M ancin i and Tew, 1993): The low er boundary  o f this

sequence in  the G u lf C oast P lain  area is considered as 
type-1 unconform ity, w ith  the C layton B asal Sands con
sidered as incised valley fill deposits that developed when 
sea-level fell below  the she lf break. The overly ing Pine 
B arren  M em ber includes a p rom inent g lauconitic m ax i
m um  flooding in  South-cen tra l A labam a tha t separates 
the retrograd ing , transgressive sandy lim estones below  
from  the prograd ing  h ighstand  m arls and silty /sandy 
mudstones above.

S equence 3: The early  D anian (TAGC-1.2) includes 
the p rom inent Turritella  R ock, w hich is in terpreted  as 
shelf-m argin system s tract, and the M cB ryde F im estone 
M em ber o f the Clayton Fm  (M ancini and Tew, 1993).

S equence 4: The th ird  D anian (TAGC-1.3) sequence 
com prises the upper p art o f  the M cB ryde F im estone 
M em ber o f the C layton Fm  and the low er p art o f  the 
Porters Creek Fm  (M ancini and Tew, 1993).
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Gulf of Mexico
~ j f  I G u lf bí iW xiÇ O

Fomvnicm

A t l a n t i c
Ocean

I (j I Quaternary 
IW l HMQ+fi*
m  Paleogene
D -J  K’P tmmdary 
E3EÜ CrelJCMui

U l  Pileazn-K:
„  Antioch 
®  Ohurditore-

I B  ton

fOrirtY
Zones

Hanno.
Zones

C ö is li lO n la p  SiijirtrKfrs 
M a n í in t  6  f e w  ( 199ÎI

ForrrtWtOn,
Member

TAÜC 1.3

TAGC U l

TAGCU1

UZGC T.

Porteri Creek

Typo j

Ce-nd  e a s e d  
s e c tio n

McBryde 
I i me; to it? 
V e rn ix

Tuttite^a ftock

Pine 
Banen 

Mem bet

rosian
Clayton Sasa I S an d s

P n k le  B lu ff
formation

CF1 CF3

FIGURE 1 I A) L o c a t io n  of A la b a m a  a t th e  G ulf o f  M e x ic o  C o a s ta l P la in . B ) S c h e m a t i c  g e o l o g i c  m a p  o f A la b a m a  s h o w in g  th e  C r e t a c e o u s - P a le o g e n e  
o u tc r o p  b e lt  a n d  th e  lo c a t io n  o f th e  A n tio c h  C hurch  C ore. C) B io str a tig r a p h y  an d  th ird -o rd er  c o a s t a l  o n la p  c y c l e s  r e c o g n iz e d  for  M a a s tr ic h t ia n -P a le o -  
c e n e  s tr a ta  in S o u th -C en tra l A la b a m a  (m o d if ie d  from  M a n c in i a n d  T ew , 1 9 9 3 ) .
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METHODOLOGY

Two hundred th irty  five closely-spaced  sam ples 
labeled AC (Antioch Church) were taken during a visit at 
Princeton U niversity together w ith W olfgang Stinnesbeck 
and G erald  B aum  in 2001. O ptical m icroscopy o f  about 
80 resin-stained thin sections was perform ed to  assess the 
textural and m ineralogical properties. Petrographie com 
position  was analyzed by po in t counting (100 points) on 
each th in  section to  develop grain  size and quantities of 
grains, cement, and porosity.

F or nannofossil biostratigraphy, sam ple m aterial was 
ultrasonically cleaned in a w eak am m onium  solution for 3 
min. The resulting suspension was allowed to  settle for 3 
m in and the w ater decanted. The deposit was then again 
b rough t in to  suspension and a few drops spread over a 
graphitic scanning electron m icroscope (SEM ) stub. After 
drying and coating w ith gold, the stub was observed in a 
SEM  at 2.5 K m agnification. For qualitative and quanti
tative foram iniferal analysis, sam ples w ere disintegrated 
and sieved. The size fraction >125 p m  was used for esti
m ating p lanktic /ben th ic ratios and for sem i-quantitative 
benthic foram iniferal analysis.

Selected  m ajor and trace elem ents (C a 0 2, F erO r, 
T i0 2, K20 ,  Cr, N i, Cu, Zn, As, Rb, Sr, Y, Zr, Ba, La, Ce, 
N b, and Pb) were analyzed from  bulk pow der sam ples (5 
g) by energy-dispersive X -ray fluorescence spectrom etry 
(ED S) w ith  a SPEC TR A C E 5000 X -ray  analyzer at the 
Institute for M ineralogy and G eochem istry, U niversity of 
K arlsruhe (Kram ar, 1997). A naly tical error is generally  
low er than 10% relative. The elem ent-specific detection  
lim its are given in Table 1. F urther m ajor elem ents w ere 
analyzed by w avelength-dispersive X -ray  fluorescence 
spectrom etry (W DS) also at the Institute for M ineralogy 
and G eochem istry, U niversity  o f K arlsruhe, w ith a SRS 
303 AS XRF. F or these analyses, fused glass d iscs w ere 
p repared  from  a m ixture o f  1 g ign ited  pow der o f each 
sample and 4 g of SPECTROMELT.

Total organic carbon (TOC) content analysis was per
form ed with a ROCK EVAL 6 pyrolizer at the Geological 
Institute of Houston, Texas, and at the University of Neuchâ
tel, Switzerland (Langford and Blanc-Valieron, 1990). The 
obtained values were com pared with a standard reference

sample. Analytical precision for a standard is 0.003%  and 
reproducibility is 0.02% for the insoluble residue.

Clay m ineralogy was analyzed by X -ray diffractom e- 
try  (XRD) at the G eological Institute o f the U niversity o f 
N euchâtel, Switzerland, w ith a SCINTAG XRD  2000 d if
fractom eter and Cu-k(- rad ia tion  after m ethods given in 
A datte et al. (2002). D iffractogram s w ere evaluated w ith 
the M acD IFF software (Petschick et al., 1996). The semi- 
quantitative estim ation  o f  the relative abundance o f  the 
clay m inerals was conducted  by using  the ratios o f  the 
w eighted peak  areas o f  sm ectite (w eighting  factor ‘1’), 
chlorite ( ‘2 ’), illite ( ‘4 ’), and kao lin ite  ( ‘2 ’) from  glyco- 
lated  specim en o f the <2 p m  fraction  (see Fig. A Í in 
Appendix at www.geologica-acta.com).

LITHOLOGY, PETROLOGY AND DEPOSITIONAL 
SEQUENCES

C entim eter-scale core and pétrographie observations 
on the litho log ie and faunal com position, sedim entary  
texture and structure w ere used first to  in te rp re t lithofa- 
cies and associated  depositional system s o f  the A ntioch 
Church core. These facies and associated environm ents o f 
ind iv idual sequences, com plem ented by the benthic 
foram inifera and geochem ical data in  the next sections, 
reveal d iagnostic in form ation  on processes contro lling  
sequence formation.

Prairie B luff Formation

The Prairie Bluff Fm  in the Antioch Church core consists 
of silty-sandy micaceous mudstones and marls with variable 
carbonate (10-35 wt% ) and fossil content. Silt-sand grains 
are subangular quartz, rare feldspar (mostly microcline, rare 
albite), and shell debris; micas are biotite and muscovite. In 
addition, rounded phosphate and glauconite grains are p re
sent, though generally below a few percent. The marl is bur
rowed and the diffusive, burrow-mottled background fabrics 
are overprinted by discrete traces including Planolites, Thci- 
lassinoides, and Chondrites. Fossils that could be deter
mined in the core include mollusks and mollusk fragments, 
for instance, nuculanids (e.g., Nuculana corbicula) and oys
ters. Gastropod shells, including Acmaea  and the high- 
spirred Haustator bilira, as well as scaphopods (e.g., Denta-

TABLE 1 I D e te c t io n  lim its  (D et. I) a n d  c o r r e la t io n  c o e f f ic ie n t s  (C orr. Ti) for m ajo r  an d  tr a c e  e le m e n t s  w ith  th e  Ti c o n te n ts .

Fe20 3 MnO CaO

O
CM

*

Cu Zn As Rb Sr Y Zr Ba La Ce Pb
wt% ppm wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Det. I - 5 5 4 5 10 1 3 5 5 10 10 5
Corr. Ti 0.64 0.44 0 88 0 71 0.38 0.62 -0.07 0.89 0.09 0.71 0.75 0.91 0.56 0.73 0.89
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Hum), fish vertebrae, ostracods, and benthic foraminifera are 
also present. In the interval from  70 to 66 m  in core depth, 
the Prairie-Bluff becomes sandy-silty mudstone with 
reduced fossil and carbonate content; planktic foraminifera 
are very rare (Figs. 2, 3). Increasing silt and clay contents are 
also revealed by the fore-stepping gamma log m otif (Fig. 2). 
In contrast, the upperm ost two meters o f the Prairie Bluff 
formation are rich in carbonate (Fig. 3) and bear more abun
dant fossils including bivalve shell fragments, benthic 
foraminifera, and slightly more com m on planktic fora
minifera.

Clayton Formation

Clayton Basal Sands

The 90 cm thick C layton Basal Sands start with a sin
gle, 5-cm  th ick  core piece o f  sandstone w ith  a pyritized  
m atrix  (Fig. 3). This sandstone is very rich  in  quartz 
(>75% ) and alm ost devoid o f carbonate (<2%). The over- 
ly ing coarse-grained  w hite quartz sandstone is calcite- 
cem ented (Figs. 3, 4A, B). Sedim entary structures include 
norm al grading w ith very coarse sand at the base to  mean 
sand at the top. The topm ost part also shows faint lam ina
tion. B ioturbation was not observed throughout this inter

val. The m iddle part o f this sand bed shows high porosity. 
The pétrographie com position o f the C layton Basal Sands 
reveals m ore than  50%  angular quartz and feldspar, 
includ ing  m icrocline, o rthoclase w ith tourm aline inc lu 
sions, and m yrm ekite (quartz-feldspar intergrow ths that 
are com m only found in  plutonio rocks, see Fig. 4A). In 
addition, glauconite, m uscovite, illm enite, as well as rare 
g lauconized and pyritized  p lanktic and benthic 
foram inifera are present. O ccasionally, charcoal and leaf 
tissue was found. The accessory m inerals m yrm ekite and 
epidote suggest an igneous and/or m etam orphic protolith  
(Garcia et al., 1996).

A p ro m in e n t co m p o n en t o f  the  low er 20 cm  o f the 
C lay to n  B asa l S ands is m m -sized  v es icu la r  b row n- 
g reen  ‘sp h e ru le s ’ (F ig . 4B ). S om e spheru les are co m 
posed  en tirely  o f  calcite w ith a th in  opaque coating  and 
rem ains o f  bubbly  inclusions lined by opaque m inerals. 
S pheru les are m o rp h o lo g ica lly  s im ila r (size , shape, 
in te rn a l tex tu res  e tc .) to  C h icx u lu b  e jec ta  spheru les 
found in the C lay ton  B asal Sands o f  o ther K P outcrops 
in  A labam a (S m it e t al., 1996), as w ell as in  K -P  o u t
crops in  Texas (S chu lte  e t al., 2006), in  M exico  
(Schulte and Kontny, 2005), and in the W estern In terio r 
(B ohor and G lass, 1995).

Calc, nannofdi-sits
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FIGURE 3 I L ith o lo g y  an d  c o r e  p h o to s  o f  th e  K-P tr a n s it io n  in th e  A n tio c h  C h u rch  c o r e  a lo n g  w ith  s e q u e n c e  s tr a t ig r a p h ie  in te r p r e ta t io n  an d  c a lc a r e -  
o u s  n a n n o f o s s i l  b io s tr a t ig r a p h y  (S tr a t ., s tr a t ig r a p h y ; S e q . ,  s e q u e n c e  s tr a t ig r a p h y ) . N o te  w h ite  C lay to n  B a s a l S a n d s  in th e  c o r e  p h o to  o v e r la in  by s e 
v e r a l p ro m in en t d a r k -c o lo r e d  f lo o d in g  s u r f a c e s  (L eg e n d  in F igu re  2 ) .
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Pine Barren Member

Above the C layton B asal Sands, the low er part o f the 
Pine Barren M em ber o f the C layton Fm  reveals a stacked 
set o f cm -thick glauconitic m udstone intervals, each asso
ciated  w ith a m inor G R -peak, alternating  w ith dm -thick 
sandy and b ioc last-rich  m arls (Figs. 3, 4C). A bout four 
m eters above the base o f the C layton Sands, strata consist 
o f 50-75%  glauconite grains (Figs. 3, 4D). The glauconite 
replaces pellets, fo ram inifera, bookm ark  m ica, and bry- 
ozoans, or consists o f rounded grains w ithout an internal 
structure. The b righ t green colors and the rareness o f 
cracks (“critter m anure” ) bo th  suggest a juvenile , less 
evolved state o f  the g lauconite (A m orosi, 1995), as also 
revealed by 4-6 wt%  K ?0  contents from  electron m icro
probe data. The g lauconite-rich  in terval furnishes 
bivalves, includ ing  Venericardia, and Chlam ys, in add i
tion to  m ollusk shell debris and benthic as well as planktic 
foram inifera; it is strongly bioturbated by  Thalassinoides  
and Chondrites. Above the glauconite layer, the degree of 
bioturbation is reduced and constituents show w ell-devel
oped palisade cem ent (Fig. 4E). F urther upsection , dm- 
th ick  m udstone-m arl-lim estone couplets suggest cyclic 
variations in detritus input versus carbonate productivity  
(Figs. 2, 5). The upperm ost part o f the Pine Barren M em 
ber (40 to  35 m  in core depth) is o f dark color, very silty, 
nearly devoid o f m acrofossils, and associated w ith a p ro
nounced GR peak.

Turritella Rock

Six m eters o f w ell-indurated, w hite-yellow  sandy bio- 
clastic lim estone d isconform ably  overlie the dark  m ud
stones o f  the P ine B arren  M em ber (Fig. 2). D ue to  the 
abundance o f  the gastropod  Turritella, particularly , T. 
mortoni, this sandy lim estone bed is referred to  inform ally 
as Turritella  Rock. The basal tw o m eters are coarse ca l
careous quartz sandstone w ith feldspars and m ica as well 
as abundant glauconite. In the upperm ost 4 m  o f the Tur
ritella  R ock, there is an abrupt increase in fossil and 
m atrix content, concom itant to a decrease in quartz, com 
pared to  the interval below  (Fig. 4F). Pyritized and glau- 
conized particles are prom inent constituents o f this sandy 
lim estone, as w ell as large (up to  cm -sized) aggregate 
grains; som e ooids have also been observed. Porosity  is 
h igh and in the range o f 20 to  25%. Notably, iron coatings 
th a t are com m only  associated  w ith  d isso lu tion  features 
line m ost o f the cavities; spar cem ent is rarely  presen t in 
th is lim estone. F urther p rom inen t d iagenetic features 
include ‘s te inkerns’ w ith in ternal sed im ent (m icrite, 
quartz grains). D issolution m ay have selectively affected 
certain bioclasts including aragonitic turritellids, but may 
have also been pervasive, and form ed caverns o f various 
sizes. The fauna is dom inated  by  m olds o f Turritella  
shells. A dditional fossils in this lim estone include bivalve

fragm ents (e.g., Venericardia, oysters), abundant benthic 
(m ainly  ro taliidae and m ilio lidae), and rare planktic 
foram inifera, bryozoan  fragm ents, ech inoderm  spines, 
sponge spicules, dasycladaceans, and ostracods. The top
m ost 25 cm of the Turritella R ock are indurated, enriched 
in glauconite and phosphate, and bioturbated, indicating a 
pervasive hardground form ation. The presence o f irregu
lar “foam y” calcified  structures (Fig. 4G), in terpreted  as 
Micrococlium  (A lonso Z arza et al., 1999), along w ith the 
presence o f  m eniscus-shaped as well as dripstone cem ent 
(Fig. 4H ) suggests tem poral em ersion  o f  the Turritella  
R ock above sea level in line w ith incipient soil form ation 
(Tucker and W right, 1992).

McBryde Limestone Member

A lternating  sets o f m arls, siltstones, and sandy lim e
stones o f the M cBryde Lim estone M em ber o f the Clayton 
Fm  disconform ably overlay the Turritella  R ock (Fig. 2). 
Their character changes from  dark  grey, fossil-free, 
clayey siltstones to  light grey, slightly shelly chalky marls 
and ligh t grey, sandy lim estones. Phosphate and g lau 
conite are very rare in these units and only  abundant at 
the hardgrounds atop o f  the sandy lim estone beds at 20 
m and 4 m  in core depth. N o evidence, how ever, was 
found for em ersion above sea level at these lim estone 
beds. The sandy lim estones m ay be classified as bioclas- 
tic  packstone, though they show sign ifican t low er grain 
size o f the detrita l and b ioclastic  com ponents than, for 
instance the Turritella  R ock. They bear m any bivalve 
shells and shell fragm ents (e.g., Venericardia wilcoxensis, 
oysters), w hereas gastropods (e.g., tu rritellid s) are rare. 
The nautiloid H ercoglossa ulrichi was found at 21.9 m  in 
core depth; hence, this particular lim estone bed was iden
tified as the inform al ‘H ercoglossa  lim estone’. The m arl 
beds usually  have a m ottled  appearance, are b io turbated  
by Chondrites  and Thalassinoides, and contain only few 
m acrofossil shells or shell debris, but are relatively rich in 
planktic foraminifera.

Porters Creek Formation

The topm ost 4 m  o f the A ntioch C hurch core belong 
to  the upper Danian ‘low er’ Porters Creek Fm  and consist 
o f light grey, sandy-silty m arls that disconform ably over
lay the M cBryde Lim estone Member.

BIOSTRATIGRAPHY

The b iostra tig raphy  o f the A ntioch C hurch core is 
based on calcareous nannofossil and planktic foraminiferal 
records. C alcareous nannofossils reveal an im poverished 
and poorly  to  m odestly  preserved upper M aastrich tian  
assem blage and m ore diverse and com m only better p re 
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served D anian assem blages. F ollow ing the b iozonation  
schem es provided by M artin i (1971) and Perch-N ielsen 
(1985), a succession o f five calcareous nannofossil zones 
have been distinguished for the late M aastrichtian to D an
ian (Fig. 2): The M icula m unis  Zone (CC25, upper M aas
trichtian), the M arkalius inversus Zone (NP1, lowerm ost 
Danian), the Cruciplacolithus tenuis Zone (NP2, lower Dan
ian), the Chiasmolithus danicus Zone (NP3, middle Danian), 
and the Ellipsolithus macellus Zone (NP4, upper Danian).

Danian planktic foram iniferal biostratigraphy is som e
w hat ham pered  because p lanktic  fo ram in ifera are very 
rare to  absent throughout the core. In addition, diagnostic 
taxa such Subbotina triloculinoides m ay be alm ost absent 
because o f ecological exclusion in shallow waters. Under 
these circum stances, it is unlikely that all com m only used 
D anian zonal m arkers are presen t from  the onset o f their 
ranges upwards. Consequently the foram iniferal zonation 
m ust be considered only tentatively. The upper part o f the 
Prairie B luff Fm  contains the m arker species Gansserina  
gansseri, w hich indicates M aastrich tian  B iozone CF3 
(Pardo e t al., 1996). The tw o upper M aastrich tian  b io 
zones CF1 and CF2 are m issing in  this section. W ashed 
residues from  the low erm ost three m eters above the base 
o f  the C layton B asal Sands provided no p lanktic 
foraminifera. A t ~62 m  in the lower Pine Barren M ember, 
rare but well preserved specim ens o f Eoglobigerina edita, 
P raem urica  taurica, and G loboconusa daubjergensis  
w ere observed. These taxa range from  Zone P a  to  P ic  
(O lsson et al., 1999). Their m inute size (<100 pm ) and 
absence o f  larger taxa suggests tha t this level m ay be re 
presenting the lower range of these taxa. However, Parvu
larugoglobigerina eugubina, the zonal m arker o f P a  was 
not observed, and consequently subzone P ia  is the appro
priate  b iostra tig raph ic allocation. H igher up in subzone 
P ia  (upper P ine B arren  M em ber and low er M cB ryde 
Lim estone M em ber), Praemurica pseudoinconstans  is the 
m ost com m on species (>125 pm ) in  sam ples tha t are 
som ew hat richer in p lanktic foram inifera. The low est 
occurrence o f  Subbotina trilocu lino ides  (one specim en) 
coincides w ith the low est representatives o f Praem urica  
inconstans  a t 17 m  in core depth, m arking the base of 
Subzone P ic . Since the FAD o f Subbotina triloculinoides 
m arks the base o f Subzone P lb , th is suggests tha t Sub
zone P lb  is entirely missing. Considering that S. triloculi
noides  is a deeper therm ocline dw eller am ongst p lanktic

foram inifera (Berggren and N orris, 1997), it is likely that 
the shallow  depths cause its rarity  during deposition  o f 
the P ine B arren M em ber. C onsequently , the absence o f 
subzone P lb  is ra ther eco log ically  contro lled  than the 
resu lt o f  a large hiatus at ~20 m. The Porters C reek Fm  
yields rare taxa, such as G lobanom alina ehrenbergi and 
Praemurica uncinata  indicating Zone P2 (Berggren et al., 
1995; O lsson et al., 1999) at the top o f the core.

R em arkably, b iostra tig raph ic  boundaries frequently  
coincide w ith  sequence boundaries o r flooding surfaces 
(e.g., top o f the Prairie B luff Fm, the top o f the Turritella 
R ock and the top o f  the M cBryde L im estone M em ber) at 
w hich a hiatus o f unknow n duration due to  erosion exists. 
F or instance, the presence o f  w ell-preserved G ansserina  
gansseri in the topm ost centim eters o f the Prairie B luff as 
w ell as the absence o f  M icula  p r in s ii suggest th a t the 
upperm ost M aastrichtian (Zone CC26) is not preserved in 
the A ntioch C hurch core and a hiatus o f at least 0 .6 M y 
exists atop o f the Prairie Bluff. In addition, the absence of 
a d istinct T horacosphaera  acm e at the base o f  B iozone 
NP1, w hich is generally  observed directly above the K-P 
boundary  clay (G ardin, 2002), suggest a h iatus and/or 
erosion atop o f the C layton Basal Sands, as also observed 
by  M oshkovitz and H abib (1993) for the B raggs and 
M ussel Creek sections. However, for the rem aining lower 
D anian Biozone NP1 (see Fig. 3), the presence of succes
sive acmes o f Neobiscutum  romeinii, Neobiscutum  parvu 
lum, Cruciplacolithus prim us, and Futyania peta losa  du 
ring  the low erm ost D anian suggests a stratigraphie ally 
com plete succession. In addition, Prinsius dimorphosus is 
present in the upperm ost samples of this interval. An analo
gous succession has been found to  occur w ithin Biozone 
NP1 in several other K -P boundary sections worldwide, 
including E l Kef, Tunisia, and Brazos, Texas (Gartner, 
1996; Gardin, 2002; Schulte et al., 2006).

BENTHIC FORAMINIFERAL ASSEMBLAGES

Recently, K-P benthic foram iniferal assem blages from 
A labam a w ere studied  by O lsson et al. (1996) from  tw o 
cores at M illers Ferry, located  som e 80 km  W N W  of 
A ntioch C hurch (Fig. 1). The benthic foram iniferal d is
tribution  patterns w ere in terpreted  in term s o f variations 
o f substrate and paleodepth, the latter based -  in part -  on

FIGURE 4  I A ) C la y to n  B a s a l  S a n d s  w ith  a  la r g e  f e ld s p a r  fr a g m e n t . B ) D e ta il  o f  a n  e j e c t a  s p h e r u le  w ith  g lo b u la r  i n c lu s i o n s .  C) S a n d y  l im e s t o n e  
a b o v e  C lay to n  B a s a l  S a n d s  w ith  g la u c o n it e  an d  fo r a m in ife r a , a s  w e l l  a s  s h e l l  a n d  b r y o z o a n  fr a g m e n ts .  D) M ax im u m  f lo o d in g  s u r f a c e  w ith  a b u n d a n t  
g la u c o n it e .  M o st g la u c o n it e  is  p ro b a b ly  d e r iv e d  from  f e c a l  p e l le t s .  N o te  b r ig h t g r e e n  c o lo r  o f g la u c o n it e ,  w h ic h  i s  in d ic a t iv e  o f a n a s c e n t  e v o lu t io n 
ary  s t a t e ,  in v o lv in g  a s h o r t  t im e  o f fo r m a tio n  ( < 5 0  k a; A m o r o s i, 1 9 9 5 ) .  E) G la u c o n ite  g r a in s  w ith  b la d e d  m a r in e  c e m e n t s  from  th e  u p p er  c o n d e n s e d  
s e c t io n  o v e r ly in g  th e  m a x im u m  f lo o d in g  s u r f a c e .  F) Turritella R o ck  w ith  q u a r tz , p h o s p h a te , b io c la s t ic  d e b r is  an d  g h o s t s  o f d ia g e n e t ic a l ly  d is s o lv e d  
g a s t r o p o d  s h e l l s .  G) S te in k e r n  o f a g a s t r o p o d  s h e l l s  w ith  m ic r it e  in f i l l in g . T h e  u p p er  p art o f  th e  g a s tr o p o d  i s  e r o d e d  a n d  r e p la c e d  by a n  ir reg u la r  
c e l lu la r  s tr u c tu r e  in terp re ted  a s  Microcodium. T h is  s tr u c tu r e  is  c o m m o n ly  an  in d ic a to r  for in c ip ie n t  s t a g e s  o f  s o i l  fo rm a tio n  an d  h e n c e  s u g g e s t s  t e m 
p o ra r ily  s u b a e r ia l  e x p o s u r e  of th e  Turritella R o ck . H) D r ip sto n e  c e m e n t  b e lo w  a m o llu s k  s h e l l  in th e  Turritella R o ck .
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FIGURE 5 I S e le c te d  m ajor an d  tr a c e  e le m e n ts  an d  e le m e n t ra tio s  from  th e  e n er g y -d isp er s iv e  X -ray f lu o r e s c e n c e  sp ec tro m etry  of th e  A n tioch  Church c o r e . In 
a d d it io n , th e  to ta l o r g a n ic  c o n te n t  (TOC) is  s h o w n . F urther e le m e n t  g e o c h e m ic a l  d a ta  a r e  s h o w n  in T ab le  A1 (o n l in e  a t  w w w .g e o lo g ic a - a c t a .c o m ).

the paleoslope models o f New Jersey (Olsson and Nyong, 
1984). A quantitative benthic faunal analysis based on the 
fraction  >63 p m  revealed  a sequence o f  assem blages 
indicating paleodepth ranging betw een 30 and 100 m. In 
the following and in Fig. 2, we provide an overview o f the 
com position o f  the foram iniferal assem blages (size frac
tion >125 pm ) and o f assemblage changes from  the upper 
Cretaceous into the lower Paleocene.

The topm ost 20 m  o f  the upper M aastrich tian  Prairie 
B lu ff Fm  in the A ntioch C hurch core contains a low 
diversity  ben th ic assem blage w ith com m on to abundant

A nom alino ides sim plex, A . um boniferus, C ibicidoides  
succedens, C. off. acutus, P ulsiphonina prim a, C lavu li
noides trila terus, and subordinate B ulim ina kicka
pooensis, Coryphostom a incrassata, C. pla ita , Globulina  
gibba, Valvalabam ina spp., L en ticu lina  spp., D orothia  
bulletta, and Spiroplectinella sp. Planktic foram inifera are 
quite rare, com posing up to  5%. The assem blage o f the 
upperm ost 2 m  o f the Prairie B luff is sim ilar, but slightly 
more diverse. Particularly endobenthic m orphotypes such 
as C. incrassata, C. pla ita  and Praebulim ina carseyae are 
m uch m ore com m on. This in terval also contains m ore 
planktic specimens (5-10%).
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The low erm ost Paleocene assem blage o f the Clayton 
B asal Sands bears resem blance to  the upper M aastrich 
tian  assem blage, bu t also  includes new  taxa, no tab ly  
A labam ina  m id w a yen sis , C ib ic ido ides a cu tu s , N e o e 
ponides eleva tus , and A nom alinoides rubiginosus. These 
taxa are characteristic Paleocene so-called M idw ay-type 
tax a  th a t are know n to  have occu rred  w orldw ide 
(B erggren  and A ubert, 1975). A t the sam e tim e other 
taxa, typ ical for M aastrich tian  deposits w orldw ide have 
th e ir  h ig h est occurrences w ith in  or below  the C lay ton  
B asal Sands: C. p la ita , C. incrassata, P. carseyae and C. 
aff. acutus. T hese sands also  y ie ld  1-2% p lank tic  taxa, 
includ ing  large specim ens o f  R ugoglobigerina  and H et
erohelix, besides sm aller G uem belitria . S ince the larger 
p lan k tic  tax a  d id  no t survive in to  the D anian  (O lsson 
and L iu, 1993), these  specim ens are considered  
rew orked from  M aastrichtian  deposits. The low er part o f 
the P ine B arren  M em ber does ne ither con tain  C re ta 
ceous p lanktic taxa (>125 pm ), nor the abovem entioned 
ty p ica l M aastrich tian  ben th ic  taxa. C onsequently , it 
should be considered tha t the M aastrichtian  benthic taxa 
o f  the C lay ton  B asal Sands are in  p a rt likely  to  have 
been reworked.

F urther upsection, the Pine Barren M em ber up  to  the 
base o f the Turritella  R ock, yields low -diversity  assem 
b lages w ith  com m on to  abundan t A n om alino ides  -  
in c lud ing  A. u m b o n ife ru s, A. sim plex, A. m id w a y en sis , 
and A. danica  -  as w ell as C. acutus, C. succedens  and 
N. elevatus. A ccessory taxa are Lenticulina spp., G lobu
lina g ibba , P. p r im a , Valvalabam ina spp. and G yro id i
noides subangulatus. Bi- and triseria l endobenthic m or
photypes are ex trem ely  rare in  the stud ied  size fraction  
o f  this interval. In addition, p lanktic specim ens are near
ly  absent. A sim ilar assem blage is p resen t in  the basal 
sam ple o f  the Turritella  R ock, bu t the dom inance o f  N. 
elevatus, A. um boniferus, A . m idw ayensis  and A. danica  
is even g rea ter than  in the underly ing  m arls and m ud
stones.

A ssem blages o f  the  M cB ryde L im esto n e  M em ber 
and the b asa l p a rt o f  the P orters C reek  F m  are sligh tly  
m ore d iverse  th an  th o se  o f  the P ine B arren  M em ber, 
bu t still strongly  dom inated  by A nom alino ides spp. and 
C ib ic ido ides succedens. The accesso ry  faunal com po
nents o f  the P ine B arren  M em ber are m ore com m on in 
th ese  u n its  and jo in e d  by  Sp iro p lec tin e lla  spp ., 
A la b a m in a  m id w a yen sis , and V aginulina sp. T hese 
u n its  also  co n ta in  m ore num erous p la n k tic  ta x a  (3- 
10% ). A sam ple from  the u p p erm o st lim esto n e  bed  o f 
the  M cB ryde L im esto n e  M em b er is very  s im ila r to  
th o se  o f  the  su rro u n d in g  beds, b u t it co n ta in s  <1%  
p la n k tic  fo ram in ife ra . T his low  num ber m ay be a p r i
m ary  signal, b u t the p rese rv a tio n  o f  the  assem blage is 
rela tively  poor com pared to  those from  the m ore clayey

un its  and ta p h o n o m ic  red u c tio n  o f  the  re la tiv e  ab u n 
dance o f  p lanktic  fo ram in ifera cannot be excluded.

MAJOR AND TRACE ELEMENT GEOCHEMISTRY

The results from  m ain and trace elem ent analyses by 
energy-dispersive X -ray fluorescence spectrom etry (EDS) 
o f  sam ples from  the en tire A ntioch C hurch core are 
show n in Fig. 5 (the orig inal data  is p rovided in  Table 
A Í, available online at w w w .geologica-acta .com ). In 
addition, the Z r/T i and Sr/C a ratio  is show n in Fig. 5 to  
depict changes in the terrigeneous and carbonate phases, 
respectively. Several elem ents (Cu, As, Nb, La, Y), how 
ever, show ed a close correla tion  to  the Ti contents and 
have been om itted in the graphs for brevity  reasons; yet, 
the ir correla tion  coeffic ien t to  the Ti contents and the ir 
individual concentrations are presented in Table 1.

To characterize the im m ediate K -P  transition , add i
tional w avelength-dispersive X -ray  fluorescence spec
trom etry (W DS) analyzes o f closely spaced samples from 
the in terval 58 to  68 m  across the K -P  boundary  w ere 
conducted  and selected  elem ents, includ ing  Si, Ti, Fe, 
M g, and K, have been  norm alized to  alum inum  and, 
toge ther w ith  the Z r/T i and Sr/C a ratios are depicted  in 
Fig. 6 (orig inal values in  Table A2, available online at 
w w w .geologica-acta .com ). The norm alization  o f  these 
elem ents against AÍ allow s fo r enhanced m onitoring o f 
changes in the detrital com position, since these elem ents 
are generally not bound to  a carbonate phase.

In general, elem ent abundances o f the M aastrichtian- 
Danian strata in the Antioch Church core show two oppos
ing distribution patterns that correspond w ell to  the key 
‘end m em ber’ lithologies (Fig. 5 and Table A Í, available at 
w w w .geologica-acta.com ): S ilty-sandy m udstone and 
sandy bioclastic lim estone, w ith interm ediate distribution 
patterns constituted by silty-sandy marl. The silty m ud
stone intervals are characterized by low CaO content (<15 
w t% ) and peak abundances o f elem ents com m only incor
porated in siliciclastic detritus, including TiCL, FeiCh, 
K tO, Rb, Zr, and Ba. The marls and limestones show high
er values o f CaO up to  >50 wt%. The high negative corre
lation coefficients betw een CaO and elem ents com m only 
bound to  the terrigeneous fraction (see Table 1) suggests 
progressive dilution o f the terrigenous fraction by carbon
ate during intervals o f elevated biogenic productivity. Only 
Strontium (Sr) shows no significant correlation either with 
CaO or with T íO j , and therefore Sr appears to be incorpo
rated in both fractions (presum ably in feldspars as w ell as 
in carbonate).

Follow ing the schem e developed by D ypvik and H ar
ris (2001), we use Z irconium  (Zr) and R ubidium  (Rb) to
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characterize the silic iclastic  fraction  (Fig. 5). Z r is 
enriched  in heavy m inerals and com m only associated 
w ith the rela tively  coarse-gra ined  silt-sand-sized  silic i
clastic fraction. In contrast, Rb is com m only incorporated 
in  m icas and clay m inerals and average claystones are 
norm ally enriched in Rb com pared to  sand or lim estones. 
Consequently, the Rb contents m ay be used as a m easure 
for the abundance o f the less-than silt-sized fraction. The 
Z r/R b ratio  m ay therefore give evidence o f  the ratio  o f 
coarse- vs. fine-grained  detritus in  the sedim ent when 
com paring sedim ents having the same provenance. Since, 
as in the case of the Antioch Church core, Sr is apparently 
associated  w ith  both, the carbonate and the siliciclastic 
fraction , we m odified the schem e o f D ypvik  and H arris 
(2001) by using  the Ca contents to  norm alize the Zr+R b 
contents and to  get an overview  on the carbonate vs. sili- 
ciclastics ratio.

A steady increase is recognized  in the terrigeneous 
fraction  during the P rairie B lu ff Fm  (85.5-67 m): CaO 
decreases during this interval from  30 to  about 10 wt% , 
w hereas all other elem ent concentrations, except Sr, gen
erally  increase. In the in terval 65 to  70 m  in core depth,

h igh  ratios o f  the (Z r+R b)/C a >50 and S r/C a >3 are 
observed. In the upperm ost p art o f  the P rairie B luff fo r
m ation, the CaO conten t abruptly  increases up to  peak 
values o f 35 wt% , w hile elem ents linked w ith te rrig e
neous detritus decrease. This trend  is punctuated  by  the 
pyritized  sandstone piece tha t has been found above the 
Prairie B luff and below the C layton Sands. This pyritized 
sandstone has extraord inary  high abundances o f  Fe^CH 
(>30 w t% ), Cu (40 ppm ), and As (300 ppm ), w hereas 
TiCb, M nO, Sr, Zr, Zn, and Ba are significant low er than 
in the enclosing lithologies, and CaO is close to  zero (<2 
wt%).

The C layton B asal Sands are characterized  by  very 
high SÍO2  contents, high Zr/Rb ratios and a CaO contents 
exceeding 30wt%  as w ell as low  am ounts o f all o ther 
m ajor and trace elem ents, com pared to  the enclosing 
shales and lim estones. D uring the low er part o f  the Pine 
B arren M em ber above the C layton B asal Sands, elem ent 
abundances sw itch im m ediately back  to  values com para
ble to  the la test M aastrichtian  Prairie B luff Fm. A t about 
62 m, the d rastic increase in  g lauconite is reflected  by 
abundance o f Fe^O^ (up to  15 w t% ), K tO  (up to  4.5
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w t% ), and Rb (120 ppm ). Im m ediate ly  above the g lau 
conitic m axim um  flooding interval, reduced  carbonate 
values, and increased  terrigeneous input follow ed by 
strong (cyclic) fluctuations in the carbonate/detritus ratio 
occurs. Notably, the Sr contents and the Sr/Ca (>4) ratios 
both  show peak values. In the upperm ost part o f  the Pine 
B arren  M em ber, sedim ents have low  carbonate contents 
(<10 w t% ) and high values o f  detrital elem ents, inc lud
ing TiCB (>0.8 wt% ) and Z r (~500 ppm ), indicate m ainly 
terrigeneous inpu t as also show n by the exceptionally  
h igh (Zr+Rb)/Ca ratios >100.

T he T urrite lla  R o ck  is a lm o st devo id  o f  e lem ents 
assig n ed  to  te rr ig e n eo u s-d e riv e d  m in era ls  (ex cep t fo r 
quartz , as rev ea led  by  th in -se c tio n  an a ly sis), and 
hen ce , is a lm o st ‘p u re ’ sandy  lim esto n e . T he hard- 
g round  atop o f  th is lim estone package has elevated  Fe, 
Cu, As, and Zn concentra tions, indicative o f  condensed 
sed im entation , as w ell as tem porary  anoxic cond itions 
during  the flood ing  event recogn ized  in  the overlay ing  
sha les. T he o v erly in g  h ig h stan d  deposits  revea l 
in c re ase d  te rr ig e n eo u s  in p u t and, fo r in stan ce , S r v a
lues are s ig n ific an tly  e leva ted  and reach  p ea k  values 
above 1,000 ppm .

The M cB ryde L im estone M em ber o f the C layton Fm  
and the Porters Creek Fm  are characterized by low fluctu
ations in the elem ent abundances and a constant high car
bonate content; only  the m arls o f  the Porters C reek  Fm  
show  a sign ifican t increase in elem ents characteristic  o f 
terrigeneous detritus.

TOTAL ORGANIC CARBON

The average organic carbon conten t o f the sedim ents 
o f the A ntioch C hurch core is generally low and com pris
es about 0.5 wt%  TOC for the silic iclastic-dom inated  
M aastrich tian  to  low er D anian sam ples (Fig. 5). In con
trast, during the m iddle D anian, carbonate-dom inated  
part, the average is less than 0.2 wt%  TOC except for the 
low er M cB ryde L im estone M em ber, w hich yields TOC 
up to  0 .7 w t% ). A ll sam ples have a very low hydrogen  
index (betw een 10 and 50 m g H C/g org. C) and an in ter
m ediate oxygen index (betw een 80 and 160 m g C O j/g  
organic carbon), suggesting a predom inance o f im m ature 
te rrestrial organic m atter (Langford and B lanc-V alleron, 
1990).

CLAY MINERALOGY

C lay  m inerals  id e n tif ied  in  the  <2 p,m fra c tio n  o f 
the A ntioch C hurch core and used for sem i-quantitative 
analysis include sm ectite, ch lorite , m ica, and kaolin ite .

Sm ectite and kao lin ite  are the p redom inan t clay  m iner
als, w hereas ill ite  and ch lo rite  are p re se n t in  m ino r 
quantities. In addition , som e sam ples are characterized  
by  ab u n d an t zeo lites . M ix e d -lay e r  c lay  m inerals , 
includ ing  illite-sm ectite  and chlorite-verm icu lite , occur 
very  ra re ly  and have therefo re  not been  inc luded  in the 
sem iquan tita tive analysis. T hree in tervals w ith  d istinc t 
c lay  m in e ra lo g ic a l assem b lages have b een  id en tified  
(Fig. 7):

Assemblage 1

A kaolin ite + sm ectite + illite dom inated assem blage 
is presen t during late M aastrichtian  sequence 1 up to  the 
m axim um  flooding surface o f  sequence 2. This assem 
blage shows a gradual change from  kaolin ite  p redom i
nance (~70% ) w ith  m inor sm ectite (~15% ) to  sm ectite 
predom inance (~80% ) w ith only m inor am ounts o f kaoli
nite (~15% ). Illite averages 10% w ith fluctuations in the 
range from  4-20% , w hereas chlorite is below  5%. O nly 
the C layton Sands show d istinct sm ectite enrichm ent 
(>80% ) w ith  only  subordinate am ounts o f  kao lin ite  
(~10% ) and illite (~4%). In the condensed section above 
the Clayton Sands, m ica is enriched (25-30% ). The sm ec
tite in assem blage 1 shows ‘full w idth at h a lf  m axim um ’ 
(FW HM ) values in the range o f  0.95 to  1.2 °2 0 . In con
cert w ith the absence o f d istinct sm ectite (002) and (003) 
reflections in the d iffractogram s, this indicates at m ost a 
m oderate crysta lliza tion  or large crysta l sizes and p ro 
m otes a detrita l orig in  fo r the sm ectite. The illite 
(002/001) peak intensity ratio  is 0.2 to  0.4, suggesting an 
in term ediate  b io titic  to  m uscovitic octahedral character 
(Petschick et al., 1996). H igher values (>0.4) o f the illite 
(002/001) in tensity  ratio  are p resen t only  in  the C layton 
Basal Sands.

Assemblage 2

A sm ectite  + k ao lin ite  + ill ite  d o m in a ted  a ssem 
b lage w ith  p revalence o f  sm ectite  and k ao lin ite  is p re 
sent in  the A ntioch C hurch core in  sequence 2 from  the 
m ax im um  flo o d in g  su rface  up  to  the  base  o f  the  Tur
r ite lla  R ock . In  th is  in te rv a l, sm ectite  averages 58% , 
k ao lin ite  averages 26% , and ill ite  has m ean  values o f  
12%, w hereas ch lorite  is w ell below  5% . Sm ectite gen 
e ra lly  show s w ell-d e fin ed , narrow  peaks and the 
FW H M  values in c rease  to  average values o f  0 .8  ° 2 0  
in d ic a tin g  a s lig h tly  h ig h e r degree  o f  c ry s ta llin ity  or 
d ifferen t g rain-size com positions as com pared to  clay 
m ineral facies o f  assem blage 1. Also, the illite (002/001) 
peak  in tensity  ratios are considerab ly  h igher and show  
values ex ceed in g  0 .4 , th a t in  co m b in a tio n  w ith  the 
average c - la ttic e  co n s tan t o f  abou t 9 .9  A (~8 .88  ° 2 0 )  
o f  the illite, suggest a m uscovite-like ‘o c tah ed ra l’ char
acter (Petsch ick  et al., 1996).
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Assemblage 3

A sm ectite + illite dom inated assem blage is present in 
the Antioch Church core in sequence 3 and 4 and includes 
sm ectite (—85% ) largely  dom inating  over illite (~14% ), 
whereas kaolinite and chlorite are virtually absent (<2%). 
In addition, zeolites (clinoptilo lite  and heu landite) are 
constantly present. The Turritella R ock and the upper part 
o f the M cBryde Lim estone M em ber as well as the Porters 
C reek Fm  show higher sm ectite and low er illite contents. 
The smectite has well-defined, narrow peaks with FW HM  
values averaging O .7 to O .8 °2 0 . The illite (002/001) peak 
in tensity  ratios are betw een  0.15 and 0.4, po in ting  to  a 
b io titic  to  m uscovitic octahedral character (Petsch ick  et 
al., 1996).

INTERPRETATION AND DISCUSSION

F irst, we w ill in te rp re t the com bined sedim entologi- 
cal, petrographical, and geochem ical data o f  the Antioch 
Church core within the sequence stratigraphie setting given 
by prev ious stud ies fo r the A labam a G u lf o f  M exico  
m argin  (B aum  and Vail, 1988; D onovan et al., 1988; 
M ancin i and Tew, 1993). Second, we w ill d iscuss the 
m agnitude o f facies changes and the results from  the ben
thic foram iniferal assemblages, which allow for providing 
quantita tive estim ations o f  w ater depth  changes. Third, 
we w ill ou tline the depositional nature o f  the K -P event 
bed, before we conclude the d iscussion  w ith  inferences 
for paleoclim ate changes from  the clay m ineral facies.

Sequence stratigraphie setting

Sequence 1

The first sequence, or to  be m ore accurate, upper part 
o f  a sequence, com prises the P rairie B lu ff Fm  tha t is 
inferred to represent a highstand systems tract (M ancini et 
al., 1996). In the lowerm ost, m ore calcareous part o f  this 
sequence in the A ntioch C hurch core (3 to  86 m  in core 
depth), a diverse m arine fauna, including sparse p lanktic 
foram inifera, represents open-m arine conditions. A ccord
ing to  M ancini et al. (1996, fig. 10), this part o f the A nti
och C hurch core m ay be correla ted  to  the m axim um  
flooding surface in the Prairie B luff Fm  tha t is in the 
upper part o f the A. cymbiformis Zone (CC25) or the lower 
p a r t o f  the  M . inurus  Z one (C C 26). This m ax im um  
flood ing  surface and overly ing h ighstand  depositional 
system s trac t o f  the P rairie B luff Fm  are recognized 
th roughou t central A labam a and eastern  M ississipp i 
(M ancini e t al., 1996).

In the upper p art o f sequence 1 (69-73 m  in core 
depth), the sandy shales and m arls o f the Prairie B luff

show a m arked increase in  the am ounts o f  elem ents 
bound to  terrigeneous m inerals including TiO?, K 2 O, Rb, 
Zr, and Ba, as well as a decrease in carbonate. An increas
ingly shaley (or condensed) character is also revealed by 
increasing  gam m a-ray counts in the upper p art o f  this 
sequence around 70 m in core depth  (Fig. 2). The 
increase in silic iclastic  detritus is coupled  w ith reduced 
diversity in m arine fossils and alm ost absence o f planktic
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FIGURE 7 I C lay  m in e r a lo g y  of th e  A n tio c h  C h urch  c o r e .  D ata is  g iv e n  
a s  r e la t iv e  p e r c e n t  o f th e  g l y c o la t e d  < 2  pm  f r a c t io n  w ith  c o r r e c t io n  
fa c to r s  (B is c a y e ,  1 9 6 5 ) .

Kh RfiR*

Geológica Acta,  7(1-2) ,  11 -34  (2009)
D O I :  1 0 . 1 3 4 4 / 1 0 5 . 0 0 0 0 0 0 2 7 9



P.  S C H U L T E  a n d  R . P .  S P E I J E R M aast r ich t ian -Dan ia n  stra tig raphy in A labam a, USA

foram inifera. T herefore, this interval, w hich is also 
m arked by h igh  Sr/C a and (Zr+R b)/C a ratios, m ay be 
interpreted as a progradational facies development. How
ever, in  the upperm ost part o f the Prairie B lu ff Fm  at 
Antioch Church (65 to 68 m in core depth), the carbonate 
content rises from  15 to 30 wt% -  and in concert w ith the 
slightly more com m on presence o f planktic foram inifera -  
may suggest deepening o f the depositional environment.

Sequence 2

The second sequence com prises the P ine Barren 
M em ber o f the C layton Fm. Its low er surface is m arked 
by the C layton B asal Sands tha t are characterized  by a 
pronounced  back-stepping  gam m a log m otif and an 
increase in  g rain-size o f terrigeneous detritus (Fig. 2). 
S ince the C layton B asal Sands include rare p lanktic 
fo ram inifera and calcareous nannofossils indicative of 
open-m arine conditions (see also O lsson and Liu, 1993), 
th is m ay suggest tha t sea level did not fall beyond the 
shelf break, though previous studies have concluded o th
erw ise (B aum  and Vail, 1988; D onovan et al., 1988). 
Therefore, this sequence boundary is classified as type-2 
sequence boundary  sensu  Van W agoner et al. (1990), 
since no evidence for subaerial exposure or fluviatile 
in flux  was observed. This in terpretation  is in line w ith 
previous studies (Donovan et al., 1988) th a t p laced  the 
sequence boundary  atop o f the Prairie B lu ff Fm  to co in
cide w ith the base o f the C layton Fm  since the C layton 
B asal Sands have long been considered  as bar sands or 
incised valley fill deposits genetically linked to  a sea-level 
low stand (B aum  and Vail, 1988; D onovan et al., 1988; 
M ancin i and Tew, 1993). However, alternatively, the 
C layton B asal Sands have been  in terpreted  as tsunam i 
deposit associated w ith the C hicxulub im pact (O lsson et 
al., 1996; Sm it et al., 1996).

Above the C layton B asal Sands, the low er part o f the 
P ine B arren  M em ber reveals a stacked set o f th in  fine
grained shale intervals enclosing dm -thick sandy and b io
clast-rich marls. The m ica-rich shale layers are interpreted 
as f lo o d in g  su rfaces  (Van W agoner e t a l., 1990) and 
th e  ‘shale-m arl co u p le ts’ m ay be considered  as parase- 
quences th a t record  sligh t variations in sed im ent input, 
distal-proxim al setting, and/or relative sea level w ithin an 
overall transgressive setting. The transgressive trend  is 
term inated  at the g lauconitic m axim um  flooding surface 
about four m eters above the base o f the C layton B asal 
Sands (Fig. 2). A sim ilar position o f the m axim um  flood
ing surface during the upper part o f the M. inversus Zone  
(NP1) has been observed in sections throughout A labam a 
(B aum  and Vail, 1988; D onovan et al., 1988; Van W ag
oner e t al., 1990). The sw itch to  increased  siliciclastic 
sed im entation  -  th a t takes p lace about 2 m  above the 
glauconite interval m axim um  flooding surface -  is in ter

preted to m ark the beginning o f the prograding highstand 
system s trac t o f sequence 2. However, th roughout the 
lower part o f the highstand, betw een 45 and 55 m  in core 
depth, dm -thick  m udstone-m arl-lim estone couplets sug
gest variations in detritus input versus carbonate produc
tivity and are interpreted as parasequences (Figs. 2, 4, 5).

In the upperm ost, very silty part o f the highstand sys
tem s trac t o f  sequence 2 im m ediate below  the Turritella  
Rock, trends include reduced carbonate content, as low as 
<10 wt% , and progressively increasing terrigenous input 
associated  w ith a pronounced  G R peak  as w ell as very 
h igh  Z r/R b, (Z r+R b)/C a and S r/C a ratios. Since these 
deposits are not particularly enriched in mica, potassium , 
or organic m atter, we suspect th a t the h igh  gam m a ray 
readings are due the p resence o f T horium  since this e le 
m ent occurs in sand- and silt-sized grains o f certain heavy 
minerals (e.g., M onazite and Zircon; Rider, 1996). Elevat
ed Th concentrations are attributed to  the sorting and con
centration o f heavy m ineral grains by waves breaking on 
the foreshore, and heavy m ineral concentrations are a 
com m on and diagnostic feature o f  fo reshore deposits 
(H am pson et al., 2005). C onsequently , the upperm ost 
silty  p art o f  the P ine B arren M em ber is in terpreted  as 
regressive highstand systems tract associated w ith a rapid 
seaw ard progradation  o f facies belts and suppression o f 
biogenic carbonate form ation (Van W agoner et al., 1990).

In conclusion, sequence 2 includes a transgressive 
in terval w ith low  sedim entation  rates during the earliest 
Paleocene. The transgressive part is about 4 m  th ick  and 
corresponds to  the lower thirds o f Biozone NP1 with <0.5 
systems tract, w hich corresponds to  the large part o f B io
zone NP2, is about 25 m  thick and has a duration o f 0.5- 
0.6 My, suggesting an alm ost threefold increase o f  sedi
mentation rates, related to  the progradational development 
of strata.

Sequence 3

The deposition  o f  the Turritella  R ock  records a p ro 
nounced change in the depositional mode, hydrodynam ic 
regim e, and m ineralog ical com position o f  the sedim ent. 
The vertical sedim entary  succession w ith in  th is sand- 
lim estone package corroborates a rising sea level, m ainly 
owed to  the upw ard increase in m icrite which occurs con
current to  a decrease in quartz content (Fig. 2, 3). T here
fore, the base o f  the Turritella  R ock  is in terpreted  as a 
type-2  sequence boundary, w hich is overlain  by  a low 
stand and transgressive system s tract. There is no sharp 
boundary between the lowstand and transgressive systems 
trac t since no m arked flooding surface was observed 
w ithin the Turritella  Rock. M ancini and Tew (1993) have 
draw n an analogous conclusion, though  the Turritella  
R ock was term ed ‘she lf m argin system s tra c t’ by  these
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authors. Follow ing deposition  o f  the Turritella  Rock, 
however, w ater depth, decreased tem porarily, resulting in 
em ergence and in flux  o f  surface w aters in the vadose 
zone, as indicated by the petrologic studies. This tem poral 
em ergence w ithin an allover rising sea level trend m ay be 
related to  parasequences, w ith short-term  stops o f sea-lev
el rise and subsequent filling  o f  the accom m odation 
space. Since water-depth was presumably very low (within 
storm  or even wave base (see following paragraphs), even 
sm all-scale sea level fluctuations m ay have led to  em er
gence above sea-level.

The lim estones o f the Turritella  R ock are overlain by 
a shale in terval that, on a first g lance, corresponds in 
com position  and abundance o f petro logical and geoche
m ical phases to  the silty shales im m ediately below  these 
lim estones (Figs. 2 ,4 ) .  However, the trace elem ent con
centrations, show significant differences: The elevated Sr 
(up to  >1000 ppm ) as well as very low Z r concentrations 
<30 ppm  suggests variations in the provenance o f these 
shales. The low ered fossil content in the M cBryde L im e
stone M em ber, as com pared to  the Turritella  R ock, as 
w ell as the significantly sm aller grain-size o f the com po
nents, and decreased  am ounts o f  coarse silicic detritus, 
suggest a m ore d istal depositional environm ent. Open- 
m arine conditions are also ind icated  by  the presence of 
nautiloids, and more com m on planktic foram inifera in the 
m arl intervals. The m axim um  flooding surface is recorded 
by a prom inent peak in the gam m a log, as w ell as a peak 
in  the TOC values at about 29 m in core depth, and 
occurred  in conjunction  w ith  increased  p lanktic 
foram in ifera l abundances. The overly ing h ighstand  sys
tem s trac t shows tw o 10 m -th ick  m arl-lim estone cycles 
that are interpreted as parasequences.

Sequence 4

The marly lim estones and marls o f the top o f the 
M cBryde Lim estone M em ber show a sim ilar succession of 
lithofacies when com pared to the Turritella Rock, suggest
ing a related pattern of basal sequence boundary, subsequent 
lowstand and transgressive systems tract, followed by a high
stand systems tract (Figs. 2 ,4 ). Nevertheless, in sequence 4, 
the lithofacies developm ent suggests that environm ental 
changes are not as pronounced as in sequence 3 below: The 
lowered fossil content, as com pared to the Turritella Rock, 
as well as the significantly smaller grain-size o f the com po
nents and the increased amounts o f silicic clayey detritus, 
suggest less pronounced proxim al-distal trends, and proba
bly more open-m arine conditions with lower energy of the 
hydraulic regime.

In conclusion, the succession o f facies shifts associat
ed with the various systems tracts can be w ell resolved by 
elem ent data and various elem ent ratios including Zr/Rb,

(Zr+R b)/C a, and Sr/Ca. Very high Z r/R b ratios (>10) 
occur around sequence boundaries w hereas very low 
Zr/R b ratios (<1) are found around m axim um  flooding 
surfaces. This pattern  o f  Zr/R b ratios m ay suggest 
increased w innow ing o f fine clayey particles and enrich
m ent o f  residual m inerals, probably  indicating  enhanced 
curren t activity during low ering o f relative sea level and 
vice versa. The (Z r/R b)/C a ratio  shows also m axim um  
values during the late h ighstand  -  p robably  due to  the 
suppression o f carbonate productivity . However, peak 
ratios o f  (Z r/R b)/C a are also found during across m ax i
m um  flooding surfaces (e.g., at 60 m  in core depth), 
reflec ting  the low er carbonate productiv ity  in deeper 
water, w hen com pared to  h igher productiv ity  in shallow  
near-shore settings during the transgressive systems tract. 
H igh Sr/Ca (>4) ratios are generally  found for transgres
sive intervals and low er Sr/Ca ratios (<4) values are p re 
sent during the late highstand.

A dditional in form ation  on sea level behavior can be 
draw n  from  the v a ria tio n  in  the to ta l o rg an ic  con ten t. 
In general, a ris ing  TOC con ten t typ ica lly  co rresponds 
to  the  tran sg re ss iv e  system s trac ts  w ith  p ea k  values 
s lig h tly  above th e  m ax im um  flo o d in g  su rface . L ow er 
TO C values are a sso c ia ted  w ith  th e  low stand  system s 
tra c t and the la te  (reg ressive) h ig h stan d  system s tract. 
T he very  low  TO C co n ten ts  (below  0 .25  w t% ) in 
sequence  4 m ay in d ica te  e ffec tive  sh u to ff  o f  te r r ig e 
neous inpu t (R icken, 1996).

Sequence architecture

The m axim um  environm ental sh ift during deposition 
o f a sedim entary sequence, as identified from  com ponent 
lithofacies, defines the m agnitude o f  the sedim entary  
sequence (“m axim um  shift o f facies” , see Yang and Kom- 
inz, 2002). This m agnitude is an ind icator o f  the m ax i
m um  shoreline m ovem ent relative to  a site and can be 
used to  characterize a sequence to aid in its correlation, as 
w ell as to  constra in  the m agnitude o f  rela ted  sea-level 
changes.

D uring the low stand and transgressive interval, 
progradational parasequences com posed o f sandy bioclas- 
tic packstone (e.g., Turritella  Rock) accum ulated in shal
low, inner neritic settings. These carbonate accum ulations 
w ere eventually  drow ned and buried by silty  claystones 
w hen rapidly  increased w ater depth hindered (m acrofos
sil) carbonate productiv ity  and depositional energy was 
lowered. D uring the subsequent h ighstand system s tract, 
carbonate production  dom inated on the m iddle to  outer 
she lf but was d ilu ted  by in flux  o f terrigeneous detritus 
(clay and silt), resu lting  in the accum ulation o f  silty  and 
m arly carbonates (e.g., during the HST o f the Pine Barren 
M em ber). D uring the late regressive h ighstand , rapid
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shallow ing and increased  terrigeneous supply  subdued 
largely carbonate productivity.

This sequence pattern may be indicative o f ‘reciprocal’ 
sedim entation, reflecting a m arked ‘partition ing’ in the 
dom inant sedim ent type and deposition style w ith respect 
to  relative sea-level behavior (Southgate et al., 1993; 
W right and Burchette, 1996). Studies o f such m ixed sys
tem s suggest that carbonate sedim entation prevails during 
relative sea-level rises and highstands, w hile siliciclastic 
sedimentation dominates during lowstands when carbonate 
production is largely shut down (Southgate et al., 1993; 
W right and Burchette, 1996), an observation that is in 
keeping with the data from the Antioch Church core.

C onsidering the m agnitude o f changes in the deposi
tional environm ent o f the A ntioch C hurch core, litho fa
cies changes are m ostly associated w ith shifts from  inner 
to  m iddle she lf settings. The presence o f  vadose m arine 
cem ents and incipient soil form ation atop o f the Turritella 
R ock, suggests a b rie f in terval o f sign ifican t shoaling 
w ith tem porary  em ersion. However, this evidence is 
restric ted  to  th is particu lar sequence in the A ntioch 
C hurch core, and has not been observed in the sequences 
below  and above. In addition, there is no ind ication  for 
estuarine or fluv ia lly  induced deposits in  the A ntioch 
C hurch core. The sandstone intervals (e.g., the C layton 
B asal Sands) generally  contain m arine fossils, as w ell as 
glaucony and are therefore referred  to  as m arine sands. 
Also, in the sandy bioclastic lim estones, fossils appear to 
be rew orked from  nearshore settings (e.g., algae) and the 
large grain size o f the constituents suggests a high-energy 
environm ent, p robably  above storm  wave or even wave 
base (i.e., <25 m). O n the other hand, evidence for water 
depths exceeding those typ ical o f inner to  m iddle shelf 
deposits has no t been found (B aum  and Vail, 1988), and 
according to  M ancin i and Tew (1993), such ou ter shelf 
deposits are not represented anywhere in the upper C reta
ceous to  low er Paleogene strata o f central A labam a. The 
condensed claystone intervals around the m axim um  
flooding surfaces m ay have been deposited  below  storm  
wave base, probably in a w ater depth exceeding 30 m as 
inferred from  studies at the nearby Braggs outcrop (Baum 
and Vail, 1988; D onovan et al., 1988). For the silty clay- 
stone intervals in the upper h ighstand  system s tract, 
im m ediate below  the sequence boundary, it is d ifficult to 
assign a d istinct w ater depth  range, though  the poor 
m acrofaunas and the absence o f p lanktic fo ram in ifera 
m ay ten tatively  suggest a shallow  w ater depth, in- 
betw een 20-40 m, w hich is in the range given by O lsson 
e t al. (1996) for the upper part o f  the Prairie B luff Fm  at 
M illers Ferry. In conclusion, these observations suggest 
that changes o f the depositional environm ent operated for 
the m ost p art w ithin m arine settings and, there, w ithin a 
rather small range.

Foraminifera and paleodepth

In general, the foram iniferal data indicate rather shal
low inner to  m iddle neritic deposition at A ntioch Church. 
The num ber o f  p lanktic specim ens rare ly  reaches 10% 
and usually  ranges betw een  0 and 5%. In m odern  shelf 
environm ents, such low p lanktic/benthic (P/B) ratios are 
indicative o f  deposition  at depths not exceeding 50 m. 
For the M aastrichtian to  Paleocene low-to-m iddle-latitude 
shelves it was probably  even less, considering  tha t P/B 
ratios o f  she lf deposits w ere generally  m uch h igher than 
today. For instance, P/B ratios o f the Tethyan outer neritic 
realm  often  contain  w ell above 90%  planktics (Speijer 
and Van der Zw aan, 1996; S peijer and Schm itz, 1998; 
Speijer, 2003). In m odern environm ents, such values indi
cate depths o f around 1000 m  (Van der Zw aan e t al., 
1990), but in  the M aastrich tian  to  Paleocene, deposition  
at these shelves was probably  not deeper than 200-300 
m. S im ilarly, the B razos area, w hich was estim ated  to 
have been 50-100 m  deep at K -P boundary  tim e, yields 
foraminiferal assemblages with 50-90% planktics (Schulte et 
al., 2006).

The Paleocene assem blages represent the w ell-know n 
M idw ay-type assem blage (B erggren and A uberi, 1975), 
indicative o f neritic deposition during the Paleocene. The 
taxa observed are com m on at depths <50 m, although 
individual taxa m ay also occur at ou ter neritic depths or 
even bathyal deposits (Berggren and A uberi, 1975). F luc
tuations in  diversity  associated  w ith  fluctuations in P/B 
ratios suggest subtle changes in w ater depth, e.g. ranging 
betw een  20 and ~40 m. S hallow est conditions w ere 
reached during deposition  o f  the C layton B asal Sands as 
revealed by the near absence o f  planktics. The overlying 
low er p art o f the P ine B arren M em ber contains assem 
blages th a t are m ore diverse and show  h igher P/B ratios 
(5-10%  planktics), pointing to  an overall increasing pale
odepth, although deposition o f the upperm ost HST o f the 
Pine Barren M em ber (35 to  45 in core depth) w ith alm ost 
zero planktics term inated this general trend. The Turritel
la R ock and the M cB ryde L im estone M em ber, however, 
include a sligh t am ount o f  p lanktics though  the poor 
preservation  o f fo ram in ifera in these un its ham pers a 
firm er interpretation o f depositional conditions by means 
o f foraminifera.

D epositional depths o f the M aastrichtian Prairie B luff 
Fm  are more difficult to  constrain, because the depth d is
tribution o f the observed taxa is not well known. Some of 
the taxa encountered  occur in  the paleoslope m odel o f 
Olsson and Nyong (1984), but the m ajority was apparently 
not p resen t in the N ew  Jersey  transect w here this m odel 
was developed. Som e o f the taxa that are com m on in the 
New Jersey transect (Coryphostoma p la ita  and C. incras
sata), occur at depths exceeding 100 m. Such depths are
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w ell beyond any rea listic  range considering the low P/B 
ratios and the inner to  m iddle neritic sedim entary  facies 
fo r the strata o f  the A ntioch C hurch core. C learly, these 
taxa m ust have occupied  shallow er habitats in A labam a. 
This o f course greatly  inhibits the practical use o f depths 
ranges from  one basin to another. On the other hand, there 
is a fair resem blance o f  A ntioch C hurch benthic 
foram inifera w ith the Prairie B luff assem blages encoun
tered  at M illers Ferry  (O lsson et al., 1996), though some 
com m on taxa at M illers Ferry such as C ibicides harperi, 
A nom alinoides praeacutus  are absent at A ntioch Church, 
w hereas C ibicides succedens, and A nom alino ides qff. 
acutus were not encountered at M illers Ferry. In addition, 
m any slender taxa w ith  an endobenthic m orphology 
observed at M illers Ferry, such as Pseudouvigerina seligi 
and Tappanina selmensis were rarely encountered at A nti
och Church. This is clearly a result from  the different size 
fractions used: >125 p m  in our study and >63 p m  in the 
study by O lsson et al., 1996; and O lsson pers. com m . 
2006. The Prairie B luff fauna at M illers Ferry contains a 
slightly different benthic assem blage and m ore num erous 
p lanktic  specim ens. This suggests tha t A ntioch C hurch 
was shallow er than M illers Ferry, w hich is in agreem ent 
w ith an offshore position for M illers Ferry as indicated by 
the facies distribution in A labam a during the M aastricht
ian (Donovan et al., 1988; O lsson et al., 1996). In conclu
sion, we estim ate w ater depths betw een 20-40 m during 
deposition  o f  the Prairie B lu ff Fm , w ith deposition  
towards the deeper end o f this range in the upperm ost two 
m eters and tow ards the shallow er range in the low er part 
o f the studied part o f the succession.

Regional and global correlation of sequences

Preconditions for the correla tion  o f  sequence bound
aries and the succession o f systems tracts betw een coeval 
m arine sections are: a precise identification  o f the corre
sponding sequence stratig raphie surfaces and a tigh t 
chronostratigraphic framework. Both criteria are, however, 
difficult to  establish for the Antioch C hurch core because 
of:

1) The different behavior o f the sedim entary system  in 
response to  changes in proxim ity o f the shoreline, detrital 
input, and/or paleobathym etry: In the silic iclastic-dom i
nated part, the sedim entary system  acts in a more ‘robust’ 
way, w ith a range of interm ediate lithologies (e.g., marls), 
w hereas the carbonate-dom inated system  shows, almost, 
a bim odal d istribution o f lithofacies w ith rapid  ‘g ive-up’ 
o f the carbonate production. This has also been interpreted 
as ‘rec ip ro ca l’ sedim entary  pattern  (Southgate e t al., 
1993; Strasser et al., 1999).

2) A ccording to  exam ples from  m ixed carbonate-sili- 
ciclastic  system s (S trasser et al., 1999; Sanders and

H öfling, 2000; Yang and K om inz, 2002), carbonate-rich  
facies tend to  occur in a diverse patch-like distributed pat
tern on the shelf (“com partm entalization”), w ith interm it
ten t areas o f m ainly siliciclastic sedim entation. H ence, a 
vertical succession m ust be established w ithin a regional 
fram ew ork to  d istinguish  changes produced  by  local 
facies shifts from  regional sea-level trends.

3) The b iostra tig raph ic contro l m akes it d ifficu lt to 
assign a b iostra tig raphic age to  the enclosed sequence 
Stratigraphie surfaces (Fig. 2). Sequence stratigraphie 
surfaces occur either during nannofossil zones and/or 
coincide w ith first/last occurrences o f  zonal m arker fo s
sils. In addition, these sequence stratigraphie surfaces are 
o ften  associated  w ith an unconform ity  at w hich a hiatus 
(possibly subaerial exposure) o f unknown duration exists. 
This p rob lem  was recognized  by B aum  and Vail (Baum  
and Vail, 1988) and they concluded tha t a sequence 
boundary m ust not be dated at their upper shelf extension 
(i.e., the setting o f the Antioch Church core), but rather in 
deeper marine settings at their ‘correlative conform ity’, to 
obtain reliable age estimates.

4) F looding and m axim um  flooding ‘surfaces’ are d if
ficu lt to  tie to  ‘d isc re te ’ lithologie surfaces, bu t instead 
enclose a distinct (condensed) sedim entary interval, u su 
ally 10-40 cm  in th ickness in the A ntioch C hurch core 
(see Fig. 3). The same applies to the late highstand inter
vals, during w hich relative sea level was probably low est 
and terrigeneous input at m axim um  -  these intervals have 
usually  gradual transitions to  the underly ing  deposits o f 
the highstand -  com plicating the assignation o f a point in 
tim e referred to  as “lowstand” .

This excursion h ighligh ts the problem s in dating 
sequence stratig raphie surfaces in  the shallow  she lf se t
ting  o f  the A ntioch  C hurch core and consequently , it is 
difficult to assign particular age constraints based on bios
tratig raphy  to  these surfaces. Specifically, fo r the upper 
M aastrich tian  strata o f the A ntioch C hurch core, w hich 
revealed a distinct lowering o f water depth during progra
dational h ighstand  conditions associated  w ith  increased 
silic iclastic  input (betw een about 70 to  75 m in core 
depth), it is not possible to  give a reasonable ‘tim ing ’ for 
this low ering o f  relative sea level, o ther than tha t it 
occurred  som ew here during the upper p art o f  B iozones 
CC25 / CF3. Therefore, this sea level low ering m ay have 
occurred during the interval from  600 to 300 ky preceding 
the K -P  boundary. This unclear tim ing  m akes any com 
parison to published sea-level charts impossible.

For the K -P transition  and the low er D anian, the Haq 
et al. (1988) sea-level chart shows a transgressive interval. 
E rikson  and P indell (1998) suggest a m inor low stand 
extending across the K-P boundary, followed by gradually
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rising  sea level in  the early  D anian. H ardenbol and 
Robaszynski (1998), show a sea-level lowstand at the K-P 
boundary  follow ed by tw o m inor sequences in  the low er 
D anian, w ith sequence boundaries dated  at 64.6 M a 
(D a l; m iddle part o f N P1), 64 M a (Da2, m iddle part o f 
N P2; N eal and Hardenbol, 1998). The curves provided by 
M iller e t al. (2005) and O lsson e t al. (2002) show  sligh t 
low ering o f  sea level across the K -P boundary, follow ed 
by transgression during the earliest Danian. Similarly, the 
sedim entary  records o f  the A ntioch C hurch core shows 
evidence for a low stand at or close to  the K -P  boundary  
follow ed by a transgressive trend, w hich culm inated dur
ing the low erm ost D anian up to  about 0.5 M y post K -P 
(m axim um  flooding surface in upper p art o f  B iozone 
N P1), and w hich was follow ed by a h ighstand  system s 
tract during Biozone NP2.

The sequence stratigraphy o f  the m iddle to  upper 
D anian was com piled by  N eal and H ardenbol (1998) and 
revealed  a sequence boundary  at 63 M a (Da3; m iddle 
part o f NP3), and a sequence boundary in the upper D an
ian at 61.5 M a (Da4; m iddle p art o f  N P4). In contrast, 
the Haq et al. (1988) curve contains only one m ajor low 
stand at 63 M a, w hich corresponds approxim ately to  the 
Da3 sequence boundary. The sea level curves provided by 
M iller e t al. (2005) and O lsson e t al. (2002) reveal rapid 
rise  in sea level w ith  a h igh-m agnitude (>50 m ) during 
the middle Danian, approxim ately at the Biozone P lb /P lc  
boundary. The m iddle and upper D anian strata in the 
A ntioch C hurch core, how ever, show  tw o sequence 
boundaries during this period, w ith  m ore pronounced 
changes in  the w ater depth  than recorded  in  the low er 
D anian sedim ents. One sequence boundary is situated in 
the upper part o f Biozones NP2 / P ia , whereas the second 
sequence boundary  is positioned  w ith in  B iozone N P3/ 
P ic . However, a sw itch o f  the depositional system  (from  
siliciclastic to  m ixed-siliciclastic-carbonate), and the d if
feren t behavior o f  the sedim entary system  in response to 
w ater depth  or prox im ity  changes bo th  m ake an evalua
tion difficult.

As a bottom  line, it appears tha t the derivation o f  an 
affirmative global curve is currently in flux and, with the, 
in part contradictory sea-level trends derived from  the lit
erature data for this period, it would be possible to make a 
correla tion  o f the sequence boundaries and sea-level 
trends derived from  the A ntioch C hurch core, w ith some 
o f those proposed in these studies. Consequently, no con
straints for g lobal correla tion  are in ferred  from  the data 
obtained during this study.

The K-P boundary event bed

The C layton B asal Sands consists o f  a one-m eter 
thick, m oderately to  poorly sorted, faintly norm al graded

sandstone body w ith a pyritized  base tha t overlies the 
sandy m arls o f the upperm ost Prairie B luff Fm. Its upper 
part shows slight lam ination, and bioturbation is not p re 
sent. T herefore, this sandstone is in terpreted  to  reflec t 
rap id  deposition  under h igh-energy  traction  transport as 
debris flow  w ith w aning-flow  conditions preserved at the 
lam inated top (M ulder and Alexander, 2001). These char
acteristics qualify  this sandstone to  be considered  an 
event bed (Einsele, 1998).

The pyrite-rich  sandstone layer in tercalated  betw een 
the Prairie B lu ff and the C layton B asal Sands is, w ith 
exception o f the pyritized matrix, com positionally sim ilar 
to  the C layton Sands above, bu t is to ta lly  devoid o f  ca r
bonate or fossil tests. B ulk  rock  X -ray d iffractom etry  
show ed the additional presence o f  goethite and jarosite. 
Jarosite is a potassium -iron-sulfate that forms by w eather
ing o f  o rganic-rich  sedim ents by  oxid ization  o f pyrite, 
w hich produces sulfuric acid tha t attacks illite  and K- 
feldspar, and liberates po tassium  (M oore and R eynolds, 
1997). H ence, ja rosite  and goethite m ay indicate 
increased organic m atter associated with deposition o f the 
sandstone and/or a subsequent period  o f anoxic cond i
tions that both prom oted the form ation o f pyrite. Suboxic 
or anoxic conditions m ay also be suggested  by elevated 
Cu (40 ppm ), As (300 ppm ), and Pb (35 ppm ) concentra
tions, com pared to  the enclosing lithologies (Tribovillard 
et al., 2000). M oreover, ja ro site  and goethite are a com 
m on com ponent o f the m arine and terrestrial K-P bound
ary clay layer (e.g., Schm itz, 1992; T ribovillard  et al., 
2000; W dow iak e t al., 2001). However, no increased 
am ount o f  trace elem ents (e.g., N i, Cr, Co) th a t m ay be 
linked to  extraterrestrial influx  was found in the A ntioch 
Church core.

The petrography o f the Clayton B asal Sands suggests 
derivation  from  shore-nearshore, shallow -w ater areas 
w ith  concom itan t adm ixture o f  e jec ta-fallou t m aterial. 
During high-energy transport, w innow ing m ay have been 
intense and led to  the com prehensive rem oval o f  fine
grained detritus. E vents capable o f  generating  such 
deposits are usually storms or tsunam is, which m ay create 
intense offshore-d irected  backflow s th rough buildup o f 
w ater m asses along the coast (M yrow  and Southard, 
1996; E insele, 1998; D aw son and Shi, 2000). These 
strong backflow  currents m ay transport large quantities o f 
sand towards outer shelf areas. The triggering cause(s) o f 
these events is, how ever, d ifficu lt to  constra in  from  the 
lim ited  data o f  a cored section. The presence o f  ejecta 
spherules, how ever, suggests tha t deposition  occurred 
subsequently to  ejecta fallout from  the Chicxulub im pact 
at the Yucatán peninsula in southern Mexico.

In sum m ary, an origin by a short-lived depositional 
event is concluded for the C layton B asal Sands in the
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A ntioch C hurch core, instead o f  aggradation during long 
periods. This in terpretation  is in  line w ith observations 
from  other K -P sections in the G ulf Coast plain o f A laba
m a w here a chaotic sandstone bed w ith rew orked Prairie 
B lu ff chalk  clasts at the base o f  the C layton Sands has 
been  considered  as event deposits associated  w ith  high 
current energies and deposition o f chaotic boulder (>1 m 
in diam eter!) beds (e.g., at M oscow Landing Habib et al., 
1996; O lsson e t al., 1996; Sm it et al., 1996). In contrast, 
our lithological and petrological data, as well as lithologi- 
cal data p rovided by Savrda (1993) and O lsson et al. 
(1996) shows tha t the upper p art o f the C layton B asal 
Sands in the M ussel C reek and M illers Ferry outcrops is 
th in ly  bedded, h igh ly  m icaceous, strongly  b io turbated , 
contains no C hicxulub ejecta m aterial, and is entirely  
Paleocene in  age (B iozone P a ) . T herefore, the observa
tions by Savrda (1993) in support o f long-term  deposition 
o f  the upper C layton B asal Sands in the nearby M ussel 
C reek K -P section as w ell by  O lson et al. (1996) for the 
M illers F erry  outcrop m ay be explained by  the d ifferent 
lithological nature and stratigraphie setting o f these sand
stone beds, com pared to C layton Basal Sands in the A nti
och Church core.

The com parison to  the M ussel Creek and M illers F er
ry K-P sections therefore may also shed light on the prob
lem s for constra in ing  the depositional nature o f  the K-P 
sections in A labam a: nam ely, tha t the C layton B asal 
Sands show different lithological characteristics and even 
distinctive depositional ages in different outcrops (M anci
ni and Tew, 1993). Consequently, a unique or single-event 
o rig in  for the K -P  boundary  deposits in A labam a is not 
justified  by the sedim entological data and various causes 
may be responsible for their origin (storms, tsunam is, sea- 
level fluctuations).

Clay mineralogy and paleoclim ate

The diversity  o f  clay m ineral assem blages identified  
in  the sedim ents o f the A ntioch C hurch core m ay reflect 
either a detrital or a d iagenetic origin. F or tha t reason, 
evaluation of these clay m ineral assemblages w ith respect 
to  paleoenvironm ental signals first requires investigation 
and assessm ent o f diagenetic features. However, the sedi
m ents o f the Antioch Church core did not suffer deep bur
ial (at m axim um  several hundred m eters) and there is no 
concom itant increase in illite-sm ectite, illite, and chlorite 
that each would indicate sm ectite transform ation to chlo
rite  and illite  during burial diagenesis (Cham ley, 1997). 
M oreover, a low burial d iagenetic overprin t th roughout 
the A ntioch C hurch core is docum ented by the co -ex is
tence o f sm ectite w ith high kaolinite content. Since m ost 
o f  these clay m inerals, includ ing  kao lin ite , illite, and 
chlorite are not very sensitive to  slight or moderate depths 
o f  burial (Cham ley, 1997), and since clay m inerals in the

A labam a G ulf coast region w ere apparently  not affected 
by volcano-hydrotherm al activity, the clay m ineral facies 
o f  the A ntioch C hurch core are m ainly  considered  to  be 
detrital in origin, though m inor smectite authigenesis may 
have occurred in sandy intervals. The clay m ineral assem 
blage therefore reflects processes tak ing  p lace in the ir 
source area or p rocesses associated  w ith  the ir transport 
path.

C lay m inerals in  the A ntioch C hurch core show  a 
prom inen t change from  a late M aastrich tian  kaolin ite- 
dom inated to  m iddle D anian sm ectite-dom inated assem 
blage. The gradual nature o f this change, alm ost indepen
den t o f litho logy  and position  in  the sequence 
stratigraphie fram ew ork, suggests an inherited  signal o f 
proxim ity  to  the shoreline w ithout larger influx. T here
fore, this clay m ineral succession m ay be interpreted as a 
change from  alm ost trop ical clim ates w ith high year- 
round  p rec ip ita tion  and perco lation  to  subtropical to 
sem iarid  clim ates w ith low er precip ita tion , usually  sea
sonal, and low er w ater percolation (Chamley, 1997; G ib
son et al., 2000). Follow ing G ibson e t al. (2000), such a 
clim ate change m ay also be associated  w ith a general 
tem perature decrease. However, the lack o f  detailed clay 
m ineral as w ell as stable isotope studies from  the A laba
ma G ulf coast province for this period prevents from  eval
uation  o f  these clim atic trends w ithin a regional context. 
Such an evaluation and com parison could  give evidence 
w hether a shift in regional clim ates happened, or if  these 
changes were associated with local changes in the deposi
tional system.

CONCLUSIONS

In the sediments o f the A ntioch Church core, a trend is 
recognized  from  a silic iclastic-dom inated  depositional 
system  in the late M aastrichtian-early Danian, to  a mixed 
silic iclastic-carbonate depositional system  during the 
m iddle D anian. This change m ay be related  to  the estab 
lishm ent o f a stable carbonate p la tform  on the A labam a 
she lf during the early  Paleocene, as show n by M ancini 
and Tew (1993).

Four depositional sequences w ere d istinguished  for 
the late M aastrich tian  to  upper D anian period. In this 
m ixed depositional system  on the A labam a shelf, s ilic i
clastic sedim entation  dom inated during the late (reg res
sive) h ighstand  and subsequent low stand system s tracts, 
w hen carbonate production  was largely  shut down. C ar
bonate sed im entation prevailed  during the transgressive 
and the early highstand systems tracts, w hen terrigeneous 
detritus was m ostly trapped in nearshore areas. This verti
cal stacking pattern  is know n as “recip rocal sed im enta
tion” (Southgate et al., 1993).
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The vertical succession o f com ponent lithofacies sug
gests that the m agnitude o f relative sea-level changes was 
largest during the m iddle D anian sequences (tem poral 
em ergence), w hereas m agnitudes are less pronounced 
during the late M aastrichtian-early  D anian and the upper 
Danian sequences.

The changes in  terrigeneous input and energy-level 
during a sequence are reflected by characteristic changes 
in the m ajor and trace elem ent, as w ell as in specific ele
m ent ratios and the TOC content o f the sediments. Along 
w ith the gam m a-ray log response, these geochem ical data 
allow  for m onitoring facies changes and a detailed in te r
nal subdivision o f the depositional sequence.

A t the K -P boundary, a siliciclastic event bed is in ter
calated w ithin a transgressive system s tract and contains 
ejecta spherules that are m orphologically sim ilar to  ejecta 
from  the C hicxulub im pact found in K -P sections from  
the G u lf o f  M exico area, and the K -P  boundary  clay in 
N orthern  A m erica (W estern In terior), the W estern 
A tlantic , and the Pacific. The depositional nature o f the 
K -P  event bed is d ifficu lt to  constra in  from  the A ntioch 
C hurch core, and tsunam i- or sto rm -triggered m echa
nism s are possib le, w hereas form ation as an incised val
ley fill is not com patible w ith the sedim entological char
acteristics o f this bed.

C lay m inerals o f  the A ntioch C hurch core com prise 
m ainly  varying proportions o f  sm ectite, kao lin ite , and 
illite. Three d istinct clay m ineral facies w ere d istin 
guished: (i) a kao lin ite-dom inated  facies w ith  a general 
upw ard increase in  the relative abundance o f  sm ectite 
concom itan t to  a relative decrease in kao lin ite , (ii) a 
kao lin ite -sm ectite -rich  facies, and (iii) a sm ectite-illite- 
dom inated facies. The latter facies was established at the 
transition to  a carbonate-dom inated sedim entary system.

The general trends in clay m ineral abundances are not 
exclusively related to  lithological changes, though m inor 
com positional changes occur at lithologie transitions and 
co inciden t to  sequence stratig raphie surfaces. However, 
the overall variations in clay m ineral assem blages likely 
resulted mainly from  paleoclim ate variations in the source 
area and only to  a m inor degree from  the position relative 
to  the coastline. This climate change m ay have included a 
change from  hum id conditions with year-round precipita
tion to sem iarid climates with pronounced seasonality.
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APPENDIX

TABLE A l  I M ajor an d  t r a c e  e le m e n t  c o m p o s it io n  of b u lk  s a m p le s  from  th e  A n tio c h  C h urch  c o r e  by e n e r g y -d is p e r s iv e  X -ray  f lu o r e s c e n c e  s p e c t r o m e -  
try (E D S ). A ll Fe is  g iv e n  a s  F e2 Û3 .

AC Deplb d 9 F&jQ-i hflnO CaO KtO Cu Zn A s Rb Sr V Zr Qa La Ce Pb
* m wt% PPf" Wl% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

235 1.83 0.18 3.15 266 24.13 1.07 14 94 8 48 459 31 108 182 48 78 <5
232 3.05 0.23 2.99 190 27.79 1.18 8 87 5 47 577 32 149 228 39 56 <5
229 3.96 0.03 0.97 204 47.87 1.31 15 27 <5 <10 577 20 21 26 29 52 <5
226 5.79 0.01 0.33 103 50.10 1.28 <5 11 <5 <10 529 8 12 <5 16 20 <5
223 7.62 0.01 0.61 102 50.16 1.23 8 20 <5 <10 563 11 14 8 21 18 <5
220 9.45 0.01 0.36 61 46.56 1.02 <5 15 <5 <10 455 5 28 70 24 24 <5
217 11.13 0.01 0.64 94 50.26 1.48 <5 17 <5 <10 457 4 10 14 21 22 <5
215 12.04 0.09 2.40 50 40.73 1.36 13 50 <5 27 439 11 43 35 22 35 <5
213 13.41 0.07 2.59 50 39.87 1.16 5 45 <5 28 510 8 26 29 22 24 <5
210 14.78 0.04 0.90 38 45.12 1.05 11 19 <5 10 488 7 35 35 <10 <10 <5
207 16.15 0.36 1.51 64 27.74 1.10 13 32 <5 27 528 14 239 182 26 40 5
205 17.07 0.20 2.23 50 36.21 1.12 9 47 5 31 658 12 86 101 28 50 <5
202 18.68 0.19 1.36 57 39.04 1.02 8 45 <5 20 651 10 96 100 25 36 <5
200 19.20 0.17 2.06 50 37.23 1.25 10 59 <5 29 740 8 44 102 19 34 <5
198 20.57 0.13 1.14 48 42.79 1.02 8 36 <5 17 543 8 53 78 31 40 <5
196 21.49 0.09 0.98 41 43.84 0.85 10 30 <5 13 518 7 51 58 17 21 <5
194 22.40 0.02 0.42 53 49.05 0.89 9 17 <5 <10 533 4 34 40 21 24 <5
192 23.77 0.14 0.75 47 42.34 1.32 11 22 <5 12 503 8 87 62 <10 27 <5
190 24.41 0.29 1.88 50 14.50 1.09 11 48 9 34 698 14 192 259 38 64 <5
188 25.45 0.38 2.50 53 10.53 1.37 13 47 8 42 814 12 188 339 39 63 7
187 25.91 0.32 2.31 50 10.75 1.35 25 52 9 42 858 13 142 375 24 44 6
185 26.67 0.14 1.43 121 32.61 1.40 10 25 <5 16 731 7 58 85 13 29 <5
184 27.22 0.47 3.50 221 22.60 1.16 10 54 8 41 525 17 276 256 30 61 8
182 27.74 0.46 3.05 50 12.94 1.41 11 66 7 55 1004 13 157 292 25 47 7
180 28.41 0.38 2.50 50 10.53 1.37 13 47 8 42 814 12 188 339 39 63 7
179 28.96 0.46 3.77 50 13.39 1.52 11 84 13 60 947 11 111 281 29 57 7
178 29.26 0.42 4.14 50 16.61 1.53 18 90 11 63 838 14 89 232 31 37 9
177 29.41 0.03 1.86 157 47.31 0.76 45 25 73 <10 656 5 24 26 14 <10 <5
176 29.72 0.03 2.09 50 40.14 1.09 12 257 184 <10 574 3 31 44 20 28 5
175 30.33 0.01 1.05 50 39.30 1.11 <5 18 6 <10 464 3 29 37 10 10 <5
173 31.85 0.05 2.54 107 39.81 0.79 18 17 17 7 352 5 43 54 <10 29 <5
171 33.83 0.11 2.57 50 37.07 0.91 <5 18 14 11 329 10 115 78 22 54 5
170 34.59 0.08 1.14 50 38.41 1.02 20 25 7 10 308 11 90 74 17 39 <5
169 35.30 0.06 0.91 173 36.29 0.61 19 19 12 <10 578 7 73 40 13 17 <5
168 35.57 0.63 4.01 50 6.77 1.54 15 61 22 54 337 27 445 319 57 102 13
167 35.81 0.60 3.75 159 7.04 1.52 12 60 37 47 321 21 453 289 58 123 10
166 36.27 0.46 3.03 50 12.68 1.21 11 48 13 40 275 20 398 263 46 96 5
165 36.88 0.58 3.72 158 7.53 1.56 11 52 15 51 319 16 353 313 49 89 11
163 37.64 0.51 3.69 156 13.77 1.36 9 58 14 49 371 20 368 277 58 104 8
160 39.17 0.44 3.36 213 27.82 1.18 9 47 15 36 592 16 204 255 30 40 6
157 40.54 0.62 4.81 203 10.72 1.46 14 74 13 57 637 18 220 349 29 65 12
154 41.91 0.66 4.70 198 12.73 1.44 20 79 13 57 740 20 314 343 31 60 11
151 43.28 0.61 4.62 195 11.37 1.45 12 79 9 55 575 23 362 332 44 97 14
150 43.74 0.25 1.64 69 17.60 1.07 9 42 9 27 664 13 188 219 28 60 <5
148 44.56 0.46 3.53 50 21.75 1.12 11 48 9 40 528 18 281 247 29 57 8
145 46.18 0.19 1.60 168 41.56 0.90 13 28 <5 17 650 10 128 114 18 33 <5
142 47.55 0.46 3.14 133 25.12 1.13 12 52 10 39 670 14 215 225 30 53 <5
139 48.98 0.14 1.63 172 43.74 1.28 7 23 <5 13 591 11 66 71 24 29 <5
136 50.29 0.37 3.35 142 29.84 1.11 6 78 6 36 767 19 186 183 38 59 7
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TABLE A l  I C o n tin u e d .

AC Depifr T\0; MnO CaO XjO Cu Zn As fib Sr Y 2r Ba La Ce Pb
* m wt% wt% ppm Wl% ppm ppm ppm ppm ppm ppm ppm Ppm ppm ppm Ppm

133 51.82 0.16 1.92 122 42.05 1.34 <5 33 6 17 578 11 130 89 11 40 <5
130 52.43 0.48 3.60 76 19.12 1.23 13 58 10 44 1043 15 186 183 35 56 8
129 52.73 0.44 3.32 50 24.43 0.98 15 53 10 39 1009 15 172 163 26 57 7
128 52.97 0.33 2.67 113 31.72 0.93 12 48 9 26 890 13 138 131 28 42 <5
126 53.64 0.17 1.56 100 41.51 0.82 10 26 <5 14 772 10 78 59 22 36 <5
124 54.25 0.38 3.08 130 27.60 0.94 10 51 9 33 933 13 178 158 30 51 8
122 54.89 0.19 1.90 81 39.52 1.32 10 32 <5 15 768 11 91 83 25 41 <5
121 55.17 0.45 4.31 91 22.25 1.25 10 68 9 47 903 15 185 207 30 59 9
118 55.93 0.49 4.70 100 20.27 1.40 13 84 12 50 817 15 217 237 30 58 9
116 56.54 0.43 4.75 101 27.31 1.33 9 56 10 48 758 13 159 186 25 58 6
114 57.15 0.78 6.35 268 9.31 1.80 25 106 14 74 591 18 226 415 26 44 15
112 57.61 0.52 8.20 50 21.25 1.90 12 122 10 78 658 13 150 203 16 53 9
110 58.03 0.50 4.02 85 20.71 1.32 14 69 12 49 1030 15 186 219 28 58 9
108 58.52 0.35 2.74 116 33.54 1.13 11 58 6 29 951 10 115 129 22 45 5
106 59.07 0.29 2.74 116 36.57 0.94 10 57 10 26 1001 16 85 124 36 47 <5
104 59.56 0.38 5.63 119 31.21 1.60 11 64 7 48 879 10 101 127 16 28 <5
103 59.74 0.68 6.77 144 14.47 1.67 18 100 10 67 823 13 163 312 26 48 13
101 60.35 0.75 6.25 263 9.64 2.03 16 111 10 75 607 18 190 407 13 71 14
100 60.59 0.81 7.17 305 12.35 2.38 21 137 10 90 507 19 185 442 32 51 <5
99 60.81 0.76 7.90 168 15.60 2.23 19 143 10 89 509 17 139 362 16 77 8
98 61.11 0.80 8.52 181 15.95 2.25 24 131 14 96 668 16 137 297 36 64 <5
97 61.36 0.20 7.37 50 39.29 1.34 8 48 9 55 679 9 26 57 19 42 <5
96 61.57 0.58 12.60 50 22.74 2.37 21 92 22 107 585 16 58 93 22 47 7
95 61.75 0.51 14.27 50 16.77 3.00 14 82 26 106 467 15 52 103 21 49 9
94 61.87 0.13 6.99 50 39.13 1.65 21 40 15 46 644 7 38 58 21 34 6
93 62.03 0.39 11.55 50 19.03 2.55 9 168 29 81 352 13 85 111 13 43 10
91 62.33 0.10 4.02 85 41.63 1.14 11 35 10 27 599 5 32 63 15 27 <5
89 62.73 0.34 4.63 98 31.28 1.33 8 63 12 43 341 12 102 155 21 52 7
87 63.09 0.22 4.02 170 39.50 1.09 9 44 11 29 457 13 137 115 28 58 <5
86 63.25 0.33 5.18 50 32.26 1.13 6 67 16 39 402 20 178 170 35 92 <5
84 63.55 0.29 4.16 176 37.29 1.04 9 37 19 31 416 15 155 148 25 53 <5
83 63.64 0.51 6.79 50 14.21 2.09 12 73 15 55 277 26 279 234 45 108 6
82 63.70 0.23 1.81 191 36.79 0.84 7 16 7 10 368 10 169 143 24 61 <5
80 64.10 0.17 1.50 159 32.66 0.56 17 16 <5 <10 342 8 85 111 18 35 <5
79 64.22 0.08 0.98 146 29.41 0.61 10 9 <5 <10 114 3 48 71 16 25 <5
78 64.31 0.20 1.65 244 33.98 0.81 8 10 <5 <10 224 10 145 94 21 41 9
77 64.50 0.19 30.05 50 1.45 0.96 40 19 300 16 52 3 60 86 <10 26 35
76 64.62 0.36 3.37 215 27.60 1.43 22 75 8 45 413 16 170 216 35 56 12
75 64.92 0.29 3.04 257 32.22 1.30 15 50 6 38 563 12 135 175 20 45 10
73 65.68 0.31 2.96 251 33.34 1.18 13 47 <5 37 620 11 107 174 33 48 8
71 66.60 0.45 3.33 212 25.46 1.53 8 53 7 51 544 19 233 311 28 69 5
70 67.06 0.63 4.85 206 10.41 2.05 11 76 9 72 341 22 331 436 31 75 6
69 67.51 0.69 5.16 219 10.17 2.03 15 84 9 79 386 21 283 415 30 69 11
67 68.43 0.68 5.38 228 10.03 2.06 17 80 8 75 386 20 315 419 39 84 14
65 69.49 0.66 5.10 217 9.01 1.98 18 90 7 79 383 22 273 451 29 75 13
63 69.89 0.71 5.25 223 10.19 1.88 23 95 8 79 430 18 246 396 35 75 13
61 70.35 0.46 3.33 212 23.09 1.32 8 55 5 49 468 25 351 304 43 102 11
59 70.87 0.60 5.60 237 22.79 1.86 12 66 10 54 516 18 229 281 35 68 15
57 71.48 0.52 4.01 255 19.60 1.80 12 67 9 61 482 19 271 368 38 79 7
56 71.72 0.49 3.35 213 21.49 1.55 9 55 6 55 472 18 284 321 33 73 9
55 71.93 0.63 4.28 182 13.79 1.76 13 83 7 67 445 23 322 387 45 88 13
53 72.39 0.62 4.53 192 14.79 1.77 16 88 8 67 487 20 300 366 40 66 10
51 73.00 0.62 4.23 179 14.09 1.83 13 77 8 64 449 24 329 399 52 84 11
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TABLE A l  I C o n tin u e d .

AC Depth TIOj FfljO, MnO CaO KjO Cu 2n AS Fib Sr V Zf Qa La Ce Pb
f m wKi wt% ppm Wt% Wt% ppm ppm ppm ppm ppm PP«! ppm ppm ppm ppm ppm

49 73.58 0.56 3.72 158 20.50 1.56 10 68 6 55 503 17 250 325 37 83 7
47 74.01 0.60 4.13 175 15.18 1.72 16 79 9 62 486 22 311 355 24 71 10
45 74.52 0.55 3.84 163 16.91 1.61 12 75 7 61 467 20 308 367 42 71 12
43 75.13 0.62 4.26 181 14.50 1.80 13 79 9 67 503 23 324 417 39 95 10
41 75.74 0.45 3.22 204 26.38 1.30 10 57 6 49 578 15 226 298 34 71 9
39 76.29 0.58 4.15 176 15.74 1.66 11 75 9 59 507 20 289 358 47 93 8
36 76.81 0.63 4.39 186 15.96 1.67 18 82 8 64 558 18 290 384 35 86 11
34 77.27 0.63 4.33 183 16.23 1.62 15 85 8 63 575 17 249 362 33 78 13
33 77.51 0.56 3.92 166 23.78 1.57 14 72 6 57 602 17 247 336 35 71 11
31 78.03 0.59 4.35 184 19.37 1.68 11 78 10 63 635 20 228 353 29 70 9
29 78.64 0.62 4.37 92 18.64 1.69 22 91 7 64 636 19 251 358 38 72 11
28 78.85 0.64 4.62 98 18.57 1.74 14 86 10 64 647 18 243 357 44 68 12
26 79.19 0.63 4.71 100 18.52 1.75 18 92 11 63 662 18 209 316 30 64 9
24 79.80 0.64 4.64 98 20.23 1.60 17 103 10 61 694 19 194 310 34 70 14
22 80.22 0.52 4.08 173 21.60 1.39 18 80 10 56 656 18 175 294 35 70 13
20 80.77 0.65 4.75 101 17.83 1.57 18 84 9 63 677 19 174 319 37 76 15
18 81.23 0.61 4.70 199 18.47 1.53 16 83 12 63 713 18 224 340 49 89 11
16 81.69 0.46 3.71 236 26.93 1.66 17 67 6 56 746 17 194 293 18 64 9
15 81.90 0.55 4.46 189 21.53 1.52 16 99 7 66 778 17 179 340 37 74 11
13 82.45 0.51 4.20 178 24.57 1.58 18 76 8 60 789 17 170 300 40 68 11
11 83.06 0.64 5.08 108 19.33 1.81 14 88 10 72 744 15 195 355 41 84 14
10 83.27 0.58 4.90 208 19.19 1.67 16 86 9 71 761 16 167 328 26 70 14
9 83.48 0.58 4.72 200 19.77 1.79 17 92 8 68 745 15 190 356 33 92 12
7 83.82 0.40 3.41 216 27.55 1.69 8 60 6 49 652 14 169 277 30 57 12
5 84.49 0.38 3.24 206 31.00 1.52 13 59 6 44 670 12 176 249 28 67 9
3 85.04 0.47 4.21 178 26.80 1.61 15 86 9 58 637 19 193 305 38 89 10
1 85.31 0.56 5.14 218 21.02 1.77 15 93 9 69 648 19 231 358 32 62 12
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TABLE A 2 1 M ajor an d  tr a c e  e le m e n t  c o m p o s i t io n  o f b u lk  s a m p l e s  from  th e  A n tio c h  C h u rch  c o r e  by w a v e le n g t h - d is p e r s iv e  X -ray  f l u o r e s c e n c e  s p e c -  
tro m etry  (W D S ). A ll Fe i s  g iv e n  a s  F e2 Û3 .; LOI is  l o s s  o f ig n it io n .

AC
i

De-plh
m

SiO,
Wt%

TIO,
Wl%

A IA
w l^

f* ,o 3
wt%

MnO MgO
wt%

CaO
wt%

Na O
Wl%

KjO
wPÜ

P ,0 3
wt%

LOI Tolaf

110 £7.91 41 47 0.62 12 37 5.06 0.02 1.91 17.74 0.35 1.37 015 18.29 99.32
100 50.52 25 55 0 3 5 7.21 3.40 0 0 2 1.17 31.09 o.as 0.80 0.05 28.74 98.77
105 5907 37.83 0 5 3 11.58 7.58 0.02 220 1701 0 . » 1.76 0.07 21.20 100.01
104 59.56 44 97 0.69 13.74 7.05 0.03 233 I t . 28 0.30 1.90 0.08 17.01 100.24
1Û3 59.74 45.31 0.71 14.14 6.06 0.Û3 2.37 11 49 104 1.97 o.oe 14.06 99.25
102 Ç0.20 40.79 0.76 1445 6.76 0.03 229 9.44 0-46 1.98 009 15.20 100.26
10 T 60.35 43.62 0.79 15.11 6.91 0.03 232 6.79 0.57 2.03 0.11 14.36 99 55
100 60.59 49-79 0.79 14.39 737 0.04 2.39 8-45 QrW 2.46 0.12 12-73 9980
39 60.31 46 33 0.68 13.26 9.29 0.03 2.52 11.49 0.51 2.56 0.12 13.79 100.62
93 61.11 44.03 0.63 12 36 11.00 0.02 2.69 10.19 0.34 296 016 14.67 100.39
37 61.36 20.89 0 1 3 368 10.27 0.01 1.60 27.30 0.17 2 31 022 33.01 100.48
96 61.57 40.49 0.29 0.09 IS 07 0.01 2.94 12.34 0.18 4 13 0.40 14.97 99.91
95 6175 45 30 0 2 9 8 13 16,58 0 .01 3,14 9 4 9 0 1 8 421 0.42 1222 100 35
94 61.07 24.13 0-11 333 0.66 0 0 2 1.45 33.69 0.12 1.86 018 27.83 101-43
33 62.03 52.35 0 2 3 565 12.50 O.OT 2.25 11.29 0.21 3.14 0.33 11.75 100.59
92 62.13 19.41 0.03 2.32 5.40 0.02 0.97 33.57 0.15 1.04 0.14 32.50 100.50
91 6233 22.70 0.11 2.98 5.65 0.02 1.02 95.72 0.17 1.16 015 30.50 100.20
90 62.50 53.73 0.23 7.00 9.07 0.01 1J1 13.19 0.30 2.53 0.29 11.98 101.28
35 62.94 22 32 0.16 3.63 3.90 0.02 Ü.Ö9 36.46 0.19 0 9 3 016 31.16 99.75
07 53.09 32.1-9 0.23 3.70 5.52 0.02 1.00 3t. 90 0.34 1.22 033 22-77 99.27
36 63.25 40.19 O.M 500 6.14 0.02 1.05 23.69 0.60 1.46 0.46 20.37 9950
as Ç3.40 45.07 0 3 2 5.55 6.55 0.02 1.09 22 44 0.49 1.56 052 15-29 99.65
34 63.55 37.75 0.27 4.22 5.16 0.02 Ü.H7 23.10 0.44 1,16 0.40 21-39 93.77
S3 63 64 65.10 0 4 2 687 768 0 0 2 i 29 734 0.84 2.16 0.60 6.97 99 09
S2. 63.70 53.09 0.26 3.20 2.24 0.03 033 22.83 0.55 0.67 0.12 16.75 100.10
Si 63.36 48.92 0.15 2,31 2.14 0.03 0,43 25.85 0.4& 0.43 0.21 18&9 99.84
ao 64.10 32.51 0-17 2.21 2.05 0.02 0.35 17.34 0.26 0.49 0.27 14.10 99.87
79 64.22 56.57 0,12 1,72 1.46 0.03 0,18 22.70 0.30 0.34 0.06 16.32 99,83
70 54.31 56.56 0.24 £.30 2.21 0.03 059 24.18 0-34 0 4 5 0 15 12.53 99.68

77 B 64.47 53.71 0.06 1,09 20,96 O.Ol 0 07 0.28 0.20 0 2 6 0.03 21 64 98 51
77A 64.50 53.32 Q.OS 1.10 21.20 0.01 0.07 0.29 0-20 0.25 0.03 22.01 98 54
76 64.62 47.50 0,44 9.21 4.42 0.04 1,03 21.11 0,59 1 38 0.19 13.66 99,76
75 64.92 35.44 0.23 6.13 3.79 0.03 0.70 29.33 0.45 0.94 0.27 22.29 99.71
74 65.23 36.25 0.28 5.91 3.73 0.04 079 27.87 0.43 i j » 0.27 23 70 100.27
73 65.08 35.63 0.31 6.54 3.69 0 0 3 073 20.19 0.39 1.00 0 IB 22.90 99.56
71 66.60 44.53 048 902 4.08 0.04 098 21.35 0.58 1.62 0.17 16.09 99.74
70 67.06 53.24 0.65 12 00 502 0.03 1.20 6.93 0.72 2.06 009 7.52 99.57
69 6751 59 20 0.71 13 72 5.51 0.03 1.50 7 28 0.89 2  18 0.10 8 93 100.06
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P.  S C H U L T E  a n d  R . P .  S P E I J E R M aast r ich t ian -Dan ia n  stra tig raphy in A labam a, USA

o Q

FIGURE A l I R e p r e s e n ta t iv e  X -ray  d iffr a c tio n  p a tte r n s  o f th e  < 2  pm  fr a c t io n  (a ir -d r ie d  a n d  e th y le n e  g ly c o l - s o lv a t e d )  s h o w in g  th e  th r e e  d is t in c t  c la y  
m in e r a l a s s e m b l a g e s  a s  w e l l  a s  th e  s m e c t l t e - r lc h  C la y to n  B a s a l  S a n d s  ( s e e  t e x t  fo r  d e t a i l s ) .  A ) P r a ir ie  B lu ff m u d s to n e  (S a m p le  A C 8 2 ) . B) C lay to n  
B a s a l S a n d s  (A C 8 2 ) . C) B a s a l P in e  B arren  M em b er  (A C 1 1 9 ) .  D) M cB ryd e M em b er  (A C 1 9 4 ) .
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