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ABSTRACT 
Exposed near Braggs, Alabama, is one of the few well-studied, 

nearly continuous shallow-marine Cretaceous/Tertiary boundary sec-
tions; it allows a glimpse of the biotic and environmental changes that 
occurred in the latest Cretaceous to earliest Pal eocene. Paleomagnetic, 
strontium isotopic, and biostratigraphic data closely constrain the age 
of a series of lithologic, geochemical, and biotic variations and suggest 
that no more than 100-200 ka could be missing at the boundary. A 
mqjor reduction in macrofaunal diversity associated with lithofacies 
changes occurs prior to but within 300 ka of the nannofossil-defined 
boundary. Approximately 40% of the apparent faunal reduction is 
attributed to the "Lazarus effect." Faunal and floral assemblages, 
trends in carbon isotopic composition of benthic invertebrates, and 
lithologic characteristics indicate that a latest Maestrichtian regression 
culminated near the boundary (Chron C29R; Micula murus zone), 
significantly later than recent estimates. Water depths at this site re-
mained shallow during the subsequent early Paleocene (zone NP1) 
transgression and did not reach depths equivalent to those of the late 
Maestrichtian until zone NP2. Relatively minor climatic changes 
across the boundary are suggested by a < 4 °C cooling trend seen in the 
oxygen-isotope paleotemperatures. A high-resolution ^ S r / ^ S r rec-
ord from well-preserved macrofossil calcite shows a pattern of smooth 
variation and elevated values near the boundary; however, the early 
Paleocene "spike" of other workers was not found. 

INTRODUCTION 
The hypothesis of Alvarez et al. (1980) that biotic extinctions at the 

Cretaceous/Tertiary (K/T) boundary were engendered by the impact of 
an extraterrestrial body has spawned considerable debate in the geological 
literature (e.g., McCartney and Nienstedt, 1986). As the controversy sur-
rounding the K / T crisis expands, it promotes detailed examination of 
boundary sections worldwide. The most complete sections are found 
among pelagic sequences, whether on land or in the deep sea, and these 
continue to be investigated as the best record of K/T changes. Good 
shallow-marine sections, in contrast, have received less attention, probably 
because of reduced stratigraphic completeness associated with erosion or 
episodic sedimentation. Nonetheless, such sections warrant closer exami-
nation in order to (1) determine how paleoceanographic changes in the 
pelagic realm relate to those in shallow-marine environments, (2) assess 
the rate and timing of extinctions among major invertebrate fossil groups, 
and (3) evaluate the paleoenvironmental information unique to these 
settings. 

We report here the results of a comprehensive investigation of a 
continuous shallow-marine K / T boundary sequence that crops out in the 

Gulf Coastal Plain of central Alabama. The K / T boundary is exposed in a 
road cut along the southwest side of State Highway 263, about 7.4 km 
southeast of the intersection of State Highways 21 and 263 at Braggs, 
Lowndes County, Alabama. This exposure is well known from previous 
investigations, which have been summarized by Copeland and Mancini 
(1986). Worsley (1974) considered it "the most nearly transitional section 
across the Cretaceous-Tertiary boundary in the world." Using available 
nannofossil biostratigraphic constraints, we developed a magnetostratig-
raphy correlated to the geomagnetic time scale. Within this framework 
the patterns of macrofossil and geochemical (percent CaCC>3, S 1 8 0 ,6 1 3 C, 
87Sr/86Sr) changes across the boundary were analyzed in detail. The 
results are illustrated in Figure 1 and discussed below. 

STRATIGRAPHY 
The Upper Cretaceous Prairie Bluff Chalk is about 30 m thick in 

western Lowndes County where it unconformably overlies the fossiliferous 
Ripley Formation. Exposed in the boundary section studies here are the 
top 2 m, which consist of grayish-black, silty to sandy, glauconitic, cal-
careous clay that contains abundant microfossils and macrofossils. Overly-
ing the Prairie Bluff Chalk is the lower or Pine Barren Member of the 
Paleocene Clayton Formation. This lower member is also ~30 m thick in 
this vicinity and is in turn overlain by the upper or McBryde Limestone 
Member of the Clayton. The Pine Barren Member consists of interbedded, 
fossiliferous, glauconitic, calcareous sandstone, marl, and limestone 
(Fig. 1A). According to Copeland and Mancini (1986), the contact 
between the Prairie Bluff Chalk and the Pine Barren Member of the 
Clayton is within an indurated, glauconitic, sandy limestone bed (bed 3) 
containing phosphatic pebbles and abundant fossils. Cross-bedded quartz-
ose sands in the uppermost several centimetres of bed 2 occur at a possible 
erosional unconformity near the top of the Prairie Bluff Chalk which is less 
prominent here than at other K/T boundary sequences of the eastern Gulf 
Coastal Plain. 

Biostratigraphy 
The ages of the Prairie Bluff Chalk and the Pine Barren Member of 

the Clayton Formation southeast of Braggs have been discussed in several 
papers, most of which were summarized by Copeland and Mancini 
(1986). Mollusca and benthic foraminifera from this section suggest a 
shallow to middle continental shelf depositional setting, and therefore it is 
not too surprising that stratigraphically important planktonic foraminifera 
are sparse or lacking. Neither Abathomphalus mayaroensis (latest Maes-
trichtian) nor Globigerina eugubina (earliest Danian) are present (Cepek 
et al., 1968; Gibson et al., 1982). The calcareous nannoplankton, however, 
can be used to identify latest Cretaceous and earliest Tertiary sediments at 
Braggs (Fig. IB). 
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Figure 1. A: Lithostratigraphic section near Braggs, Alabama (after Copeland and Mancini, 1986). B and C: Calcareous nannofossil and magneto-
stratigraphic zonations, respectively, with absolute ages for zone boundaries. D: Ranges of diagnostic Cretaceous mollusks (ammonites, bivalve) 
and number of identified macrofossil species per bed. E: Percent CaC03. F and G: Oxygen and carbon, respectively, isotopic compositions of 
bulk rock, macrofossils, and benthic foraminilers (Robulus, Gavelinella). H: Strontium isotopic ratios in macrofossils (sample splits used for S180 
and ô C analyses) from this section as well as from intervals several metres above and below this section in underlying Ripley Formation and lower 
Prairie Bluff Chalk and overlying McBryde Limestone. 
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Worsley (1974) stated that the entire Prairie Bluff Chalk near Braggs 
is within the Lithraphidites quadratus zone. Like Cepek et al. (1968), he 
also reported the occurrence of Nephrolithus frequens in the top ~2 m of 
this unit. Micula murus, another indicator of the latest Maestrichtian, 
occurs within the same interval (Thierstein, 1981; Zemo, 1982). From 
these observations it appears that uppermost Cretaceous sediments are 
present at Braggs, though comparison of interval sedimentation rates with 
other sequences (Thierstein, 1981) suggests that part of the topmost Maes-
trichtian may be missing or condensed. 

The lowermost nannofossil zone of the Danian (NP1) was reported 
from this site by Worsley (1974) and Zemo (1982), as are the well-known 
basal Paleocene phytoplankton "blooms" (Thierstein, 1981). Extrapolat-
ing from the sections of Worsley (1974) and Zemo (1982) to that of 
Copeland and Mancini (1986), the nannofossil-determined K/T boundary 
is thus placed at the contact between beds 4 and 5 (Fig. IB). This place-
ment agrees with recent nannofossil results obtained by biostratigraphers 
from Exxon Production Research Company who examined the same sec-
tion (Baum et al., 1984; Donovan and Vail, 1986). The boundary between 
NP1 and NP2 was similarly determined and placed at the contact between 
beds 10 and 11. Thierstein (1981) concluded that the younger part of this 
section is near the middle of the Cruciplacolithus tenuis zone (NP2). 

Magnetostratigraphy 
Oriented samples for paleomagnetic study were recovered from beds 

2 through 12. These were thermally demagnetized, measured in a super-
conducting cryogenic magnetometer, and analyzed statistically according 
to standard techniques (Fisher, 1953; Kirschvink, 1980) to resolve princi-
pal components of remanent magnetization. In Figure 1C, VGP latitudes 
(the latitude relative to the paleomagnetic pole for the entire section) are 
plotted against stratigraphic position for each sample. An interpretation of 
magnetic polarity (white = reversed; black = normal) is also presented for 
all samples except those within two zones near the top of bed 2. Samples 
from these two intervals as well as all samples recovered above bed 11 
yielded uninterpretable results because of the acquisition of spurious vis-
cous remanent components. 

The K/T boundary at Braggs occurs in a well-defined reversed mag-
netozone extending from the bottom of bed 3 to the top of bed 9. The 
presence of N. frequens, M. murus, and NP1 within this reversed interval 
suggests that it correlates with Chron C29R and the G-zone at Gubbio, 
Italy (Alvarez et al., 1977; Berggren et al., 1985; Zachos and Arthur, 
1986). Above bed 9 the sediments are normally magnetized and correlate 
with Chron C29N. The poorly resolved intervals below bed 3 make it 
difficult to correlate, but the occurrence of N. frequens and M. murus in 
normally magnetized sediments between the two uncertain intervals sug-
gests that this small normal interval in bed 2 correlates with Chron C30N. 
The absolute ages associated with polarity transitions and nannofossil 
zones (Fig. 1C) represent estimates from Berggren et al. (1985). The 
uncertainty in the location of the base of Chron C29R at Braggs suggests 
that mean sedimentation rate within the chron varied between 4.7 and 
6.5 m/m.y. 

BIOTIC CHANGES 
Though hiatuses may exist, their short duration and the overall com-

pleteness of the section make consideration of extinction patterns worth-
while. The sudden extinction of calcareous nannoplankton assemblages 
that characterizes the best marine K/T boundary sequences has been 
reported from Braggs, as have the ensuing phytoplankton blooms in the 
early Danian (Worsley, 1974; Thierstein, 1981). Patterns involving other 
microfossil groups, however, are insufficiently documented from this local-
ity, with the exception of the ostracodes and palynoflora. Smith (1978) 
identified 82 species of ostracodes from the Prairie Bluff Chalk (61 species) 
and Pine Barren Member of the Clayton (21 species). All of the 22 species 

in his topmost Cretaceous sample became extinct and were replaced by 
only 8 species in the basal Tertiary. The marine and terrestrial palynoflora 
at Braggs were studied by Jarzen (1978). Although the marine component 
is dominant, the terrestrial flora becomes more abundant near the top of 
bed 2, probably reflecting the closest proximity of the ancient shoreline at 
any time during deposition of the sequence. 

In this study we analyzed the macrofauna through the section on a 
bed-by-bed basis. The full results of this investigation will be presented 
elsewhere (Bryan and Jones, in prep.), but several observations are pre-
sented here (Fig. ID). The last ammonites disappear at the top of bed 2 or 
occur as reworked components in bed 3. This is judged to be about the 
same time as at Zumaya, Spain (Ward et al., 1986), considering the higher 
sedimentation rate of the Zumaya section (Mount et al., 1986). In the top 
2 m of bed 2,83 species of macrofossils were identified, 67 of which were 
mollusks. This species richness is greater than that of beds 3-14 combined. 

The pattern of macrofossil occurrence at Braggs is influenced by 
several factors, among them (1) extinctions and originations, (2) preserva-
tion, and (3) facies changes. It is difficult, therefore, to distinguish faunal 
effects of the K/T extinction mechanism from effects resulting from back-
ground paleoenvironmental fluctuations, both of which may be related. 
Approximately 28 of the latest Cretaceous molluscan species became ex-
tinct within 1 m of the K/T boundary. Another 12 crossed the boundary 
and are found higher in the section, and 27 "Lazarus taxa" (Jablonski, 
1986) are known to have survived into the Tertiary elsewhere. The extinc-
tions recorded among the mollusks were severe (42%), and so far as can be 
determined, occurred within the last 0.3 m.y. of the Cretaceous. No step-
wise extinctions (Hansen and Kauffman, 1986) were observed as the 
boundary was approached. However, the high proportion of Lazarus spe-
cies (40%) that disappeared in the same interval indicates the importance 
of facies changes and preservation in assessing the deterioration of the 
Cretaceous biota. Judging from the molluscan, floral, and sedimentologic 
evidence, the late Maestrichtian outer shelf chalk sea appears to have 
shoaled up through bed 2 and remained shallow into the early Danian 
before returning to deeper shelf conditions well into zone NP2. The culmi-
nation of this latest Maestrichtian regression within the final 300 ka of the 
Cretaceous is significantly later than recent estimates (e.g., Haq et al., 
1986). The changing paleoenvironmental conditions thus make it difficult 
to gauge the abruptness of the extinctions. 

GEOCHEMISTRY 
Ir anomalies have been reported at this section by the Exxon group 

(Baum et al., 1984; Donovan and Vail, 1986), who related the occurrence 
of Ir anomalies to changes in the sedimentary regime. However, the low 
concentration (<0.7 ppb) and position of the anomalies have caused inves-
tigators to continue work on siderophilic elemental enrichments at the 
Braggs site (F. Asaro et al., in prep.). 

Carbonate and Stable-Isotope Data 
We performed total carbonate and oxygen and carbon isotopic anal-

yses of finely ground whole-rock samples from beds 2-12. Isotopic 
analyses were also performed on individual foraminifers (Robulus and 
Gavelinella) separated from outcrop samples and on selected macrofossils 
(primarily large bivalves). All analyses were performed according to 
standard techniques which, along with discussions of diagenesis, thin-
section petrography, and isotopic data for nannofossils, will be discussed 
elsewhere (Zachos and Arthur, in prep.). The benthic foraminifers and 
macrofossils were examined visually and in thin section by using petro-
graphic microscopes to estimate the degree of preservation. Specimens 
exhibiting obvious signs of recrystallization, cement encrustation, and/or 
test filling were avoided. The results are plotted in Figure 1E-G. 

There is a clear relation between whole-rock carbonate content, 
fi180, and 613C values. Both <5180 and <513C of bulk carbonate are 
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significantly depleted by up to 2°/oo in carbonate-rich beds (>40% CaC0 3) 
relative to low total carbonate samples. We interpret the negative isotopic 
excursions as a diagenetic signal for two reasons: (1) stable isotopic values 
of well-preserved macrofossils and microfossils are nearly always more 
enriched than the whole rock; (2) petrographic examination demonstrates 
extensive cementation in carbonate-rich, coarse-grained, glauconitic lime-
stone beds (beds 3 ,5 ,7 ,9 ,11) . Because the whole-rock isotopic values are 
lighter than those of the fossils, the cements must account for the depleted 
<5180 and S1 3C values. These values are most likely the result of partial 
freshwater diagenesis associated with subaerial exposure during or follow-
ing deposition or of shallow subsurface meteoric diagenesis. The bulk-rock 
isotopic values, therefore, do not yield primary environmental 
information. 

Most of the S 1 8 0 data from benthic foraminifers and macrofossils fall 
within a narrow range of — 1,15°/oo to -2.58°/oo and are all enriched 
relative to the bulk rock. We interpret these 6 1 8 0 data as indicative of 
paleotemperatures in the range 16 to 23 °C for Late Cretaceous-Paleocene 
continental shelf water at a paleolatitude of ~33°N. A cooling trend of < 4 
°C in the latest Maestrichtian and across the K / T boundary (bed 2 
through bed 5) is also suggested by the benthic foraminifer fi180 data. This 
was followed by a gradual warming over the next ~ 1 m.y. 

The <5I3C data can also be interpreted in terms of oceanographic 
signals. The 61 3C values of benthic foraminifers are depleted by l°/oo to 
2°/oo relative to the macrofossil values, but relative to the bulk-rock car-
bonate are either enriched (beds 2-7) or depleted (above bed 7). From bed 
2 to bed 6 there is a trend toward more enriched values, whereas in bed 8 
and above, the S1 3C values of benthic foraminifers and macrofossils are 
depleted by nearly l°/oo relative to values from bed 6. Two possible 
interpretations of these trends are the following: (1) The negative shift 
represents the well-documented negative excursion at the K / T boundary 
(e.g., Zachos and Arthur, 1986). In pelagic sequences the carbon shift 
coincides with major changes in the calcareous microflora and in carbon-
ate accumulation rates at the K / T boundary. Its position slightly above 
the boundary at Braggs suggests that perhaps the negative carbon excur-
sion in this neritic environment lagged the pelagic signal. (2) The benthic 
S1 3C signal in shelf sequences such as this is more a function of sea level; 
that is, during shoaling episodes the calcareous benthos primarily records 
the heavier <513C of total dissolved carbon in surface waters, whereas 
during transgression and deepening, lighter S1 3C values reflect the surface-
to-bottom gradient within or below the thermocline (e.g., Arthur et al., 
1983). The latter interpretation suggests that shallow shelf conditions ex-
isted across the K / T boundary and that deepening did not begin until after 
the deposition of bed 6. However, we would have expected a concomitant 
warming across the boundary associated with the shoaling and a subse-
quent cooling trend above associated with deeper shelf conditions, so the 
interpretation is not clear. 

Strontium Isotopes 
Recent studies of biogenic marine carbonates have demonstrated that 

throughout geologic time the 8 7Sr/8 6Sr ratio in seawater has varied as a 
result of changes in the flux of strontium to the ocean from different 
sources, each with its own characteristic strontium isotopic composition 
(Hess et al., 1986). Hence, the smooth and apparently continuous varia-
tions in the 87Sr/86Sr ratio of seawater have found increased use in strati-
graphic geochronometry, particularly in late Mesozoic and Cenozoic strata 
where the seawater strontium curve is reasonably well defined (e.g., Burke 
et al., 1982; DePaolo and Ingram, 1985; Palmer and Elderfield, 1985; 
DePaolo, 1986; Elderfield, 1986; Hess et al., 1986). 

We analyzed 8 7Sr/8 6Sr ratios in the calcific sheik of large fossil 
bivalves (chiefly oysters) which, on the basis of shell surface preservation 
and occurrence pattern, were considered to be unreworked. The shells 

came from lieds 2-14 at Braggs, as well as from the underlying beds of the 
Prairie BlulT Chalk and Ripley Formation and from the overlying 
McBryde Limestone Member of the Clayton Formation. Specimens were 
microscopically (thin section) and visually inspected for evidence of dia-
genesis, and CaCC>3 samples were taken from the middle shell layers. Both 
thin-section studies and stable isotopic analyses performed on splits of each 
sample (Fig. IF, 1G) suggest that this material is relatively free from 
diagenetic alteration. The 87Sr/86Sr data are plotted in Figure 1H, normal-
ized to 0.71023 for SRM-987. 

These l !7Sr/86Sr values represent the greatest density of strontium 
isotopic measurements reported across a K / T boundary and produce a 
smooth but oscillating pattern. The data conform well to the general trend 
of other curves (e.g., Palmer and Elderfield, 1985; Hess et al., 1986), 
exhibiting ebvated values across the boundary which are surrounded by 
lower ratios above it (McBryde Limestone) and below (Prairie Bluff 
Chalk, Ripley Formation). Missing is the 8 7Sr/8 6Sr "spike" of Hess et al. 
(1986) which occurs 2 to 4 x 105 yr after the boundary and is represented 
by single values at two Deep Sea Drilling Project sites (356 and 577). The 
rapid increase and decrease in seawater 87Sr/86Sr associated with this 
"spike" suggest a short-lived phenomenon that is not easily accounted for 
by either earthbound processes or impact-derived explanations (Hess et al., 
1986). The absence of the spike at Braggs in carbonates that otherwise 
yield very comparable seawater 8 7Sr/8 6Sr ratios for this time interval 
suggests that some of the earliest Daman may be missing (< 200 ka) or that 
perhaps the strontium spike phenomenon did not uniformly affect all areas 
of the ocean. 

CONCLUSION 
The presence of the latest Cretaceous (M. murus) and earliest Ter-

tiary (NP1) nannoplankton zones indicates that the section near Braggs, 
Alabama, is fairly complete and identifies the reversed magnetozone en-
compassing the K / T boundary as Chron C29R. Within this stratigraphic 
framework, a robust Late Cretaceous macrofauna underwent severe ex-
tinctions within 1 m of the nannofossil-defined boundary, where the nan-
noplankton underwent an abrupt extinction (e.g., Thierstein, 1981). Fades 
changes in the latest Cretaceous sediments, possibly the result of sea-level 
changes, make it difficult to assess macrofossil extinction rates and the 
fabric of the K / T extinctions. 

Stable isotopic analyses (6 1 8 0, S13C) of bulk-rock carbonate reveal a 
strong covariation and a correlation with percentage of CaC03- These 
trends and pronounced textural changes seen in thin section suggest that 
diagenesis has severely affected these sediments. Benthic foraminifers and 
macrofossils, however, exhibited relatively enriched stable isotopic values, 
indicating thai: they were not significantly overprinted by diagenesis. The 
<5lsO record from these organisms suggests a slight cooling trend up 
through the boundary during an inferred regression, followed by a gradual 
warming. The 61 3C record of benthic foraminifers exhibits a negative 
carbon shift characteristic of many K / T sequences, but its position higher 
in the section suggests that either this neritic environment lagged the pe-
lagic signal or that sea-level changes influenced water-mass distribution 
over the shelf. Finally, the highest resolution record to date of seawater 
8 7Sr/8 6Sr change across the K / T boundary is constructed from analyses of 
unaltered molluscan shells recovered from every bed throughout the se-
quence. A smcoth, oscillating pattern of elevated ratios across the bound-
ary is revealed. This pattern seems to primarily reflect an open marine 
signal and should prove useful for correlation with other K / T boundary 
sequences. 

Vertebrati; paleontologists (e.g., Sloan et al., 1986) have argued that 
dinosaur extinction proceeded gradually over the final 7 m.y. of the Cre-
taceous before accelerating rapidly during the last 0.3 m.y. Alvarez et al. 
(1984) also described marine invertebrate extinctions near the K / T 
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boundary as having occurred on two time scales: gradual declines in 
diversity over the last 1 to 10 m.y. of the Cretaceous and a sharp trunca-
tion at the boundary probably caused by the impact. The difficulty in 
evaluating this hypothesis for marine invertebrates has been the paucity of 
macrofossiliferous boundary sections complete enough to warrant study. 
To date, few such sequences are known (e.g., Stevns Klint, Denmark; 
Zumaya, Spain; Brazos River, Texas). The results presented here indicate 
that the section at Braggs, Alabama, should be added to the list, that 
shallow-marine boundary sequences can preserve open-marine signals, 
and that such sections deserve more study in attempting to understand the 
severe environmental perturbations of the latest Cretaceous. 
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