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Abstract

During the late Maastrichtian to early Danian the Neuquén Basin of Argentina was adjacent to an active volcanic arc to the west and an
extensive land area to the northeast. Mineralogical and geochemical studies of the Bajada del Jagiiel in the Neuquén Basin indicate a generally
warm climate with seasonal changes in humidity and an open seaway to the South Atlantic that maintained marine conditions. Biostratigraphic
and quantitative foraminiferal and nannofossil analyses indicate that sediment deposition during the late Maastrichtian (zones CF4-CF2, N. fre-
quens) occurred in relatively shallow middle neritic (~ 100 m) depths with largely dysaerobic bottom waters (abundant low O, tolerant benthics)
and fluctuating sea level. Calcareous nannofossils indicate a high stress marine environment dominated by Micula decussata. Planktic forami-
nifera mimic the post-K/T high stress environment with alternating blooms of the disaster opportunists Guembelitria and low oxygen tolerant
Heterohelix groups, indicating nutrient-rich surface waters and an oxygen depleted water column. The high stress conditions were probably
driven by high nutrient influx due to upwelling and terrestrial and volcanic influx. The K/T boundary is marked by an erosional surface that
marks a hiatus at the base of a 15-25 cm thick volcaniclastic sandstone, which contains diverse planktic foraminiferal zone Plc assemblages
and nannofossils of zone NP1b immediately above it. This indicates deposition of the sandstone occurred ~ 500 ky after the K/T hiatus. No
evidence of the Chicxulub impact or related tsunami deposition was detected.
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1. Introduction

Over the past 15 years, land-based marine sections have
yielded far more continuous and high sedimentation records
of the end-Cretaceous mass extinction than any deep-sea cores
with their condensed and often discontinuous records. Much
of our current understanding of the end-Cretaceous mass ex-
tinction, impacts, and environmental changes has come from
intensive studies of land-based marine sequences from Central
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America, the southern United States, eastern and western Tethys
and northern high latitudes. Two stories have emerged from
these records. (1) The biotic effects of the mass extinction
were highly variable among different fossil groups. Planktic
foraminifera were the clear loosers with all tropical and sub-
tropical species (2/3 of all species) extinct coincident with the
deposition of a global iridium anomaly that marks a major im-
pact. All but a few survivors died out during the first 200-
300 ky of the Danian. Calcareous nannoplankton suffered
strong declines, but some thrived well into the Tertiary. All other
microfossil groups reveal lesser biotic effects (Keller, 2001;
MacLeod, 1998; Paul, 2005; Twitchett, 2006). (2) There were
two major impacts. The Cretaceous/Tertiary (K/T) boundary
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impact is recognized by the global iridium anomaly and fre-
quently Ni-rich spinels. The Chicxulub impact is recognized
by glass spherule ejecta, and predates the K/T boundary by
~300 ky as indicated by the spherule ejecta interbedded in
late Maastrichtian sediments in northeastern Mexico and Texas
(review in Keller et al., 2003, 2007) and the impact breccia be-
low the K/T boundary in the Chicxulub crater core Yaxcopoil-1
(Keller et al., 2004a,b). No iridium enrichment has ever been
documented in association with Chicxulub impact ejecta in
marine sediments with continuous sediment accumulation.
Reports of the juxtaposition of the Ir anomaly with a thin impact
spherule layer on Blake Nose off Florida (Norris et al., 1999)
and Demerara Rise, southwestern North Atlantic (MacLeod
et al., 2007) show undulating erosional surfaces at the base
and top of a 1-3.5 cm thin spherule layer with reworked forami-
nifera. This suggests erosion and redeposition of the spherules
from older deposits, similar to the thick reworked spherule de-
posits at the base of sandstone deposits found throughout NE
Mexico, where the original spherule deposit is 4-5 m below
and interbedded in undisturbed marine marls of late Maastrich-
tian age near the base of zone CF1.

Although these Chicxulub impact findings have been docu-
mented in dozens of sequences in Mexico, Belize and Guate-
mala, the global distribution and the biotic effects of the
Chicxulub impact are still unknown. Most of all, the K/T tran-
sition in South America is poorly known largely due to a lack of
outcrops, diagenetic alteration, or very shallow depositional
environments. However, K/T outcrops have been reported

from Pernambuco in NE Brazil (Albertao et al., 1994; Albertao
and Martins, 1996; Stinnesbeck and Keller, 1996; Marini et al.,
1998; Martins et al., 1998).

In Argentina, the Neuquén Basin has the best exposures of
Upper Cretaceous to lower Paleogene rocks and this has led us
to investigate these sequences in order to evaluate the K/T im-
pact hypothesis and Chicxulub impact ejecta layer in particu-
lar. During the Maastrichtian, the Neuquén Basin was flooded
by an extensive sea that connected the basin to the South At-
lantic and reached the area of the present Andes to the west
(Fig. 1). In the southeastern part, marine environments per-
sisted into the Paleocene. Towards the west contemporaneous
volcanic activity led to emergence in the area of the present
Andes, which separated the Neuquén Basin from the Pacific
(Fig. 1) (Uliana and Biddle, 1988). The Bajada del Jagiiel sec-
tion in the Neuquén Basin has reportedly the best K/T record
and was first studied by Bertels (1970, 1980, 1987) based on
ostracods and foraminifer. Subsequently, other workers docu-
mented calcareous nannofossils, dinoflagellates, palyno-
morphs, planktic and benthic foraminifera and sedimentary
environments with sometime contradictory results (Casadio,
1994, 1998; Nanez and Concheyro, 1997; Papu et al., 1999;
Scasso et al., 2005).

In this study we report on the upper Maastrichtian to lower
Paleocene sequence of the Bajada del Jagiiel section in the Neu-
quén Basin. The primary objectives are to evaluate the continu-
ity of the sedimentary record, the depositional environment,
biotic stress and sea level changes during the late Maastrichtian
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Fig. 1. A, Palacogeographic map of the Neuquén Basin, the volcanic arc and the Bajada del Jagiiel section in Argentina (modified after Scasso et al., 2005).
B, Geographic map of South America showing the marine incursion during the Maastrichtian and early Paleocene.



to early Danian. Analytical methods include quantitative micro-
fossil analyses (planktic foraminifera and calcareous nannofos-
sils), stable isotopes, whole rock and clay mineralogy and total
organic content.

2. Methods and material

The Bajada del Jagiiel section was measured and examined
for lithological changes, macrofossils, trace fossils, bioturba-
tion, erosion surfaces and hardgrounds. A total of 120 samples
were analyzed for microfossils, mineralogy and geochemistry.
The section was collected at 50 cm intervals for the first 16 m
of the Maastrichtian, followed by 20-25 cm spacing for the
next 13 m up to 3.5 m above the K/T unconformity and at
50 cm for the next 10 m of the Danian. Several additional out-
crops were sampled in the Neuquén Basin (e.g., Lomas Colo-
radas, General Roca, Huantraico, Fig. 1), though these were
found to have only rare or poorly preserved microfossils, ex-
cept for the General Roca section, which exposes the same
Danian stratigraphic sequence as the Bajada del Jagiiel
section.

Samples were processed for planktic and benthic foraminif-
era by standard methods (Keller, 2002). Planktic foraminifera
were analyzed quantitatively from the >63 pum size fraction
based on representative sample splits with 100 to 250 speci-
mens for the Maastrichtian through the first 3.5 m of the Dan-
ian. Benthic foraminifera in the sample split were counted to
obtain the benthic/planktic ratio. The remaining sample resi-
due was examined for rare species, the presence of macrofos-
sils, volcanic sediments and pyrite. The fine fraction (>38 um)
was examined for the presence of dwarfed species. Planktic
foraminifera are generally well preserved. Calcareous nanno-
fossils were processed by standard smear slide preparation
and quantitatively examined based on the procedure of Jiang
and Gartner (1986), Pospichal (1991) and Tantawy (2003a,b).
All sample material, including the washed residues and picked
slides are curated in the Micropaleontology collection of
Princeton University.

For geochemical and mineralogical analyses, samples were
dried, crushed, finely ground in an agate mill, and dried at
105 °C. Clay mineral analyses were conducted at the Geolog-
ical Institute of the University of Neuchatel, Switzerland, based
on XRD analyses (SCINTAG XRD 2000 Diffractometer).
Sample processing followed the procedure outlined by Kiibler
(1987) and Adatte et al. (1996). The origin and amount of
organic matter were determined by Rock-Eval pyrolysis using
a Rock-Eval 6 (Behar et al., 2001) at the Geological Institute of
the University of Neuchatel, Switzerland. Standard notations
are used: total organic carbon (TOC) content in weight %;
hydrogen index (HI=S,/TOC x 100) in mg hydrocarbons
per g of TOC; oxygen index (OI = S3/TOC x 100) in mg CO2
per g of TOC.

Stable carbon and oxygen isotope data were obtained from
bulk rock samples at the Institute for Mineralogy and Geo-
chemistry at Karlsruhe using a fully automated preparation
system (MultiCarb) connected on-line to an isotope ratio
mass spectrometer (Optima, Micromass Limited UK). All

carbon and oxygen isotope values are reported relative to
V-PDB standard. Precision was better than 0.06%, for 3'*C
and <0.1%, for 3'%0.

3. Location and lithology

Cretaceous-Tertiary (K/T) outcrops are exposed throughout
the Neuquén Basin, but the classical boundary locality is the Ba-
jada del Jagiiel section located in the Neuquén Province about
500 m east of provincial road #8 on the western side of a meseta
(38° 06’ 25" S, 68° 23/ 36" W). More than 30 m of upper Maas-
trichtian to Danian mudstone of the Jagiiel Formation is ex-
posed, followed by over 10 m of marly limestone of the
Paleocene Roca Formation (Bertels, 1979; Uliana and Dellapié,
1981; Legarreta and Gulisano, 1989) (Fig. 2). The Jagiiel For-
mation studied in this report spans the interval between the evap-
orite bed at the top of the Allen Formation below and the first
limestone of the Roca Formation at the top. The base of the
Roca Formation is time transgressive and assigned to the Maas-
trichtian in the northwest of the Neuquén Basin and to the Dan-
ian in the center and south (Bertels, 1964, 1970; Casadio, 1994).

The Jagiiel Formation forms the lower 2/3 of the hill flank
with the Roca Formation the upper 1/3 to the top (Fig. 2). Bed-
ding is almost horizontal with no apparent tectonic disturbance.
About 40 m was sampled encompassing the upper part of the
Jagiiel Formation up to the contact with the overlying Roca For-
mation. The lower 17 m of the section consist of grey-green fri-
able claystone with abundant diagenetic gypsum veins and rare
oysters. In the upper part, the silt content gradually increases.
An erosional surface marks the contact between the claystone
and overlying marl at 17 m. The two marl beds between 17 m
and 18.5 m contain rare bivalves (e.g., Pycnodonte (Phygraea)
vesicularis (Lamarck) and Chlamys sp.) and internal moulds of
gastropods. Volcanic-rich siltstone beds are identified at 9.5 m,
19.8 m, 22.5 m and 27-28 m. Chondrites is the only trace fossil
identified and pyrite framboids are common.

At about 25 m from the base of the section, there is a 25 cm
thick grey marly limestone with an erosional surface at the top.
Above it there is a 15-25 cm thick yellow sandstone rich in
diagenetic gypsum and volcanic debris, such as idiomorphic
plagioclase of volcanic origin and devitrified glass (e.g. tuffite,
Fig. 3). Above the volcanic-rich sandstone is a 20 cm thick
dark grey silty claystone, followed by grey siltstone and a
volcanic-rich silty claystone (27-28 m). Above this interval,
grey silty marlstone beds (10-20 cm thick) contain bivalves
(oysters, pectinids), gastropods and occasional echinoids.
This marlstone sequence is 12 m thick and abruptly terminates
at the top by the overlying 15 m thick sequence of grey lime-
stones with pycnodontid oysters of the Roca Formation.

4. Biostratigraphy
4.1. Maastrichtian
4.1.1. Calcareous nannofossils

The biozonation used in this paper is based on Sissingh
(1977), Perch-Nielsen (1981a,b) and modified by Tantawy



Fig. 3. The Cretaceous/Tertiary unconformity in the Jagiiel section. The yellow volcaniclastic sandstone overlies the undulating erosional surface that marks the
K/T unconformity. Arrows point to rip-up clasts of the underlying claystone.



(2003a,b), Tantawy and Keller (2004) as shown in Fig. 4 with
comparison with other biozonal schemes. The lower 25.5 m of
the section are characteristic of the late Maastrichtian Nephro-
lithus frequens or zone CC26 (Fig. 5, Table 1). Throughout
this interval Micula decussatta dominates, averaging 76% and
reaching a maximum of 92%. In intervals of lower M. decussata
abundances, Prediscosphaera stoveri, Arkhangelskiella cymbi-
formis and Eiffellithus turriseiffelii are common. All other
species, including N. frequens, are minor components of the
assemblages. In middle latitudes, the N. frequens zone spans
all or most of the late Maastrichtian (including Micula murus
and M. prinsii zones) and generally corresponds to planktic
foraminiferal zones CF1-CF3 (Fig. 4). However, N. frequens
is time transgressive and appears earlier in southern high lati-
tudes (Pospichal and Wise, 1990), as also observed in the Bajada
del Jagiiel section.

The absence of M. prinsii may be due to a hiatus, as sug-
gested by the erosional unconformity that marks the top of
the grey marly limestone, or ecological exclusion. Micula
prinsii tends to prefer low to middle latitudes, but is also com-
monly reported from middle to high latitudes, including DSDP
Sites 216 (40°S) and 524 (45°S at similar latitudes as the

Jagiiel section, and from Denmark (50°N) (Perch-Nielsen
et al., 1982; Tantawy and Keller, 2004). The absence of M.
prinsii in the Jagiiel section is thus likely due to a hiatus, as
also observed at DSDP sites 761 and 762 (Pospichal and Bra-
lower, 1992; Bralower and Siesser, 1992). The presence of
only rare Prediscosphaera stoveri in the Jagiiel section, except
for two peaks of 20-30%, also suggests the removal of the up-
permost Maastrichtian (Fig. 5). In the high southern latitudes
(Sites 690, 738), P. stoveri dominates the assemblages with
up to 70% directly below the K/T boundary (Pospichal and
Wise, 1990; Wei and Thierstein, 1991), decreased to ~30%
in middle latitudes (Site 752, 30° S Pospichal, 1991) and to
8% in lower latitudes (Site 761, 16° 44’ S, Pospichal and Bra-
lower, 1992). The absence of an interval containing notably
higher percentages of P. stoveri in the uppermost Maastrich-
tian of the Jagiiel section therefore indicates a hiatus.

4.1.2. Planktic foraminifera

The biozonation of Li and Keller (1998a) and Keller et al.
(1995) is used for the Maastrichtian and Danian (Fig. 4).
Maastrichtian planktic foraminiferal assemblages are of very
low diversity with 7 species commonly present, but reaching
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Table 1

Relative species abundances of calcareous nannofossils in the upper Maastrichtian and lower Paleocene of the Jagiiel section of the Neuquén Basin, Argentina
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13 species during a short interval marking an influx of temper-
ate species (Fig. 6). All assemblages are dominated by Guembe-
litria cretacea and G. dammula (60-90%), variable abundances
of Heterohelix globulosa (0-45%) and H. dentata (0-90%).
Pseudoguembelina costellifera, Zeauvigerina waiparaensis
and Hedbergella species are few to rare. The influx of temperate
species between 11.3-13 m includes Rugoglobigerina macroce-
phala, Globotruncana arca, G. aegyptiaca, Globigerinelloides
aspera and Gansserina gansseri, the latter species ranges
from the base of the early Maastrichtian through zone CF3.
Only one prominent global warm event occurred during this in-
terval and it spanned from zone CF5 through the lower part of
CF4 (Li and Keller, 1998a; Nordt et al., 2003; Abramovich and
Keller, 2003). On this basis, the interval from 0-17 m that con-
tains the influx of temperate species is tentatively assigned to
zone CF4. An erosional contact between claystone and marl-
stone marks the top of this interval (Fig. 6).

Between 17 m and 22.8 m planktic foraminiferal assem-
blages are largely dominated by Heterohelix dentata, except
for a short interval of >95% Guembelitria between 20-21 m.
Pseudoguembelina costellifera, H. globulosa, Zeauvigerina
waiparaensis, and rare Hedbergella and Rugoglobigerina are
also present (Fig. 6, Table 2). A pronounced faunal change be-
low the volcanic-rich silty claystone at 22.8 m is marked by
the disappearance of five species and the onset of exclusive
Guembelitria dominance. This abrupt faunal and lithological
change suggests a hiatus with the dramatic drop in diversity
likely associated with the global cooling and sea-level regres-
sion of 65.5 Ma that marks the CF3-CF2 transition. This
global climatic change and regression is commonly recog-
nized in continental shelf sequences in the US, Denmark, Tu-
nisia, Egypt, Israel and Madagascar (Donovan et al., 1988;
Schmitz et al., 1992; Keller et al., 1993; Li et al., 2000;
Abramovich et al., 2002; Keller, 2002, 2004; Hart et al., 2005).

The uppermost part of the section from 22.8 m to the ero-
sional contact between the marly limestone and volcaniclastic
sandstone at 25.25 m is dominated exclusively by Guembeli-
tria, except for minor H. dentata (<5%) near the base
(Fig. 6). Guembelitria-dominated assemblages are well known
from the post-K/T mass extinction and used to be considered
indicative of earliest Danian age. However, these disaster op-
portunists thrived in any high-stress environments of the Cre-
taceous or Tertiary (Keller, 2002, 2003; Keller and Pardo,
2004), as also evident in the Jagiiel section. The interval be-
tween 22.8-25.25 m is tentatively assigned to zone CF2. The
uppermost Maastrichtian zone CF1 appears to be missing, as
indicated by the absence of the index species and absence of
influx of temperate species that should mark the prominent
global warming of this biozone. The absence of the nannofos-
sil Micula prinsii zone supports this age assignment.

4.2. KIT boundary

The K/T boundary is placed at 25.5 m marked by the ero-
sional unconformity between the marly limestone with bi-
valves, echinoids, ostracods and the volcaniclastic sandstone

and overlying gypsum-rich yellow volcanic-rich sandstone
(Figs. 5, 6). This placement is consistent with the K/T bound-
ary identified by earlier workers (e.g., Bertels, 1970, 1980; Na-
nez and Concheyro, 1997; Papu et al., 1999; Scasso et al.,
2005). The first Danian planktic foraminifera are present in
this sandstone and mark the abrupt appearance of seven spe-
cies that characterize subzone Plc(1l) (e.g., Parasubbotina
pseudobulloides, P. varianta, Parvularugoglobigerina extensa,
Globoconusa daubjergensis, Eoglobigerina edita, Subbotina
triloculinoides, Fig. 6, Table 1). This indicates a hiatus with
the early Danian zones PO, Pla and Plb missing, or about
the first 500 ky of the Paleocene (Fig. 4). Olsson et al.
(1999) note the extinction of P. extensa (formerly G. conusa)
as marking the top of Pa or zone Pla in this study (Fig. 4).
However, the presence of P. extensa in zone Plc in the Neu-
quén Basin, as well as the eastern Tethys, suggests that the
range of this species may be diachronous.

No nannofossils were observed in the volcaniclastic sand-
stone. The zone NP1 index species Biantholithus sparsus, as
well as Cyclagelosphaera reinhardtiilalta, Placozygus sig-
moides, Neocrepidolithus neocrassus/cruciatus and the Thora-
cosphaera sp. acme first appear at the base of the claystone
(sample 86) directly above it (Fig. 5). The first appearance
of P. sigmoides marks the base of subzone NP1b (or NNTp1B
of Varol, 1998, Fig. 4). This indicates that the earliest Danian
zone NPla is missing, consistent with the hiatus recognized
based on planktic foraminifera.

4.3. Danian

In contrast to the Maastrichtian, Danian planktic foraminif-
eral assemblages are similar to those in middle and lower lat-
itudes and can therefore be easily correlated with the global
biostratigraphy. The Danian interval examined spans from
the K/T boundary at 25.5 m to 40 m, marked by the base of
the grey limestone that defines the base of the Roca Formation
(Fig. 2). No planktic foraminifera or nannofossils were found
in this limestone. In the 14.5 m below are Danian planktic fo-
raminiferal assemblages characteristic of zone Plc. The lower
7.5 m of this interval contains diverse planktic foraminiferal
assemblages indicative of Plc(1) with common Praemurica
taurica, Globoconusa daubjergensis, Parvularugoglobigerina
extensa, Eoglobigerina edita and few Parasubbotina varianta,
P. pseudobulloides, S. triloculinoides and S. trivialis (Table 2,
Fig. 6). The presence of Praemurica inconstans in the upper
part suggests subzone Plc(2).

Nannofossil preservation varies from poor to good through-
out the Danian. The first Danian assemblage indicates zone
NP1b, dominated by Tertiary species and Cretaceous survi-
vors, such as Biantholithus sparsus, Neochiastozygus ultimus,
Cyclagelosphaera reinhardtii/alta, Markalius inversus, Neo-
crepidolithus  neocrassus/cruciatus, Thoracosphaera sp.,
Braarudosphaera bigelowii (Fig. 5, Table 1). Cretaceous re-
worked taxa are few to rare (e.g. M. decussata, A. cymbiformis,
W. barnesae, Eliffellithus turriseiffelii, Micrantholithus ho-
schulzii and M. obtusus). Cruciplacolithus primus first occurs
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Table 2
Relative species abundances of planktic foraminifera (>63 pm) in the upper Maastrichtian and lower Paleocene of the Jagiiel section of the Neuquén Basin, Argentina (*number of specimens in samples where
foraminifera are rare)

Biozones CF4
Samples: Jagiiel (BJ) 1 2 3

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

39 14 7 11 47 46 80 53 85 8 6 8 x
Guembelitria dammula 97 100 99 61 100 72 13 43 53 49 18 10 15 4 1 3 2
Heterohelix globulosa 2 <1 10 39 27 1 X 28 X 32 15 3 36
Heterohelix dentata 1 none none 4 none 37 none 16 none 4 54 77 none 83 none 30
Heterohelix planata 2 11
Pseudoguembelina costellifera 2 3 2 3

Zeauvigerina waiparaensis 2 1 2 X X 1
Globigerinelloides aspera 16
Globigerinelloides ultramicra

Hedbergella monmouthensis

Globotruncana arca

Globotruncana aegyptiaca

Gansserina gansseri

Rugoglobigerina macrocephala

Total counted 122 0 22 11 155 180 20 0 29 0 102 0 4 0 15 112 111 158 144 134 150 O 275 0

Biozones CF4 CF3
Samples: Jagiiel (BJ) 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Guembelitria cretacea 41 30 23 21 5 70 14 5 5 20 32 31 18 7 7 7 13
Guembelitria dammula 36 16 32 10 9 30 4 20 7 2 5 42 29 20 26
Heterohelix globulosa 24 4 41 7 20 X 3 5 3 3 5 2
Heterohelix dentate none X 24 29 24 62 71 molds 92 49 63 molds 55 68 55 molds 30 too 42 none 61 none 53 none
Heterohelix planate few

Pseudoguembelina costellifera 4 6 2 10
Zeauvigerina waiparaensis
Globigerinelloides aspera
Hedbergella holmdelensis
Hedbergella monmouthensis
Globotruncana arca
Globotruncana aegyptiaca
Rugoglobigerina macrocephala X X

Total counted 0 108 131 149 179 155 108 268 O 225 152 207 O 182 45 140 O 105 0 73 0 200 O 155 0

Biozones CF3 CF2
Samples: Jagiiel (BJ) 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

Guembelitria cretacea 33 23 23 29 42 61 16 14 11 27 41 42 81 58 32 34 24 33 4 85 90
Guembelitria dammula 33 70 69 65 50 20 5 1 3 11 32 52 18 42 63 63 74 55 54 12 9
Heterohelix globulosa 4 2 3 2 1 2

Heterohelix dentate 23 5 4 none none 63 76 76 44 23 5 1 5 3 2 12 2 3 1
Heterohelix planate 3

Pseudoguembelina costellifera 4 6 7 4 7

Zeauvigerina waiparaensis 2 4 5 7 10 5 X 4 9 3 1

Globigerinelloides aspera

Hedbergella monmouthensis 1 X 1 6 1 1

Globotruncana arca

Guembelitria cretacea
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Globotruncana aegyptiaca

Rugoglobigerina macrocephala

Total counted

68

diss 181 78 150 74 101 81 109 72 133 103 194 81 114 82

101

118

113 138 diss 130

152
CF2

Plc(l)
84
38
23

Biozones

102
23

100 101
20 27

99

83 85 8 87 8 8 90 91 92 93 94 95 96 97
2*

80 81 82
64
36

86
14

79

94

78

76 77
85

Samples: Jagiiel (BJ)

32 12 31 14

14

62
38

91

96

93

Guembelitria cretacea

Dk

Guembelitria dammula

Zeauvigerina waiparaensis

17 71 76 47 33 62 40 58 66 50 42
18

12

Globoconusa daubjergensis

14
12

12

17

28

36

11

Parvularugoglobigerina extensa

Eoglobigerina edita

33

11

22
21

38 23

30

34
20

33
31

22

11

1*

10

25

6*

Parasubbotina pseudobulloides

Subbotina moskvini

12
43

8%

21 17 37 29 21

23

4*

Parasubbotina varianta

Subbotina triloculinoides

Eobulloides sp.

Praemurica taurica

Woodringina claytonensis

Woodringina hornerstownensis

Total counted

171 199 150 192 181 174 100 155 187 165 204 158 129 131 195 164 137

78 23

116

111

107

119

120

112

73

11

in the Danian volcanic-rich bed (27-28 m) and indicates zone
NPlc.

5. Mineralogy
5.1. Bulk rock

The dominant bulk rock composition in the Jagiiel section
consists of phyllosilicates and calcite, which vary between
15-75% and 0-60%, respectively (Fig. 7). Less abundant com-
ponents include quartz and feldspars (plagioclase and K-feld-
spar), as well as gypsum from late diagenetic processes. The
average calcite/detritus ratio (C/D = calcite/(quartz + phyllo-
silicates + feldspars) tracks the Ca content due to the relatively
constant detrital component. This composition reflects the pre-
dominant claystone lithology with minor marl, silt and sand-
stone. In the upper Maastrichtian (0-25.5 m), phyllosilicates
inversely trend calcite contents. Quartz remains relatively con-
stant (8-15%), except for two significant increases at 9.5 m
and 15 m. Plagioclase and K-feldspar remain constant around
5% and 3%, respectively, up to 17.5 m. Above 17.5 m both
minerals increase (>4%) and reach a maximum of 23% in
a siltstone bed at 21.45 m. The XRD pattern of the plagioclase
indicates a constant composition close to ordered albite
(<An35) with the position of the 221 peak at 29.6-29.7°.
This type of plagioclase is characteristic of andesitic
volcanism.

The sandstone that overlies the K/T unconformity has very
high plagioclase (54%) and gypsum (37%), but no calcite
(0%), little quartz (2%) and reduced phyllosilicates (15%,
Fig. 7). The plagioclase composition is nearly the same as in
the siltstone bed at 21.45 m. Above this sandstone, calcite re-
mains relatively low (<25%) for the first meter and then gradu-
ally increases to pre-K/T values of 45% at 28 m. A third
plagioclase peak with 9% K-feldspar, but also 22% quartz, is
present in the grey-green siltstone 50 cm above the sandstone.
Thus, the Jagiiel section reveals three intervals with high plagio-
clase contents reflecting volcanic episodes at 4 m below the K/T
unconformity, the K/T unconformity and 50 cm above it.

5.2. Clay minerals

The <2 pm clay fraction is composed of smectite, illite-
smectite mixed-layers (IS), kaolinite, mica, chlorite (Fig. 8).
In the Jagiiel section, smectite is the dominant clay mineral
(37-81%, mean: 61%) followed by kaolinite (8-29%, mean:
15%), mica (4-25%, mean: 12%), chlorite (4-20%, mean:
10%) and very low contents of irregular illite-smectite mixed-
layers (0-11%, mean: 3%). Mica, chlorite and kaolinite are
characterized by similar trends as shown by the positive and sig-
nificant correlations between mica and chlorite (R2 =0.71) and
mica and kaolinite (R* = 0.69). However, there is no significant
correlation between smectite and other clay minerals. There-
fore, variations in clay minerals can be expressed by the ratio
of smectite/(kaolinite 4 chlorite 4+ mica).

Four characteristic intervals are present in the analyzed se-
quence: (1) the interval from 0-8 m is characterized by low
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smectite (37-68%), increased chlorite, mica and kaolinite and
consequently low smectite/(kaolinite + chlorite 4+ mica) ratio.
(2) Smectite increases up to 80%, to the detriment of chlorite
and kaolinite, between 8-18.6 m. (3) Decreasing smectite, but
increasing mica, chlorite and at a lesser extent kaolinite, mark
the interval between 18.6-25 m. (4) In the Danian part of the
section, which includes the volcanic-rich sandstone above
the K/T unconformity, smectite increases to the detriment of
kaolinite and mica. Apart from these long-term trends, the
CF4-CF3, CF3-CF2 and the K/T transitions are marked by sig-
nificant increases in smectite contents.

5.3. Total organic carbon

Organic carbon and Rock-Eval pyrolysis data indicate that av-
erage total organic carbon (TOC) values increased from 0.2 wt%
to 0.4 wt% in the lower part of zone CF4 and decrease to 0.3 wt%
in the upper Maastrichtian CF3-CF2 interval (Fig. 9). The lowest
TOC values (<0.1 wt%) occur within the volcanic-rich sandstone
that overlies the K/T unconformity. Maximum average TOC
values (0.4 to 0.58 wt%) occur in the Danian (zone Plc) above
the sandstone. Rhythmic TOC variations with values as low as
0.15 wt% and as high as 0.7 wt% (Fig. 8) suggest that the TOC
was derived from adjacent continental areas.

Information on the composition and maturity of organic
carbon can be obtained by pyrolytic measurements (Espitalié
et al., 1986; Behar et al., 2001). With this method the type
of organic matter is determined by the hydrogen index (HI)

800 - .
I : terrestrial OM

I II  : marine OM
700 - 1 : lacustrine OM
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Fig. 9. Hydrogen and oxygen index (HI, OI) in the Jagiiel section suggest that
the organic matter is of terrestrial origin. However, weathering of organic mat-
ter makes this index unreliable and may suggest a marine origin.
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and oxygen index (OI), which approximate the H/C atomic ra-
tio and O/C atomic ratio, respectively. Based on the observed
range of HI-values (0 to 85 mg HC/g TOC) and of OI-values
(135 to 510 mg CO,/g TOC), the organic matter of the Jagiiel
section is distributed in the organic matter type III (Fig. 9),
which is associated with terrestrial environments (Espitalié
et al., 1986). However, high OI values may also indicate sig-
nificant alteration and oxidation of organic matter during ero-
sion and transport processes, which makes the oxygen index
unreliable. If weathering affected the organic matter in the
Jagiiel section, then a marine source is also likely. Weathering
of the organic content is suggested by the low TOC values at
times of high marine productivity reflected in 3'°C values
(Fig. 10). Given the potential for weathered organic content,
the observed TOC increase may only be the remnants of con-
siderable organic matter accumulation due to low oxygen con-
ditions, as suggested by Heterohelix blooms (Fig. 6).

6. Stable isotopes
6.1. Carbon isotopes

Carbon and oxygen isotope analysis of the Bajada del Jag-
iiel section was conducted on whole rock fine fraction sedi-
ments (<38 um, Fig. 10). The Jagiiel whole rock record can
be compared with coeval stable isotope records based on
planktic and benthic foraminifera from the shallow water Am-
boanio Quarry section of the Mahajanga Basin in Madagascar
(Abramovich et al., 2002) and South Atlantic DSDP Site 525A
(Li and Keller, 1998a). The Jagiiel bulk rock 3'3C values are
variable averaging between 1.3 and 29, for the late Maastrich-
tian zones CF4 and CF3 and gradually decrease to 0 in zone
CF2 (Fig. 10). At Amboanio, 8'°C values are relatively steady
around 1.39,, in zone CF4 and gradually decrease to 0.59,
near the top of the zone. In zone CF3-CF2, 3'*C values grad-
ually decrease from 1.59, to 0.29, at the CF2 unconformity.

Carbonate 8'°C excursions are generally interpreted as
changes in marine surface productivity. The Jagiiel and Am-
boanio 8'*C values are comparable to benthic values of Site
525A, but are substantially lower than the planktic values,
which average between 2-2.59, (Li and Keller, 1998a). This
suggests that productivity in the two shallow basins of the
Neuquén and Mahajanga basins was relatively low compared
with the open marine environment of the South Atlantic.
The overall low productivity can be explained by the shallow
depositional environment and differential fractionation of 3'*C
compared with open ocean environments. Abramovich et al.
(2002) attributed the decrease in 8'°C values near the top of
CF4 in the Amboanio section to gradual shallowing.

6.2. Oxygen isotopes

Bulk rock 8'%0 values in zone CF4 of the Jagiiel section av-
erage between —3 and —49,, and are comparable to benthic
values at the shallow Amboanio section, but lighter than ben-
thic and planktics at the deep water Site 525A (Fig. 10). The
CF4/CF3 transition (hiatus) shows heavier values in all three
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sections. In CF3, 3'®0 values decrease to —49, and —4.5%, in
the Jagiiel and Amboanio sections, respectively, and increase
across the CF3/CF2 transition (hiatus) at Jagiiel. Erosion
may account for the absence of the upper CF3 increase at Am-
boanio. At Site 525A 3'®0 values decrease in the lower part of
CF3, but increase in the upper part in planktic values. The dra-
matic warming in zone CF1 is not present in the Jagiiel or Am-
boanio sections because this interval is missing at the K/T
unconformity in these sections.

The lower 8'%0 values could be explained by lower salinity
due to fresh water influx in the relatively restricted Neuquén
and Mahajanga basins. Alternatively, it could be explained by
the presence of some authigenic carbonate, which may form
(close to the water sediment interface) in a sulfate-reducing
environment, as documented by the common presence of pyrite
framboids in the Jagiiel section (e.g., Wilkin et al., 1996; Ohfuji
and Rickard, 2005). The mineralization of organic matter
during bacterial sulfate reduction in organic-rich rocks may
produce carbonates with an isotope composition depleted in
3'%0 that is compatible with the observed low bulk rock values
(Sass et al., 1991).

The Maastrichtian climate record is well known and Site
525A provides an excellent middle latitude record. The main
trend is a progressive cooling through the Maastrichtian that
culminates near the CF2/CF3 zone boundary (65.5 Ma) and
is followed by a short warm event (~ 65.2-65.4 Ma) generally
attributed to Deccan volcanism (Li and Keller, 1998a,b; Ku-
cera and Malmgren, 1998; Olsson et al., 2001; Abramovich
and Keller, 2003). A less dramatic earlier warm event occurs
in the early late Maastrichtian zone CF5 to CF4 at Sites
525A, 463 and in terrestrial sequences (Li and Keller, 1999;
Nordt et al., 2003). Sea level regressions coincide with major
cooling episodes in continental shelf sequences during the
late Maastrichtian at ~68 Ma, ~67 Ma and ~65.5 Ma (Haq
et al., 1987; Li et al., 2000). The 67 Ma and 65.5 Ma regres-
sions coincide with the CF4/CF3 and CF3/CF2 hiatuses in
the Neuquén and Mahajanga basins.

7. Discussion
7.1. Depositional environment inferred from mineralogy

High detrital influx (phyllosilicates and quartz) is generally
associated with increased erosion and transport during a sea-
level regression and seasonally cool climate, whereas high car-
bonate deposition is associated with transgressive seas and
warm humid climates. In the Jagiiel section, this trend is not
consistently observed. The two sea level regressions corre-
spond with high calcite/detritus ratios, relatively low pyllosili-
cate contents and low smectite/(kaolinite + chlorite + mica)
ratios (Fig. 11). High sea levels frequently correspond with
relatively low calcite/detritus ratios and predominantly higher
phyllosilicates (mainly smectite). But high amounts of phyllo-
silicates do not always correspond to coeval increases of
coarser material, such as quartz, which is generally more
abundant during regressions. This suggests that the inverse
trend may be due to carbonate dilution by the extremely
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high amounts of phyllosilicates remobilized during the sea
level transgression on low relief land areas coupled with
weathering of volcanic rocks.

The presence of abundant smectite is generally linked to
transgressive seas and warm climate with alternating humid
and arid seasons, but can also reflect volcanic activity (Chamley,
1989,1997; Deconinck, 1992). The origin and deposition of
smectite depends on several factors. During a sea-level rise,
smectite is reworked from soils and enriched by differential set-
tling in open environments (Fig. 12). Chlorite, kaolinite and
mica are deposited close to shorelines, while smectites are trans-
ported away from shores (Gibbs, 1977; Adatte and Rumley,
1989). Increased smectite therefore reflects high sea levels
(Chamley et al., 1990), whereas increased kaolinite, chlorite
and mica suggest low sea levels (see smectite/(kaolinite +
chlorite + mica ratios, Fig. 11). Abundance of detrital smectite
inherited from soils and exported to the open ocean during high
sea-levels, indicates the presence of extended low relief land
areas to the north and volcanic activity to the southwest
(Fig. 1), characterized by a relatively hot climate and seasonal
changes in humidity. These processes can easily explain the ob-
served smectite/(kaolinite 4 chlorite + mica). ratio fluctuations
in the Jagiiel section.

Submarine alteration of volcanic or impact glass and ash is
frequently invoked to explain the widespread occurrence of
smectite, often associated with zeolites (clinoptilolite) and
opal-CT in marine environments (Weaver and Beck, 1977), es-
pecially during the extensive Cretaceous sea level rise linked
to high spreading rates and volcanism. A global increase in
volcanism coincident with a high sea-level and consequently
flooding of land areas is therefore a major contributing factor
to the enrichment of smectite in marine conditions (Thiry and
Jacquin, 1993). The smectite in the Neuquén Basin may be de-
rived partly from argillized submarine volcanic rocks from the
nearby volcanic arc (Figs. 1, 12). Authigenesis of smectite
seems unlikely, because it does not explain the variations
and disappearance of detrital clays during times of high or
low sea levels. Diagenetic alteration of clays is also unlikely
because Tertiary deposits in this area do not exceed 1000 m
(Bertels, 1970), and hence there was no deep burial diagenesis,
which occurs at depths >2 km (Chamley, 1997). Absence of
diagenetic overprints due to burial diagenesis is indicated by
the constant presence, but variable amounts, of smectite, the
co-existence of smectite with high amounts of kaolinite, and
the low amounts of mixed layered illite-smectite (Fig. 8).

The detrital and volcanic inputs are therefore the dominant
factors for clay mineral distributions in marine sediments of
the Jagiiel section. Mica and chlorite are considered common
byproducts of weathering reactions with low hydrolysis typi-
cal of cool to temperate and/or dry climates. Kaolinite is gen-
erally a byproduct of highly hydrolytic weathering reactions in
perennially warm humid climates. However, relative abun-
dances characterizing kaolinite, chlorite and mica never ex-
ceed 25-30% for each mineral, which may result from
erosion of older sediments and soils, which increases during
regressions. These clay minerals, therefore, do not always re-
flect palaeoclimatic changes.
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7.2. Palaeoenvironment inferred from microfossils

7.2.1. Benthic foraminifera

Benthic foraminifera are generally most abundant in shal-
lower waters and decrease in deeper waters, whereas planktic fo-
raminifera show the reverse trend. In the Jagiiel section, benthic

foraminifera indicate two intervals of relatively shallow waters
in the lower CF4 and CF3/CF2 zones (Fig. 11). The CF3/CF2
transition is marked by a hiatus and coincides with the well-
documented global cooling and sea level regression at
65.5 Ma (Hagq et al., 1987; Barrera and Huber, 1990; Li et al.,
2000). Both shallow water periods are marked by Guembelitria



blooms in the surface mixed layer, high abundances of dwarfed
low oxygen tolerant benthic foraminifera (e.g. buliminellids,
bolivinids and agglutinated species), variable presence of mac-
rofossils (echinoids, gastropods, ostracods and bivalves, such as
Nucula, Panopea, and Malletia), the trace fossil Chondrites and
framboidal pyrite. These assemblages indicate dysoxic condi-
tions, as also indicated by the framboidal pyrite (Wignall
etal., 2005; Wilkin et al., 1996). Deposition occurred in a middle
neritic environment (Bertels, 1975), probably no deeper than
~100 m. A higher sea level is indicated by the low benthic
abundance in the upper zone CF4, as also suggested by an influx
of temperate species, including globotruncanids, rugotrunca-
nids and archaeoglobigerinids (Fig. 6) and peak planktic diver-
sity. This interval corresponds to a period of global warming
(Barrera and Huber, 1990; Li and Keller, 1998a; Nordt et al.,
2003). Above the K/T unconformity, zone Plc indicates a higher
sealevel (low benthic abundance) and dysaerobic seafloor, as in-
dicated by dwarfed, low oxygen tolerant benthic species (mostly
buliminellids and Epistominella minuta).

7.2.2. Guembelitria and Heterohelix blooms

Planktic foraminifera of the Neuquén Basin of Argentina re-
veal unusually high-stress late Maastrichtian assemblages dom-
inated by Guembelitria, a disaster opportunistic group that
thrived in environments where few or no other species survived.
Guembelitria blooms, are generally considered indicative of
the post-K/T mass extinction, where Guembelitria cretacea is
the only Cretaceous species that thrived in the aftermath of the
mass extinction and prior to the evolution and diversification
of the new Tertiary fauna. More recently, Guembelitria blooms
have also been documented from various late Maastrichtian se-
quences in shallow and deep waters, marginal seas and upwell-
ing areas as well as in volcanically active regions (e.g., Bulgaria,
Egypt, Madagascar, Ninetyeast Ridge Site 216, Abramovich
et al., 2002; Adatte et al., 2002; Keller, 2002, 2003; Keller and
Pardo, 2004). But they are most widespread in shallow near-
shore areas. Guembelitria thrived in environments that are gen-
erally toxic to other species, possibly because of eutrophic
conditions, which may result from high terrigenous runoff, stag-
nant oceanic basins, upwelling of nutrient-rich waters, phospho-
rus input from volcanism, or any combination thereof. The
frequent presence of Guembelitria blooms during the late Maas-
trichtian in the Neuquén Basin (Figs. 6, 11) thus reveals intermit-
tent high-stress conditions. When other species are present, they
are generally dwarfed, which is considered a result of high-stress
(MacLeod et al., 2000; Twitchett et al., 2001).

Previous studies have shown that Guembelitria blooms are
generally followed by blooms of biserial low oxygen tolerant
species (Heterohelix globulosa and/or H. dentata), which subse-
quently yield to small trochospiral and planispiral forms (Globi-
gerinelloides, Hedbergella), followed by the return of more
diverse, larger species as the environment gradually returns to
normal (oligotrophic) conditions (Keller and Pardo, 2004). Het-
erohelix species generally thrived in subsurface low oxygen en-
vironments and their blooms thus indicate oxygen depletion,
expansion of the oxygen minimum zone, and/or increased
watermass stratification. In the Neuquén Basin Guembelitria
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(G. cretacea and G. dammula) blooms alternate with Heterohe-
lix (H. globulosa, H. dentata) blooms during the late Maastrich-
tian and rarely approached environmental conditions more
favourable to other (oligotrophic) species. Among these blooms
there is a regular and repeated succession from G. dammula —
G. cretacea — H.dentata (H. globulosa is not abundant enough
to show a clear trend, Fig. 6).

The environmental conditions that favored these blooms in
the Neuquén Basin are illustrated in Fig. 12. During high sea
levels and warm seasonal climates (Figs. 11, 12A), flooding of
land areas resulted in the enrichment of smectite in the marine
environment derived partly from argillized submarine volcanic
rocks from the nearby volcanic arc. The surface mixed zone sup-
ported a variety of species, but relatively low Guembelitria
abundance, and 3'3C values were relatively low but variable.
Heterohelix thrived in an expanded oxygen minimum zone
(OMZ) to the exclusion of other species. On the sea floor, re-
duced assemblages of low oxygen tolerant benthic foraminifera
survived in organic-rich (high TOC) sediments with common
pyrite framboids, which indicate a dysoxic benthic environment
(Fig. 12A). During times of lower sea level, warm and less sea-
sonal climates prevailed, with reduced smectite, but increased
kaolinite, chlorite and mica in the marine environment
(Fig. 12B). 3"*C values are higher and Guembelitria, which fa-
vour nearshore nutrient-rich environments, thrived in the sur-
face mixed zone. Reduced abundances of Heterohelix,
decreased TOC and pyrite framboids suggest a reduced OMZ,
though still dysoxic benthic environment (Fig. 12B).

7.2.3. Micula decussata, Thoracosphaera
and Braarudosphaera blooms

Micula decussata is the most dominant nannofossil species in
the late Maastrichtian of the Neuquén Basin in Argentina and
similar blooms have been observed in sections from low to
high latitudes and shallow to deep-water environments (Eshet
etal., 1992; Gardin and Monechi, 1998; Gardin, 2002; Tantawy,
2003a,b). It has been suggested that M. decussata blooms are
partly artefacts of dissolution of less robust forms (e.g., A. cym-
biformis and K. magnificus) Eshet and Almogi-Labin (1996).
However, in the well-preserved assemblages of the Jagiiel sec-
tion, DSDP Site 216, Israel and Egypt delicate and solution-
susceptible taxa are present (e.g., Nephrolithus frequens, C.
ehrenbergii, P cretacea, A. octaradiata E. turiseiffelii) and the
dissolution resistant Watznaueria barnesae is rare, suggesting
that dissolution effects are not the sole factor controlling M. de-
cussata abundance. Alternatively, Micula decussata may be
a high stress survivor of yet unknown environmental affinity.

Thoracosphaera and Braarudosphaera bigelowii dominate
the early Danian in the Jagiiel section with alternating peaks
varying between 41% and 94% (Fig. 5). Blooms of Thoracos-
phaera are known from middle to low latitudes (Perch-Nielsen
et al., 1982; Jiang and Gartner, 1986; Gardin and Monechi,
1998; Tantawy, 2003a,b). In the Jagiiel section, this species
shows a sudden increase in relative abundance to 48%, and
a parallel rapid decrease in Cretaceous species richness in
the 1.2 m above the K/T boundary. Thoracosphaera is consid-
ered an opportunistic species that tolerates unusual marine



conditions, including major changes in primary productivity
and salinity (Eshet et al., 1992; Gaarder and Hasle, 1971).
Braarudosphaera bigelowii shows two peak abundances of
about 72% in the Danian of the Jagiiel section (Table 1,
Fig. 5). These blooms follow the Thoracosphaera bloom in
low to middle latitude. Braarudosphaera bigelowi blooms
may indicate nearshore depositional environments character-
ized by relatively shallow water, increased fresh-water influx
or eutrophication (Thierstein and Berger, 1979; Miiller, 1985).

7.3. KIT boundary event

There is general agreement among reports on the Neuquén
Basin sections that the K/T boundary in the Jagiiel section coin-
cides with the unconformity at the base of a 15-25 cm thick vol-
caniclastic sandstone bed. What is uncertain is the extent of the
missing interval at this unconformity and the nature and origin
of the sandstone. Palamarczuk and Habib (2001) first interpreted
this layer as a plagioclase sand of possible tsunami origin, but
subsequently reconsidered this interpretation describing it as
of volcanic origin and dominated by pyroclastics (Palamarczuk
etal., 2002). A volcanic origin of this sandstone is confirmed by
our study by the high amounts of plagioclase of mainly albite
composition and glass shards. Recently, Scasso et al. (2005) in-
terpreted this volcaniclastic sandstone as a tsunami deposit gen-
erated by the Chicxulub impact on Yucatan. In the absence of
impact signals (e.g., iridium, spinels, PGEs, impact glass), their
interpretation is based on the presence of rip-up clasts, normal
grading and hummocky cross-bedding in the sandstone and
a macrofossil ““dead zone” above it. We agree that these sedi-
mentary features indicate storm deposition, as is common in
shallow water sequences during regressions (Yancey, 1996;
Gale, 2006), but find no evidence for an impact origin. Both nan-
nofossil and planktic foraminiferal biostratigraphies indicate
that the early Danian is missing and therefore no “dead zone™
related to the K/T impact can be inferred.

8. Summary

During the late Maastrichtian to early Paleocene, the Jagiiel
section was located in the Neuquén embayment with an active
volcanic arc to the West that experienced continuous volcanic
activity with several major eruptions, as evident by the pres-
ence of five volcanic-rich beds in the studied interval. An ex-
tensive land area to the NE created favourable conditions for
a warm climate with seasonal changes in humidity, as sug-
gested by clay mineralogy, and an open seaway to the South
Atlantic maintained marine conditions. In this environment,
the presence of a volcaniclastic sandstone above the K/T un-
conformity was not unique. At least three such beds with sim-
ilar mineralogical compositions and high volcanic input were
deposited during the late Maastrichtian to Danian and partly
reworked during sea-level fluctuations and storms. The K/T
boundary interval appears to be missing due to an unconfor-
mity that spans from the early Danian (zones Plc, NP1b)
through the latest Maastrichtian zones CF1 and Micula prinsii.
The erosive base of this unconformity, the rip-up clasts,

20

normal grading and hummocky cross bedded sandstone are
common features associated with sea level regressions and/
or storm deposits in shallow water environments. Sediment de-
position occurred in relatively shallow middle neritic
(~100 m) depths in dysoxic bottom waters, as indicated by
low oxygen tolerant benthic foraminifera and common pyrite
framboids. Alternating blooms of the disaster opportunists
Guembelitria and low oxygen tolerant Heterohelix groups indi-
cate nutrient-rich surface waters and an oxygen depleted water
column during low and high sea levels, respectively. High
stress conditions were probably driven by high nutrient influx
from marine, terrestrial and volcanic origins.
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