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a b s t r a c t

A new member of the Upper Cretaceous (Maastrichtian) Maevarano Formation is proposed to accom-
modate a distinctive succession of strata exposed along the shores of Lac Kinkony in northwestern
Madagascar. The new Lac Kinkony Member overlies fully terrestrial sandstones of the Anembalemba
Member of the Maevarano Formation, and is capped by marine dolostones of the Berivotra Formation. In
the stratotype section, the base of the Lac Kinkony Member consists of siltstone interbeds that host
networks of Ophiomorpha. Siltstone facies pass up-section to distinctive white sandstones packed with
dolomitic mud matrix that exhibit rhythmic clay drapes, flaser and wavy bedding, and oppositely-
oriented ripples developed on the toes of larger foresets. Thin flat interbeds of microgranular dolo-
stone and claystone comprise the uppermost facies of the Lac Kinkony Member, and a laterally traceable
ravinement bed mantled by cobbles of rounded dolostone marks the contact with the superjacent
Berivotra Formation. Deposits of the Lac Kinkony Member are interpreted to represent siliciclastic and
carbonate tidal flats dissected by tidally-influenced rivers. Vertebrate fossils are abundantly preserved in
these coastal deposits, and are locally concentrated in microfossil bonebeds that have the potential to
yield thousands of small identifiable specimens. In addition to many taxa already known from the
Maevarano Formation, the Lac Kinkony Member has yielded a wealth of phyllodontid albuloid fish skull
elements, the distal humerus of a new frog taxon, five vertebrae representing two new snakes, a tooth of
a possible dromaeosaurid, and a complete skull of a new mammal. The discovery of several new
vertebrate taxa from this new member reflects the fact that it samples a previously unsampled near-
shore, peritidal paleoenvironment in the Late Cretaceous of Madagascar.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Maevarano Formation is a spectacularly fossiliferous sedi-
mentary deposit of Late Cretaceous (Maastrichtian) age that crops
out in the Mahajanga Basin of northwestern Madagascar (Fig. 1).
Ongoing studies of the formation’s copious and exquisitely pre-
served vertebrate fossils have revealed key insights into the
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R. Rogers), David.Krause@
icago.edu (M.S. Marshall),
Robins@kecksci.claemont.edu

All rights reserved.
evolutionary history ofMadagascar’s biota (e.g., Krause et al., 2006),
and advanced our understanding of the paleobiogeography of
Madagascar as an island continent (e.g., Samonds et al., 2012) and
of Gondwana as a whole (e.g., Ali and Krause, 2011). Besairie (1938,
1972) originally identified the “série de Maevarano” during his
wide-ranging reconnaissance of the geology of Madagascar, noting
in particular the unit’s terrestrial affinities and abundant vertebrate
fossils. He did not, however, describe any surface localities in detail,
and thus the precise nature of Besairie’s “série de Maevarano” and
its relations to surrounding sedimentary units remained rather
obscure for decades. Rogers et al. (2000) subsequently described a
stratotype for the Maevarano Formation in the central Mahajanga
Basin based on outcrops in the vicinity of the village of Berivotra,
which lies w35 km southeast of the port city of Mahajanga.

mailto:rogers@macalester.edu
mailto:David.Krause@stonybrook.edu
mailto:David.Krause@stonybrook.edu
mailto:msmarshall@uchicago.edu
mailto:rarahantarisoalydia@yahoo.fr
mailto:CRobins@kecksci.claemont.edu
mailto:Joe.Sertich@dmns.org
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cretres.2013.03.008&domain=pdf
www.sciencedirect.com/science/journal/01956671
http://www.elsevier.com/locate/CretRes
http://dx.doi.org/10.1016/j.cretres.2013.03.008
http://dx.doi.org/10.1016/j.cretres.2013.03.008
http://dx.doi.org/10.1016/j.cretres.2013.03.008


Fig. 1. Outcrop map of Upper Cretaceous and Paleogene strata in the Mahajanga Basin of northwestern Madagascar, with location of Lac Kinkony, Masiakakoho, Berivotra, and
Befandrama study areas. Top inset illustrates stratigraphic relations among the four members of the Maevarano Formation and marine facies of the Berivotra Formation.
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Updated descriptions of the Maevarano Formation’s sedimentology
and lithostratigraphy, coupled with refined reconstructions of the
unit’s depositional environments and regional stratigraphic re-
lations (Rogers et al., 2000; Rogers, 2005), have led to a better
overall understanding of the formation in the context of Mada-
gascar’s Cretaceous rock record, and facilitated paleontological and
taphonomical research in the Mahajanga Basin.

In this report we focus on recently explored exposures of the
Maevarano Formation in the vicinity of a large body of water
(w22 km long in EeW axis) known as Lac Kinkony, the western
edge of which is located approximately 100 km to the west-
southwest of the Berivotra Study Area. We have previously desig-
nated this region as the Lac Kinkony Study Area (e.g., Gaffney et al.,
2009, fig. 1). Our investigation centers on outcrops that rim the
northwestern margin of Lac Kinkony, near the village of Analalava
(Antongomena on more recent maps). Exposures to the west of the
lake along the main route (a dirt track) to Soalala from Katsepy
were also studied to gain a better appreciation of the regional
stratigraphy and paleontology (Fig. 2).

Some of the rocks exposed in the Lac Kinkony Study Area can be
relegated to existing members of the Maevarano Formation. For
example, mottled red beds of the Masorobe Member are present in
the outcrop belt at Lac Kinkony, as are fossil-rich deposits of the
superjacent Anembalemba Member. Marine claystones and marl-
stones of the overlying Berivotra Formation also crop out along the
escarpment that flanks the northwestern shore of Lac Kinkony.
There are also strata in the Lac Kinkony Study Area that are
decidedly distinct lithologically from known deposits of the Mae-
varano Formation further to the east. These strata, which are
intercalated between the Anembalemba Member and the Berivotra
Formation, are herein described and formalized as the Lac Kinkony
Member, a new member of the Maevarano Formation. Rocks of the
Lac Kinkony Member represent a heretofore unrecognized near-
shore facies tract of the Maevarano Formation, and have yielded a
wealth of vertebrate fossils, including very well preserved and ar-
ticulated material, that significantly augment and, in part, com-
plement existing collections.

2. Geologic setting

2.1. Stratigraphy of the Maevarano Formation

Four sedimentary units of Late Cretaceous age have traditionally
been distinguished above widespread flood basalts within the
Mahajanga Basin (Perrier de la Bâthie, 1919, 1921; Besairie, 1938,
1972; Boast and Nairn, 1982; Storey et al., 1995, 1997; Torsvik et al.,
1998, 2001). Besairie (1972) described these four units as distinct
lithostratigraphic entities or “series,” but provided little detail in
relation to sedimentological composition, contacts, or regional
trends in thickness or facies distribution.He referred to thebasal unit
as the “série d’Ankazomihaboka,” and described it as consisting of
tan and brown cross-bedded sandstones and claystones of terrestrial
origin. More recent work in the Ankazomihaboka beds (e.g., Curry,
1997; Gottfried et al., 2004) confirms previous interpretations of a
terrestrial depositional setting, and further indicates that this unit
includes coarse-grained, mineralogically immature sheet sandstone
bodies that represent deposits of large fluvial systems with, at least
locally, northeast trending paleocurrents. These fluvial deposits,
which preserve isolated vertebrate fossils and abundant fossil wood,
are intercalated with finer-grained paleosols and clay pebble con-
glomerates that also yield vertebrate and plant fossils (Perrier de la
Bâthie, 1921; Priem, 1924; Piveteau, 1926; Curry, 1997; Gottfried



Fig. 2. Satellite image of Lac Kinkony Study Area. Microfossil bonebed localities MAD 07-20 and MAD 10-24 are indicated, as are positions of key measured sections (Kinkony 1 e

composite stratotype, Kinkony 3, Kinkony 5). Dashed line indicates contact between Lac Kinkony Member of the Maevarano Formation and overlying Berivotra Formation. Image
modified from Google Earth.
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et al., 2004). The overlying “série deMarovoay,” also interpreted tobe
terrestrial in nature, was characterized as variegated purple, yellow,
pink, and red beds of sandstone intercalated with thin beds of clay-
stone. It too has yielded fossil vertebrates, primarily lungfish (e.g.,
Martin, 1981) but also fragmentary isolated elements of terrestrial
vertebrates. Both of these units are relatively poorly exposed in the
central Mahajanga Basin.

Rogers et al. (2000) focused on the upper two units in Besairie’s
(1972) stratigraphic scheme, namely the “série de Maevarano” and
“marnes Maastrichtiennes,” and described and formalized the
Maevarano and Berivotra formations, respectively. A stratotype for
the Maevarano Formation was designated in the Berivotra Study
Area (15�53034.800S, 46�36015.400E), and the unit was subdivided into
three members. The basal Masorobe Member is w80 m thick in its
stratotype (coincident with the formation stratotype) in the village
of Berivotra, although its base is not exposed, and thus its full
thickness has not been ascertained. The Masorobe Member in the
Berivotra Study Area is characteristically pale red in weathered ex-
posures, and consists of coarse-grained, poorly sorted, clay-rich
sandstones intercalated with thinner beds of siltstone and clay-
stone. The dominant clay minerals in the unit include montmoril-
lonite and saponite, with the latter presumably derived from
weathered basalts located in up-dip portions of the basin (Kast et al.,
2008). Small- to medium-scale tabular and trough cross-bedding is
common in Masorobe sandstones, although evidence of pedogen-
esis abounds, and primary sedimentary structures are often
obscured or overprinted. Pedogenic features include color banding,
superbly developed root casts (with drab root halos and calcareous
encrustations), root mottling (often with a strong vertical fabric),
pedogenic carbonate nodules, and slickensides (Rogers et al., 2000).
Vertebrate fossils are preserved within the Masorobe Member, and
are notably more abundant in exposures of the unit to the west of
the Betsiboka River (Masiakakoho Study Area, Krause et al., 2010).

The Anembalemba Member caps the Masorobe Member
throughout the known outcrop belt, with the contact ranging from
sharp to erosional. At its stratotype in the Berivotra Study Area
(15�54014.200S, 46�35045.600E), the unit is 12.6 m thick but it attains a
thickness ofw28m in the nearby Befandrama Study Area (Marshall
and Rogers, 2012). Rogers et al. (2000) recognized two predomi-
nant facies, designated facies 1 and facies 2, within the
Anembalemba Member. Facies 1 is comprised of characteristically
light gray to white (10GY 5/1 to N/8) poorly sorted sandstone, and
exhibits small- to large-scale tabular and trough cross-bedding
indicative of traction currents and turbulent stream flow. Facies 2
is also comprised of poorly sorted sandstones but they are greenish
in color (5GY 8/1), have a much larger clay fraction (montmoril-
lonite and saponite), and are generally massive in structure. Rogers
(2005) interpreted facies 2 as fine-grained debris flow deposits.
Vertebrate fossils are remarkably abundant and exceptionally well
preserved in the Anembalemba Member (see overviews in Krause
et al., 2006, 2010), and are most commonly recovered from bone-
beds intercalated at the bases of the aforementioned debris flow
deposits.

TheMiadanaMember, initially described from theMiadana Hills
in the Berivotra Study Area (15�56016.200S, 46�3800.100E), and now
also known from the Befandrama Study Area (Marshall and Rogers,
2012), consists of a mix of fine- to coarse-grained lithologies
including claystone, siltstone, and sandstone (Rogers et al., 2000).
Claystone beds of this unit tend to exhibit a deep red (10R 5/3)
coloration. Stratigraphic data indicate that exposures of the Mia-
dana Member crop out no more than 5 km inland of contempora-
neous marine facies of the Berivotra Formation. Unlike the
underlying Anembalemba and Masorobe members, the Miadana
Member is rather poorly exposed and, to date, has not yielded
abundant vertebrate fossils, though some are significant (e.g.,
Rasmusson Simons and Buckley, 2009).

In the Berivotra Study Area, the Anembalemba and Miadana
members are sharply overlain by tan to olive-yellow calcareous
siltstones and claystones of the marine Berivotra Formation (Rogers
et al., 2000). The contact is marked by a very coarse-grained bed of
sandstone that includes rounded bone pebbles, isolated chon-
drichthyan teeth (Gottfried et al., 2001), and cobbles and boulders
of dolostone (some of which are penetrated by borings exhibiting
the flask-shaped morphology of Trypanites). Blocks of cemented
shell bed are also occasionally embedded on this surface. This
distinctive contact, which can be traced throughout the available
outcrop belt in the greater Berivotra region, is interpreted as a
ravinement surface marking marine transgression and related
erosion as high-energy nearshore environments moved landward
(Rogers et al., 2000).



Fig. 3. Graphic stratigraphic sections in the Lac Kinkony Study Area. Kinkony 1 is herein proposed as the composite stratotype for the new Lac Kinkony Member. The Kinkony 3 and
Kinkony 5 sections provide additional insights related to the sedimentology and paleontology of strata exposed along the northwestern margin of Lac Kinkony.
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2.2. Age of the Maevarano Formation

The basalts that underlie the Ankazomihaboka beds (Fig. 1) have
been dated at approximately 88Ma (Coniacian) and correlatedwith
the rifting event that separated the Seychelles and Indian subcon-
tinent from Madagascar (Storey et al., 1995, 1997; Melluso et al.,
1997, 2003; Torsvik et al., 1998, 2001). These basalts remain the
only radioisotopically dated rocks in the Mahajanga Basin. Addi-
tional age control in the Upper Cretaceous section is available for
the marine Berivotra Formation, which is dated as Maastrichtian on
the basis of its invertebrate and vertebrate fossils (Besairie, 1972;
Gottfried et al., 2001; Abramovich et al., 2002; Rahantarisoa, 2007).



Fig. 4. Mineralogy of strata in the Lac Kinkony Study Area (see positions of samples in Fig. 3). Stacked x-ray diffraction patterns derived from samples in the Masorobe (LK1-1),
Anembalemba (LK1-2), and Lac Kinkony (LK1-8A through LK1-15B) members of the Maevarano Formation, and the overlying marine Berivotra Formation (LK5-2C, LK5-2F). Of
particular note is the prevalence of dolomite in most of the Lac Kinkony Member, and the near absence of siliciclastics in transgressive deposits of the Berivotra Formation. Sm e

smectite, Q e quartz, F e feldspar, D e dolomite.
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Physical stratigraphic correlations indicate that upper portions of
the Maevarano Formation, specifically the Miadana and Anemba-
lemba members, are of Maastrichtian age because both units
interfinger with the Berivotra Formation (Rogers et al., 2000). The
age of the Masorobe Member remains enigmatic because there is
presently no way to ascertain the location of the Campaniane
Maastrichtian boundary in the local section. That said, there is no
indication of a significant hiatus at the contact between the
Masorobe and Anembalembamembers, and several vertebrate taxa
(e.g., Sokatra antitra, Simosuchus clarki, Rapetosaurus krausei,
Majungasaurus crenatissimus) are known from both members
(Rogers et al., 2007; Krause et al., 2010; Gaffney and Krause, 2011).
Indeed, there are no vertebrate species from theMasorobe Member
that are not also known from the Anembalemba Member. It is also
important to note that, despite numerous published claims of a
Campanian or older age for the Maevarano Formation (e.g.,
Hoffstetter, 1961; Karche and Mahe, 1967; Besairie, 1972; Russell
et al., 1976; Obata and Kanie, 1977; Buffetaut and Taquet, 1979;
Krause and Hartman, 1996; Papini and Benvenuti, 1998), including
one relatively recently (Masters et al., 2006), there are no data that
support this age assignment. Accordingly, we contend that, until
data suggest otherwise, it is most reasonable and parsimonious to
consider the entire Maevarano Formation to be of Maastrichtian
age.



Fig. 5. Base of the Lac Kinkony Member stratotype section. A, View from base of the section with red beds of the Masorobe Member (foreground) overlain by light gray sandstones
of the Anembalemba Member (person for scale at base of tree; small white arrow). White horizontal lines mark contacts between Anemblaemba Member and overlying Lac Kinkony
Member and underlying Masorobe Member. B, Close-up of contact between Masorobe Member and Anembalemba Member in stratotype section. Facies 2 (F2) of the Anembalemba
Member is delimited from facies 1 (F1) above and from the Masorobe Member below by horizontal white lines. C, Close-up view of cross-stratification typical of facies 1 in the
Anembalemba Member. D, Deformed contact between facies 1 (F1) and facies 2 (F2) indicative of sediment loading. Soft-sediment deformation structures are relatively common in
the Anembalemba Member, and are most often developed between beds of facies 1 and underlying beds of facies 2 (Rogers et al., 2000).
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2.3. Paleoenvironmental synthesis

Sandstone bodies of the Maevarano Formation record the
passing of ancient rivers that emanated from the central highlands
of Madagascar and flowed in a northwesterly direction across the
Mahajanga Basin to the Mozambique Channel, essentially paral-
leling modern drainage systems (Rogers et al., 2000). The geometry
and sedimentology of Maevarano sandstone bodies indicate that
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they represent broad and shallow fluvial systems characterized by
low sinuosity and highly variable discharge. In both the Masorobe
and Anembalemba members, beds indicative of dilute stream flow
and the downstream migration of bedforms (facies 1) are recur-
rently interstratified with beds that accumulated under mass flow
conditions (facies 2), specifically fine-grained debris flows (mud-
flows). Evidence consistent with a debris flow origin for facies 2 in
the Anembalemba Member (and similar deposits in the Masorobe
Member) has been detailed elsewhere (Rogers, 2005), and in-
cludes: (1) bimodality in grain size and very poor sorting, (2) matrix
support, (3) primary massive bedding, and (4) abundant soft-
sediment deformation. Taphonomic data further suggest that
flowmay have ceased, and riversmay have largely dried up, prior to
the initiation of debris flows (Rogers et al., 2007). The highly vari-
able discharge regimes that characterize the sedimentary records
of the ancient channel belts of the Maevarano Formation has been
interpreted to reflect distinct rainy and dry seasons in this latest
Cretaceous ecosystem (Rogers, 2005).

The aggrading floodplains that bordered the above-mentioned
rivers are particularly well represented in the Masorobe Member,
and paleosols in this unit indicate that the floodplains were well
drained and pervasively oxidized, as evidenced by the seemingly
complete absence of carbonaceous material, including pollen, in
these deposits. The density of root mottling and the length and
vertical nature of the root traces indicate that vegetation was
relatively abundant (presumably at least on a seasonal basis) and
adapted for a dry climate. Clay minerals and elemental profiles
derived via x-ray fluorescence of Masorobe paleosols further sug-
gest that weathering (aside from oxidation) in surface horizons of
the alluvial plain was limited. The reconstruction of a highly sea-
sonal, semiarid climate for the Mahajanga Basin in the latest
Cretaceous is consistent with paleogeographic reconstructions
(e.g., Smith et al., 1994; Scotese, 1998; Gaina et al., 2007, fig. 10; Ali
and Aitchison, 2008, fig. 10) that position northern Madagascar at
approximately 30�S near the end of the Late Cretaceous, as the is-
land was drifting northward toward the tropics (Berivotra is now at
15�540S). This would have placed the Mahajanga Basin and its in-
habitants within the influence of the subtropical desert belt. The
impact of this climatic regime on the biota of the Maevarano
ecosystem is arguably recorded by the unit’s striking abundance of
bonebeds that have been interpreted to reflect localized mass
mortality in desiccating channel belts during recurrent dry seasons
(Rogers et al., 2000, 2007; Rogers, 2005; Rogers and Krause, 2007;
Krause et al., 2010).

3. Geology of the Lac Kinkony Study Area

Lac Kinkony, the second largest lake in Madagascar (w100 km2),
is located to the west of the Mahavavy River in northwestern
Madagascar (Figs. 1 and 2). Mitsinjo to the northeast is the nearest
large town, and several smaller settlements populate the lakeshore.
The Service Géologique de Madagascar (1960) mapped the region
surrounding Lac Kinkony and, in addition to noting the presence of
fossils, concluded that bedrock in the vicinity consists of terrestrial
sandstones and claystones capped by marine mudrocks and lime-
stones of latest Cretaceous age. However, bedrock is difficult to
access around Lac Kinkony because the terrain is of low relief and is
well vegetated with grassland, marshland, and dry forest. More-
over, the intense tropical weathering characteristic of this region
often overprints surface exposures, making it difficult to disen-
tangle modern and ancient features in the rocks. That said, there
are good exposures of what was originally mapped as Cretaceous
strata along the escarpment developed on the northwestern shore
of the lake, to the northeast of the village of Analalava (Fig. 2). Here,
w30 m of strata can be accessed in patchy exposures and traced to
the east along the edge of this escarpment for w6 km (Figs. 2e4).
These outcrops to the northeast of Analalava, along with additional
patchy exposures that extend approximately 20 km to the west of
the lake, were prospected for fossils and examined from a strati-
graphic/sedimentological perspective during seven brief field ex-
cursions starting in 1999, and form the basis of this study.

3.1. Masorobe and Anembalemba members

The lowermost sedimentary strata encountered along the
shores of Lac Kinkony are red beds (2.5 YR 4/8, often with gray/
green mottles) comprised of massive clay-rich siltstones and
sandstones that pass downslope (toward the lake) to cover. These
mottled red beds almost always occur as isolated small exposures;
at most, 2e3 m of vertical section are available for study. Bones of
theropod and sauropod dinosaurs were collected in these red beds
to the west of Lac Kinkony (16�07050.100S, 45�3209.000E), and were
found in association with small carbonate nodules and cm-scale
tubules arrayed in various orientations that are most reasonably
interpreted as invertebrate burrows. In one locality along the
escarpment (16�07048.600S, 45�43011.700E, base of the Lac Kinkony
composite stratotype, Figs. 2 and 3), this red bed facies exhibits
small-scale trough cross-bedding that passes up-section to massive
deposits that display characteristic mottling (Fig. 5A and B). At this
same locality, the basal red beds are capped by 7 m of distinctly
different strata comprised of repetitive interbeds of olive-green (5Y
8/2) and light gray sandstone. The green sandstone interbeds are
clay rich (some beds appearmatrix supported), massive, and locally
display faint oxidized mottles. The light gray sandstone interbeds
are also characterized by considerable clay content, and generally
exhibit small- to medium-scale tabular and trough cross-bedding
(Fig. 5C, paleocurrents trend northwestward). Contacts between
these two sandstone facies vary from sharp to clearly erosional with
relief, and locally display load casts (Fig. 5D). Isolated fossil bones
and teeth of non-avian dinosaurs, crocodyliforms, and turtles are
abundant in these green and light gray sandstones, typically
accruing onweathered surfaces. Small fusiform coprolites have also
been recovered from these facies.

Strata that crop out at the base of the outcrop belt along the
escarpment on the northwestern flank of Lac Kinkony are charac-
terized by lithologic properties consistent with their assignment to
the Masorobe and Anembalemba members of the Maevarano For-
mation. The basal siltstones and sandstones exhibit the character-
istic red coloration and abundant mottling (interpreted as root
mottling) that typifies theMasorobeMember in the Berivotra Study
Area. Likewise, the superjacent light gray and olive-green sand-
stones are indistinguishable with regard to lithology and sedi-
mentary structures from deposits of the Anembalemba Member in
the Berivotra Study Area. It is also important to note that these
strata are similar from a taphonomic perspective to their counter-
parts in Berivotra, with the Anembalemba Member being consis-
tently and richly productive with regard to vertebrate fossils.
Finally, these units are juxtaposed in the expected pattern (based
on observations in the Berivotra, Befandrama, and Masiakakoho
study areas), with the Masorobe Member overlain by the Anem-
balemba Member (Figs. 1, 3 and 5).

3.2. Lac Kinkony Member

Upper Cretaceous strata that exhibit lithologic properties
distinct from those previously documented for the Masorobe,
Anembalemba, and Miadana members crop out immediately above
the Anembalemba Member in the Lac Kinkony Study Area. These
strata occupy the steeper slopes of the escarpment, and thus tend
to be better exposed than underlying deposits. On outcrop and on



Fig. 6. Siltstone beds of tidal flat origin at base of Lac Kinkony Member. A, Outcrop view of variegated red and gray siltstone interbeds in basal few meters of member. B, Top of
siltstone interval with abundant Ophiomorpha in uppermost 30 cm. White arrows indicate vertical Ophiomorpha burrow extending downward from overlying boxwork.
C, Ophiomorpha boxwork at top of siltstone interval. D, Ophiomorpha burrow showing single pellet wall construction, consistent with assignment to Ophiomorpha nodosa (see Frey
et al., 1978). E, Irregularly placed large pellets near basal termination of a vertical Ophiomorpha burrow.
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satellite imagery, they appear bright white (sometimes with a
yellow tinge) and are readily traced along the edge of the escarp-
ment for w6 km. Isolated outcrops of these same white rocks are
also present along the route from Katsepy to Soalala (Fig. 2). The
most distinctive characteristic of these strata is their considerable
carbonate content, with a chalky white dolomitic mud matrix
present in most sandstones of the unit. Vertebrate body fossils,
most of them well preserved and several of them articulated, and
trace fossils are quite abundant in these strata; specimens of new
vertebrate taxa have already been recovered and, in one case,



Fig. 7. Tidally-influenced fluvial deposits in the Lac Kinkony Member. A, Photomicrograph of poorly sorted sandstone with dolomitic matrix typical of Lac Kinkony fluvial deposits.
Scale bar ¼ 1 mm, crossed polars. B, SEM image of sandstone exhibiting clumped dolomitic mud matrix with interspersed grains of feldspar and quartz. C, Outcrop view of tidal
facies exhibiting systematic thickening and thinning of clay-draped foresets. White arrow points to location of strata featured in image D. D, Clay-draped foresets with oppositely-
oriented ripple cross-lamination developed on toes of larger foresets (enlarged in box). E, Clay-draped foresets passing up-section to flaser bedding. F, Pellet-lined burrow
(Ophiomorpha sp.) in tidally-influenced fluvial sandstone.

R.R. Rogers et al. / Cretaceous Research 44 (2013) 12e2920

Author's Personal Copy 
described (Kinkonychelys rogersi; Gaffney et al., 2009). Given that
these strata are (1) intercalated immediately above typical facies of
the Anembalemba Member, and capped by the marine Berivotra
Formation (which overlies all known exposures of the Maevarano
Formation in other study areas); (2) lithologically distinct from all
currently known members of the Maevarano Formation (Rogers
et al., 2000); (3) mappable at outcrop scale (and discernable on
satellite imagery, Fig. 2); and (4) richly fossiliferous, we herein
formalize them as a new member of the Maevarano Formation. A
stratotype for the Lac Kinkony Member is described below.
3.2.1. Stratotype
The stratotype of the Lac Kinkony Member (at a site designated

“Kinkony 1”) is located w2.5 km to the northeast of the village of
Analalava, on the western edge of the escarpment (Fig. 2). Good
exposures of the Lac Kinkony Member are available at this locality,
and here the unit can be studied in relation to the underlying
Masorobe and Anembalemba members and the overlying Berivotra
Formation. However, given the vagaries of exposure in this tropical
setting, it was necessary to piece together three partial sections to
document the entire stratigraphic succession from the Masorobe



Fig. 8. Dolomitized tidal flat facies in uppermost Lac Kinkony Member. A, Flatly
bedded dolostone and claystone interbeds at top of Lac Kinkony Member. B, SEM
micrograph of microgranular dolostone characteristic of uppermost Lac Kinkony
Member.
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Member at the base of the escarpment to the Berivotra Formation
that caps the plateau. The graphic log of the composite stratotype of
the Lac Kinkony Member is illustrated in Fig. 3, as are two sup-
plementary sections (“Kinkony 3” and “Kinkony 5”; see Fig. 2) that
detail additional aspects of the local stratigraphy. Themineralogy of
the composite stratotype, as revealed by x-ray diffraction, is illus-
trated in Fig. 4.

Siltstone and sandstone beds of the Masorobe Member are
exposed in a drainage at the base of the section (16�07048.600S,
45�43011.700E, Fig. 5A, B). Beds of the Masorobe Member are
overlain by 7 m of typical Anembalemba Member sandstone de-
posits (Fig. 5C and D). Characteristics of these two members at
this locality are described above in section 3.1. A sharp contact
intervenes between the Anembalemba Member and the super-
jacent Lac Kinkony Member, but strata above the contact are
obscured locally by deep weathering and vegetation (Fig. 5A).
This contact and overlying beds of the Lac Kinkony Member are
much better exposed a few hundred meters to the northwest
(16�07040.300S, 45�42059.100E), where cross-bedded light gray
sandstones (facies 1) of the Anembalemba Member are in sharp
contact with 7.25 m of variegated gray and red siltstone that
comprises the base of the Lac Kinkony Member (Fig. 6A). The
siltstones at the base of the Lac Kinkony Member are generally
massive with blocky parting and a subdued “popcorn” weath-
ering texture, indicative of minor smectitic clay content (Fig. 4).
The basal 2 m are gray in color with red mottles. From 2e3.5 m
the color shifts to red (2.5YR 4/4) with small gray mottles. From
3.5e4.5 m the siltstone is olive gray (5Y 5/2), and includes small
cm-scale pods/lenses of tan fine-grained sandstone with oxidized
rims. Faint planar lamination was observed w3.5 m up-unit. A
second interval characterized by red coloration and mottling
crops out from w4.5e5 m up-unit, and light red mottles are
present w6 m up-unit. The upper 1.5 m of this unit consists of
light gray siltstone (5Y 7/2) capped by 40e50 cm of pale yellow
(5Y 8/2) siltstone (Fig. 6B).

Pellet-lined burrows penetrate the upper 2 m of the siltstone
interval at the base of the Lac Kinkony Member. Most burrows
range from 2e3 cm in diameter and, in the upper w40 cm of the
unit, form a complex boxwork configuration (Fig. 6B and C) with
branching tunnels, swollen turnarounds, and interspersed vertical
shafts, some of which penetrate up to 2 m into underlying strata
(Fig. 6B). The burrows exhibit single pellet wall construction (Frey
et al., 1978), and the packing of pellets can vary greatly along a
single burrow, ranging from closely packed to sparse (Fig. 6D).
Pellet size can also vary along an individual burrow, ranging from a
few mm to 1 cm in diameter (Fig. 6E). Burrow walls exhibit
concentric mm-scale linings of dark red/orange oxidized siltstone
that incorporate floating grains of coarser silt and sand. The sedi-
ment casts that fill the burrows consist of poorly sorted, light gray,
quartz-rich sandstone. The ubiquitous burrows that penetrate the
upper 2 m of the siltstone interval in the stratotype section are
interpreted to represent networks of Ophiomorpha nodosa (see Frey
et al., 1978).

The thick siltstone interval at the base of the Lac Kinkony
Member is sharply overlain by meter-scale beds of pale yellow (5Y
8/3) to yellow (10YR 7/8) poorly sorted sandstone (Fig. 6A). These
strata vary from fine- to coarse-grained, and are generally massive
with a matrix of clay and very fine silt that becomes increasingly
dolomitic up-section (Fig. 4). Framework grains range from angular
to well rounded, and include quartz, K-feldspar, perthite, micro-
cline, and rare plagioclase. The dominant clay mineral is a smectite.
In outcrop, these sandstone beds exhibit burrow mottling, and
include mm-scale white dolomitic seams that are often associated
with faint planar lamination. A distinctive white sandstone body
with a fine-grained clay and dolomitic matrix crops out w20.5 m
up-section (Figs. 3 and 7A and B). This fine-grained, poorly sorted
sandstone body is widely traceable throughout the study area, and
exhibits small- to medium-scale sets of trough cross bedding, with
foresets typically delineated by recurrent mm-scale veneers of
green claystone. Green claystone pebbles and white dolostone
pebbles often mark set boundaries. Some outcrops of this sand-
stone body exhibit systematic thickening and thinning of claystone



Fig. 9. Contact between Lac Kinkony Member of the Maevarano Formation and overlying marine deposits of the Berivotra Formation. A, White arrow at break in slope indicates
position of ravinement bed that marks the contact. B, Dolostone pebbles and cobbles are concentrated at the base of the Berivotra Formation, and are overlain by dolostone beds.
Thin white arrow marks top of Maevarano Formation (Lac Kinkony Member). Thick white arrow points to indurated bed with abundant Thallasinoides burrows in Berivotra For-
mation. C, Photomicrograph of coarse-grained sandstone bed marking the contact between formations. Scale bar ¼ 1 mm, crossed polars. D, Dolostone boulder at contact char-
acterized by abundant gastropod molds. E. Thallasinoides burrow casts weathering from Berivtora Formation w2 m above contact.
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drapes (Fig. 7C), and antithetic climbing ripple cross-lamination on
foresets, with ripple foresets draped with claystone veneers
(Fig. 7D). Smaller scale 5e10 cm thick sets of trough and tabular
cross stratification are characteristic of upper portions of this unit,
as are local zones of flaser bedding (Fig. 7E) and contorted bedding.
Small (�1 cm diameter) subhorizontal burrows with white
sandstone fills and cm-scale pellet-lined burrows (Ophiomorpha
sp.) are scattered throughout this facies (Fig. 7F). This bed caps local
exposures (passing up-section to cover) and the stratotype section
shifts back to the southeast along the edge of the escarpment on the
readily traceable top of this unit to 16�7045.700S, 45�4309.300E. Here,
the white bed of cross-stratified sandstone is sharply overlain by a
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light gray bed of dolomitic, clay-rich siltstone, which in turn is
capped by w2 m of interbedded white dolostone and light green
claystone (Fig. 8A). Dolostone interbeds include floating silt- and
sand-sized grains of quartz and feldspar set in a matrix of very fine-
grained (typically <5 micron) micro-granular dolomite (Fig. 8B).
This heterolithic facies is the uppermost deposit of the Lac Kinkony
Member.

A break in slope at the top of the escarpment marks the
erosional contact between the Lac Kinkony Member and the over-
lying Berivotra Formation (Fig. 9A). This contact can exhibit up to
1m of relief in the Lac Kinkony Study Area, and is generallymantled
by rounded dolostone pebbles and burrow cast rip-ups (Fig. 9B). In
the stratotype section, the contact is marked by a well-cemented
bed of coarse-grained, poorly sorted, conglomeratic sandstone
(Fig. 9C). Elsewhere along the escarpment this sandstone bed
thickens to 50 cm, and includes large dolostone cobbles that
sometimes exhibit borings and boulders of dolomitic shell bed
(Fig. 9D). The basal w1 m of the Berivotra Formation is exposed in
the stratotype section, and includes the aforementioned
conglomeratic sandstone bed and overlying yellow dolostone that
forms a weathered slope covered with abundant burrow casts
(Fig. 9E).

3.2.2. Additional observations
Two additional sections provide further insights into the

sedimentology of the Lac Kinkony Member. The “Kinkony 3” sec-
tion (16�7017.600S, 45�4408.100E), located w2 km to the northeast of
the base of the composite stratotype (Fig. 2), illustrates lateral
facies shifts in the member, with beds of fine-grained, burrow-
mottled sandstone at the base of the section correlative with the
basal siltstone interval in the stratotype (Fig. 3). Like the stratotype
section, this section also includes a distinctive white dolomitic
sandstone body w10 m up-section that exhibits cross bedding and
planar bedding delineated by recurrent mm-scale green claystone
laminae. This sandstone body is significant because it yielded the
well-preserved holotype skull of the side-necked turtle Kinko-
nychelys rogersi (see Gaffney et al., 2009), the first new taxon
described from the Lac Kinkony Member. The largely intact skull of
Kinkonychelys was found in isolation near the base of the sand-
stone body. As in the stratotype section, the Kinkony 3 section is
capped by a conglomeratic sandstone bed 10e30 cm thick that
includes various large intraclasts, including a 50 cm boulder of
rounded dolostone invested with abundant molds of a small
gastropod (Fig. 9D).

The “Kinkony 5” section, located w2.8 km to the northeast of
the base of the stratotype section (Figs. 2 and 3), spans w8 m of
the Lac Kinkony Member and 3.85 m of the overlying Berivotra
Formation. This section is in close proximity to a highly productive
microfossil bonebed (locality MAD 10-24), which is described
below (Section 4.2). “Kinkony 5” also includes what is presently
the best section through the basal few meters of the Berivotra
Formation in the Lac Kinkony Study Area. As in the other sections,
the contact at the base of the Berivotra Formation is marked by a
coarse-grained, conglomeratic bed of indurated sandstone. Pale
yellow dolostone beds overlie the basal sandstone bed, and X-ray
diffraction analyses (Fig. 4) confirm that these carbonate facies are
virtually devoid of siliciclastic content. Near the top of the Kinkony
5 exposures, these otherwise massive dolostone beds exhibit cm-
scale horizontal bedding. The uppermost 30 cm of the section
includes abundant horizontal burrows with Y-shaped branches.
Burrow casts average 2e3 cm in diameter, and some burrows
exhibit scratch marks on burrow walls. The abundant burrows in
the lower few meters of the Berivotra Formation are interpreted to
represent exhumed remnants of Thalassinoides networks (Fig. 9B
and E).
3.3. Paleoenvironmental reconstruction

The Masorobe and Anembalemba members in the Lac Kinkony
Study Area (Fig. 5) exhibit a comparable suite of sedimentary
characteristics to those observed in known exposures of these units
in other study areas (Fig. 1). The few meters exposed of the up-
permost Masorobe Member display evidence of pedogenesis in the
form of root mottling, and the characteristic red coloration of the
unit is consistent with oxidation on well-drained floodplains
(Rogers et al., 2000). Overlying deposits of the Anembalemba
Member exhibit sedimentary features consistent with deposition in
shallow channel belts characterized by alternating episodes of
turbulent downstream flow (cross-stratified facies 1 deposits) and
mass flow (massive, clay-rich facies 2 deposits). The highly variable
nature of flow conditions in ancient Anembalemba channels has
been interpreted to reflect strong seasonality in the hydrologic
budget on the semiarid Maevarano alluvial plain, with intense
rainfall events generating mass flow conditions after extended
periods of drought (Rogers et al., 2000; Rogers, 2005; Krause et al.,
2010). Vertebrate fossils recovered from the Masorobe and Anem-
balemba members in the Lac Kinkony Study Area are consistent
with a terrestrial fluvial/floodplain setting.

The abrupt shift from the Anembalemba Member to the Lac
Kinkony Member marks a major reorganization in depositional
environments and the initiation of marine influence in the local
section. The thick package of variegated red and gray siltstone at
the base of the Lac Kinkony Member (Fig. 6) suggests an extended
interval of low energy sedimentation, and the abundant burrows
that cap this silt-rich interval indicate that the depositional envi-
ronment was hospitable to colonization by Ophiomorpha-produc-
ing arthropods. Ophiomorpha burrows have been documented in an
array of facies spanning nonmarine to open marine environments
(Howard and Dörjes, 1972; Frey et al., 1978; Bown,1982; Swinbanks
and Luternauer, 1987; Dam, 1990; Gingras et al., 1999; Miller and
Curran, 2001; Savrda and Nanson, 2003), but they are most com-
mon in coastal and shallow marine deposits. The occurrence of the
ichnotaxon Ophiomorpha in the siltstones at the base of the Lac
Kinkony Member is consistent with a reconstruction of coastal
mudflats populated by animals comparable to modern thalassini-
dean shrimp capable of constructing intricate networks of pellet-
lined burrows. These silt-dominated mudflat facies pass up-
section and laterally along the escarpment (Kinkony 3 section,
Fig. 3) to burrow-mottled beds of sandstone with a mixed clay and
dolomitic mud matrix. These beds are interpreted to represent
muddy sand flats in a heterolithic coastal setting of low relief.

Additional evidence of marine influence in the Lac Kinkony
Member is provided by the sandstone body that crops out between
20.5e24.5 m in the stratotype section and extends along the
escarpment. This widespread sandstone body exhibits sedimentary
structures typical of a tidally-influenced fluvial system (Ginsburg,
1975; Allen and Homewood, 1984; Driese, 1987; Tape et al., 2003;
van den Berg et al., 2007), including abundant clay drapes on
foresets, systematic thickening and thinning of claystone drapes
(suggestive of neap-spring packaging), bidirectional cross-bedding
with oppositely-oriented ripple cross-lamination developed on
toes of larger foresets, and flaser bedding. The occurrence of
Ophiomorpha in this sandstone is also consistent with a tidal
interpretation (Fig. 7). The fine-grained matrix in this tidally-
influenced deposit consists of clumped dolomite grains and mi-
nor amounts of silt and smectite clay (Figs. 4 and 7A and B), andwas
likely derived via the reworking of associated tidal flat deposits.

The uppermost 2e3 m of the Lac Kinkony Member consists of
flatly bedded to massive micro-granular dolostone with thin clay-
stone interbeds. This capping facies, which crops out throughout
the field area, is interpreted to have accumulated in carbonate flats
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that presumably occupied upper reaches of the peritidal environ-
ment, where infrequent marine inundation coupled with a semi-
arid climatic regime led to conditions conducive to carbonate
precipitation (Shinn et al., 1969; Semeniuk andMeagher, 1981). The
widespread occurrence of dolomite in peritidal facies of the Lac
Kinkony Member and open marine facies of the Berivotra Forma-
tion, coupled with the pervasive dissolution of original calcitic and
aragonitic shell material, is consistent with secondary dolomitiza-
tion of the section. The apparent absence of evaporite minerals in
the Lac Kinkony Member, including gypsum and anhydrite (Fig. 4),
may reflect dilution from seasonal rainfall and potentially from
waters sourced in fluvial channels that cut across the flats. The
conglomeratic ravinement bed that overlies the Lac Kinkony
Member indicates that erosion accompanied marine transgression,
as high-energy nearshore environments shifted landward. This
distinctive bed marks the contact between the Lac Kinkony Mem-
ber, the uppermost unit of the Maevarano Formation, and the
overlying marine Berivotra Formation.

4. Vertebrate paleontology and taphonomy of the Lac
Kinkony Study Area

4.1. Vertebrate faunal overview

Knowledge of the vertebrate fauna from the Lac Kinkony
Member is only in its formative stages. While our field crews pro-
spected for and collected from a number of localities during largely
reconnaissance paleontological surveys in 1999, 2001, 2003, 2005,
2007, 2010, and 2012, more intensive fossil collecting remains to be
done. To date, we have identified 56 vertebrate fossil localities in
the Lac Kinkony Member and have collected 501 identifiable
specimens from them. This contrasts sharply with the number of
vertebrate fossil localities (277) and identifiable specimens (6,936)
from the Masorobe, Miadana, and especially the Anembalemba
members of the Berivotra Study Area, which have consumed most
of our attention since 1993, when the Mahajanga Basin Project was
initiated. Relatively minor effort has been expended in the Befan-
drama and Masiakakoho study areas but these have much less
potential than either the Berivotra or the Lac Kinkony Study Areas
to yield significant collections of vertebrate fossils; each has yielded
fewer than 25 localities and fewer than 50 specimens.

The large number of specimens recovered by surface pro-
specting, quarrying, and screening (both wet and dry) in the Beri-
votra Study Area represent a moderately diverse fauna, so far
consisting of eight species of ray-finned fishes, one anuran, three
turtles, one non-ophidian squamate (‘lizard’), three snakes, six
crocodyliforms, five non-avian dinosaurs, six birds, and four
mammals (Table 1). Several of the terrestrial taxa are known
from complete skulls and skeletons that now serve as the best
specimens of the clades they represent, perhaps the most
notable examples being the abelisaurid theropod Majungasaurus
crenatissimus (see Sampson and Krause, 2007) and the notosuchian
crocodyliform Simosuchus clarki (see Krause and Kley, 2010).

The fossils recovered to date from the Lac Kinkony Member
were found by surface prospecting during reconnaissance expedi-
tions in seven field seasons. In 2010, two large blocks of matrix
(w75 kg and w50 kg) were extracted from a rich bonebed at lo-
cality MAD 10-24 for preparation in the Stony Brook University
Vertebrate Fossil Preparation Laboratory. This work is ongoing but
has already yielded, in addition to taxa represented by specimens
discovered via surface prospecting, a plethora of phyllodontid
albuloid fish skull elements, a distal humerus of a new small frog,
five vertebrae of two new small snakes, and a complete skull of a
large new mammal (Krause et al., 2012). There is every indication
that the vertebrate fauna from the Lac Kinkony Member (Table 1)
will significantly augment the known species diversity from the
Late Cretaceous of Madagascar, presumably a reflection of the
different, nearshore paleoenvironment it represents. At the same
time, however, the majority of the vertebrate species discovered to
date in the Lac Kinkony Study Area are the same as those repre-
sented in the Berivotra, Befandrama, and Masiakakoho study areas
(Fig. 1).

4.2. General taphonomic observations

Vertebrate fossils are preserved in all three members of the
Maevarano Formation represented in the Lac Kinkony Study Area,
but it is difficult to assess patterns in preservation among units
because, in contrast with the Lac Kinkony Member, the Masorobe
and Anembalemba members are both quite limited with regard to
outcrop in this study area. That said, most known exposures of the
latter two members yield vertebrate fossils, which generally occur
as isolated, fragmentary specimens. Vertebrate groups represented
in collections to date from the Masorobe and Anembalemba
members, which represent nine distinct sites in the Lac Kinkony
Study Area, include turtles, crocodyliforms, and sauropod and
theropod dinosaurs. The quality of preservation ranges from rela-
tively unweathered elements with intact cortical surfaces to bone
pebbles that exhibit rounding, trample marks, and advanced sur-
face weathering (Behrensmeyer, 1978; Fiorillo, 1984). Tooth marks
with characteristics consistent with infliction by theropod di-
nosaurs (Rogers et al., 2003), and borings assignable to the insect-
generated trace fossil Cubiculum ornatus (Roberts et al., 2007), were
observed on sauropod bone fragments recovered from the Anem-
balemba Member. Macrofossil bonebeds, which are particularly
plentiful in the Anembalemba Member of the Berivotra Study Area
(Rogers, 2005), have not yet been discovered in Anembalemba
deposits of the Lac Kinkony Study Area.

The majority of vertebrate fossils collected from the Lac
Kinkony Study Area has come from the Lac Kinkony Member, and
at present 56 distinct localities have been identified in Lac Kink-
ony exposures. Vertebrate remains in this unit have been docu-
mented along the full extent of the escarpment, and have also
been collected in the more isolated outcrops of the member to the
west of the escarpment, along the route between Katsepy and
Soalala (Fig. 2). Vertebrate groups represented in collections to
date from the Lac Kinkony Member include frogs, turtles, snakes,
crocodyliforms, sauropod and theropod dinosaurs, mammals, and
a wide variety of fishes, including chondrichthyans and actino-
pterygians (Table 1). Fossil bones in the Lac Kinkony Member are
typically pale yellow (2.5Y 8/2) to light yellow brown (2.5Y 6/3)
when fresh, and white when exposed and weathered. They
generally show no evidence of void-filling cements, although
vascular canals and fractures are typically lined with coatings of
smectitic clays and filled with silt-size grains of detrital quartz
and feldspar. The vast majority of occurrences are isolated ele-
ments that vary in quality from pristine to highly weathered and
taxonomically unidentifiable. Two well preserved articulated
skulls, one of a turtle (Gaffney et al., 2009) and the other of an as
yet undescribed mammal (Krause et al., 2012), have been recov-
ered from the unit.

Most of the vertebrate fossils preserved in the Lac Kinkony
Member are concentrated in microfossil bonebeds (sensu Rogers
and Kidwell, 2007; Rogers and Brady, 2010) embedded within
sandstone bodies that exhibit evidence of tidal influence. Two
fossil localities in particular illustrate this facies association.
The first, MAD 07-20 (Fig. 2), is located 8.3 km to the west of
the village of Analalava. At this highly productive site, vertebrate
remains are concentrated in the basal 25 cm of a 2.25 m thick
fine-grained sandstone body that exhibits planar bedding and, in



Table 1
Terrestrial and freshwater vertebrate taxa from the Anembalemba, Masorobe, and Miadana members, as well as from the newly proposed Lac Kinkony Member, of the Upper
Cretaceous (Maastrichtian) Maevarano Formation, Mahajanga Basin, Madagascar. Species also known from the Lac Kinkony Member are indicated in bold; those known only
from the Lac KinkonyMember are each additionally indicated by an asterisk. Note that family (-idae), subfamily (-inae), and genus/species names are each indented to the same
levels; higher taxa are indented to different levels depending upon available taxonomy for which there is some consensus (i.e., superorders, orders, infraorders, superfamilies,
etc., may not be indented to the same levels).

OSTEICHTHYES 
 SARCOPTERYGII 
  DIPNOI 
          Gen. et sp. indet. 
      ACTINOPTERYGII 
            NEOPTERYGII 
   HOLOSTEI 
    GINGLYMODI 
                       LEPISOSTEIDAE 
                              Lepisosteus sp.

PYCNODONTIFORMES 
                       PYCNODONTIDAE 
                               Coelodus sp.

TELEOSTEI
              ELOPOMORPHA 
                    ALBULIFORMES 
                ALBULIDAE 

Albula sp. 
     ELOPIFORMES 
                            PHYLLODONTIDAE 
       Egertonia sp.
       *Paralbula sp.

  AULOPIFORMES 
ENCHODONTIOIDEI

        ENCHODONTIDAE 
Enchodus sp. 

OSTARIOCLUPEOMORPHA 
OSTARIOPHYSI 

OTOPHYSI 
SILURIFORMES

        ARIIDAE 
Gen. et sp. indet. 

    CHARACIFORMES 
        Gen. et sp. indet. 
     CYPRINIFORMES 
        Gen. et sp. indet. 
                   EUTELEOSTEI 
             ACANTHOMORPHA 
      Gen. et sp. indet.   

ANURA
 NEOBATRACHIA 
      *Gen. et sp. indet.   

HYLOIDEA 
             LEPTODACTYLIDAE 

CERATOPHRYINAE 
Beelzebufo ampinga Evans, Jones, and Krause, 2008

TESTUDINES
 PLEURODIRA 
      Gen. et sp. indet.   
            PELOMEDUSOIDES 
      PODOCNEMIDERA 

Sokatra antitra Gaffney and Krause, 2011 
PODOCNEMIDOIDEA 

                           PODOCNEMIDIDAE 
      cf. Erymnochelys sp. 
    BOTHREMYDIDAE 

Kinkonychelys rogersi Gaffney, Krause, and Zalmout, 2009 
     Gen. et sp. indet. 

SQUAMATA 
      SAURIA 
            CORDYLIFORMES 
                       CORDYLIDAE? 
                              Konkasaurus mahalana Krause, Evans, and Gao, 2003
      SERPENTES 

*Gen. et sp. indet. 
            ALETHINOPHIDIA
                       MADTSOIIDAE 

Madtsoia madagascariensis Hoffstetter, 1961
  Menarana nosymena LaDuke, Krause, Scanlon, and Kley, 2010 

Gen. et sp. nov. 
NIGEROPHIIDAE

Kelyophis hechti LaDuke, Krause, Scanlon, and Kley, 2010 
     *Indophis sp. nov. 

(continued on next page)
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CROCODYLIFORMES  
 MESOEUCROCODYLIA  
  NOTOSUCHIA  

Simosuchus clarki Buckley, Brochu, Krause, and Pol, 2000 
Araripesuchus tsangatsangana Turner, 2006

               TREMATOCHAMPSIDAE  
Miadanasuchus oblita (Buffetaut and Taquet, 1979) Rasmussen Simons and Buckley, 2009

     MAHAJANGASUCHIDAE 
Mahajangasuchus insignis Buckley and Brochu, 1999

 NEOSUCHIA 
                         Gen. et sp. nov. 
  EUSUCHIA  
                         Gen. et sp. indet. 

DINOSAURIA 
      SAURISCHIA 
            SAUROPODA 

TITANOSAURIA 
Rapetosaurus krausei Curry Rogers and Forster, 1999
“Malagasy taxon B” 

            THEROPODA 
                  CERATOSAURIA 

NEOCERATOSAURIA 
ABELISAUROIDEA

                            ABELISAURIDAE 
                                   Majungasaurus crenatissimus (Depéret, 1896) Lavocat, 1955 

                            NOASAURIDAE 
                                   Masiakasaurus knopfleri Sampson, Carrano, and Forster, 2001 

PARAVES
                                   Rahonavis ostromi Forster, Sampson, Chiappe, and Krause, 1998 

AVIALAE
Gen. et sp. indet. 

ORNITHOTHORACES 
                                         Vorona berivotrensis Forster, Chiappe, Krause, and Sampson, 1996 

ENANTIORNITHES 
                           Gen. et sp. indet. A 
                                          Gen. et sp. indet. B 

     ORNITHURAE 
                           Gen. et sp. indet. A 
                                          Gen. et sp. indet. B 

MAMMALIA .tedni.pste.neG
      ALLOTHERIA 
            ?MULTITUBERCULATA 
                         Gen. et sp. indet. 
      THERIA 
            MARSUPIALIA 
                         Gen. et sp. indet. 

GONDWANATHERIA 
      *Gen. et sp. nov. 
                      SUDAMERICIDAE 
                            Lavanify miolaka Krause, Prasad, Koenigswald, Sahni, and 7991,enirG

Table 1 (continued)
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its upper reaches, faint low-angle cross-bedding. This sandstone
body, with its dolomitic mud matrix, exhibits a bright white
appearance on outcrop (Fig. 10A). Fossil bones can be traced in situ
along the base of this bed. Bones eroded from this deposit, and
potentially an immediately underlying claystone bed that also
preserves vertebrate fossils, are scattered in considerable abun-
dance upon the surrounding ground surface. Small bones and
teeth of theropod and sauropod dinosaurs, crocodyliforms, and
fishes (including shark teeth), along with bones of turtles, have
been recovered from this microfossil bonebed in association with
coprolites, carbonate and claystone pebbles, and gastropod
steinkerns.

A second highly productive microfossil bonebed, MAD 10-24,
is located along the escarpment to the northeast of Analalava
between the Kinkony 3 and Kinkony 5 sections (Figs. 2 and 3). Like
MAD 07-20, this bonebed is localized at the base of a cross-bedded
sandstone body (2.6 m thick) that shows indication of tidal influ-
ence (Fig. 10B, C, and D). The distinctive white sandstone body that
hosts the MAD 10-24 bonebed is in erosional contact with an
underlying 30 cm thick bed of green silty claystone that also pre-
serves fossil bone. Vertebrate fossils are concentrated in the
basal 30 cm of the sandstone facies and, with the exception of
the aforementioned articulated mammal skull, are disarticulated
and dissociated. Many elements exhibit evidence of breakage
prior to final burial. Vertebrate groups documented to date from
MAD 10-24 include ray-finned fishes, anurans, snakes, turtles,
crocodyliforms, theropod dinosaurs, and mammals. Disarticulated
fish bones comprise most of the collection from MAD 10-24.
Vertebrate fossils are preserved alongside gastropod steinkerns,
claystone pebbles, and coprolites. The bone-bearing horizon of
MAD 10-24 can be traced for w600 m to the southwest along the
escarpment.

5. Summary and conclusion

Addition of the Lac Kinkony Member to the Maevarano For-
mation affords amore comprehensive viewof sedimentary systems
in the Mahajanga Basin during the latest Cretaceous. Rocks of the
Maevarano Formation are now known to represent a variety of
depositional settings that range from fully terrestrial to peritidal. In
the Berivotra Study Area (Fig. 1), the first definitive indication of
marine influence comes in the form of a ravinement bed that caps



Fig. 10. Vertebrate microfossil bonebeds in Lac Kinkony Member. A, Outcrop view of locality MAD 07-20, which has yielded small bones and/or teeth of fishes, turtles, croc-
odyliforms, and theropod and sauropod dinosaurs, along with coprolites and gastropod steinkerns. Fossils are concentrated in basal 25 cm of host lithosome (indicated by bracket).
B. Outcrop view of locality MAD 10-24. This locality has produced a comparable assemblage of fossils to those recovered from MAD 07-20, and has also yielded a well-preserved
mammal skull. Vertebrate fossils are concentrated in the basal 30 cm of the host lithosome (indicated by bracket). C, Fish and turtle bones weathering in situ from exposures of MAD
10-24. D, Diverse array of predominantly fish cranial elements collected from surface to the west of the main MAD 10-24 locality.
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the Maevarano Formation throughout the outcrop belt (Rogers
et al., 2000). In contrast, in the Lac Kinkony Study Area, the
Anembalemba Member is overlain by distinctive peritidal facies
that accumulated during the transgression that culminated with
deposition of the marine Berivotra Formation. Peritidal deposits of
the Lac Kinkony Member include clastic and carbonate tidal flat
facies and fluvial deposits invested with a dolomitic mud matrix
that show evidence of tidal exchange. An overall progradational
record is exhibited by the Lac Kinkony Member as evidenced by the
transition from clastic tidal flat deposits at the base of the unit to
carbonate tidal flat facies at the top of the unit. The dolomitized
carbonate tidal flat deposits that characterize upper reaches of the
Lac Kinkony peritidal succession are entirely consistent with the
semiarid paleoclimate previously proposed for the Maevarano
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Formation (Rogers et al., 2000, 2007; Rogers, 2005; Krause et al.,
2010).

Recognition of the Lac Kinkony Member also provides the neces-
sary stratigraphic framework for study of the abundant body and
trace fossils preservedwithin the unit. The rich fossil record of the Lac
KinkonyMember indicates that the coastal environment represented
by the member was teaming with life, most notably aquatic to semi-
aquatic vertebrates including fishes, frogs, turtles, and crocodyli-
forms.Vertebrateswithgenerallymore terrestrial affinities, including
dinosaurs and a mammal, are also preserved in the Lac Kinkony
Member; this isnot surprisinggiven the fact that skeletal remains and
trace fossils of terrestrial and freshwater vertebrates are known from
several other coastal records, including ancient carbonate tidal flats
(e.g., Krause and Baird, 1979; Avanzini et al., 1997; López-Martinez
et al., 2000; Smith et al., 2001; Diedrich, 2002). The Late Cretaceous
vertebrates of northwestern Madagascar ranged broadly across the
Mahajanga Basin, traversing a landscape that included dryland allu-
vial soils, shallow sand bed rivers, and now, based on this report,
contemporaneous coastal environs characterized by clastic and car-
bonate flats and rivers impacted by tides.

Finally, the addition of the Lac KinkonyMember to theMaevarano
Formation expands the range of taphonomic modes documented in
the unit. Deposits of theMaevarano Formation in the Berivtora Study
Area are spectacularly fossiliferous, and multitaxic macrofossil
bonebeds (sensu Eberth et al., 2007) that yield well-preserved skulls
and skeletons abound. The bonebeds of Berivotra have been inter-
preted to represent drought assemblages, with animals congregating
in parched channel belts during prolonged dry seasons. Burial of
amassed skeletons has been linked to mass flows triggered by the
return of rains to the basin (Rogers, 2005; Rogers and Krause, 2007;
Rogers et al., 2007; Krause et al., 2010). The taphonomic quality of
skeletalmaterial recovered from the bonebeds of Berivotravaries, but
there is some degree of articulation or association in all bonebed lo-
calities. Comparablemacrofossil bonebedshavenot been identified in
coastal facies of the Lac Kinkony Member, where instead fossils are
most commonly preserved inmicrofossil bonebeds intercalatedwith
tidally-influenced fluvial sandstones. With rare exception (a turtle
skull and a mammal skull), the microfossil bonebeds of the Lac
Kinkony Member consist of concentrations of small, disarticulated,
and dissociated fossils. Based on initial assessments, these bonebeds
have the potential to yield thousands of small identifiable vertebrate
specimens, and ongoing taphonomic study of recoveredmaterials, in
conjunction with sedimentological analysis of host facies, will yield
key insights into the dynamics of vertebrate fossil concentration in
productive nearshore settings. Future study of the collections from
these bonebeds also promises to provide significant new information
relating to the diversity and ecology of coastal wetlands in ancient
Madagascar immediately prior to the KePg extinction.
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