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Abstract

A diverse Maastrichtian dinosaur-dominated fauna is known from the Red Continental Strata of the Transylvanian Basin and

the DensuY-Ciula Formation and Pui beds of the Ha_eg Basin, western-central Romania. Sedimentological and palae-

opedological studies of these deposits provide insights into the prevailing palaeoenvironmental and palaeoclimatic conditions at

the end of the Cretaceous. The Red Continental Strata and Pui beds are dominated by red mudstone sequences and exhibit

highly variable palaeocurrent direction. Inclined heterolithic strata with palaeocurrent indicators orientated perpendicular to the

dipping strata are also present in channel deposits of the Red Continental Strata. All these features suggest deposition by

meandering rivers. Although red mudstones are abundant in the DensuY-Ciula Formation, this formation differs from the

aforementioned formations in containing thick sandstone beds displaying sedimentary structures typical of braided stream

deposits and characterized by low variability of palaeocurrent direction. These features indicate deposition in a low-sinuosity

fluvial system.

Paleosols of the three studied formations are characterized by the presence of carbonate nodules closely associated with iron

oxides, rhizocretions, and slickensides; mottles and indurated calcareous horizons are occasionally present in paleosols of the

Red Continental Strata and Pui beds. These features are indicative of a climate characterized by seasonal precipitation in which

evapotranspiration exceeded precipitation, and where the watertable fluctuated during the year. Dark red, noncalcareous

paleosols also occur occasionally in the Pui beds, representing leached profiles that developed on sandier parent material. The

geochemical composition of all paleosols studied indicates that palaeoprecipitation was less than 1000 mm/year, which is

significantly lower than estimates inferred from the tropical palaeoflora of the region (1300–2500 mm/year). This apparent

incongruence in paleoprecipitation estimates can be explained by the fact that tropical plants can live in warm, monsoonal

climates if they have access to sufficient quantity of water during the dry seasons to satisfy their metabolic needs.

Comparison of the studied formations to the famous contemporaneous Sânpetru Formation of the Ha_eg Basin confirms

similarity of palaeoclimatic conditions. However, palaeoenvironmental and taphonomic conditions differ. Whereas the Sânpetru

Formation comprises a mosaic of wetlands and moderately-drained floodplains in which areas of impeded drainage were
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predominant, the Red Continental Strata, DensuY-Ciula Formation, and Pui beds represent moderately- to well-drained

floodplain settings. Although the Pui beds have long been assumed to pertain to the Sânpetru Formation on the basis of

palaeontological and superficial lithological similarities (i.e., red colour), comparison of the results of the detailed

palaeoenvironmental studies suggests that the Pui beds are distinct from the Sânpetru Formation and may warrant their own

formational recognition (Bărbat Formation). Finally, fossil preservation conditions in the Sânpetru Formation indicate

concentration of remains by hydraulic processes on wet floodplains (lenticular bonebeds or bfossiliferous pocketsQ) while those
of the other three formations suggest attritional mortality assemblages preserved in dry paleosol profiles. Such taphonomic

differences must be considered carefully in palaeoecological studies of the Maastrichtian dinosaurian fauna of Romania.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Several dinosaur-bearing formations of Maastrich-

tian age are known from Romania, but few detailed

palaeoenvironmental studies have been conducted.

The Sânpetru (or Sı̂npetru) Formation of the Ha_eg

Basin, famous for its diverse dinosaur-dominated

fauna that consists of sauropods, ornithopods,

theropods, ankylosaurs, pterosaurs, crocodilians,

squamates, chelonians, fishes, amphibians, and mul-

tituberculates (Nopcsa, 1897, 1899, 1900, 1901,

1902a,b, 1904, 1915, 1923a,b, 1928, 1929; Grigor-

escu and Kessler, 1980; Grigorescu et al., 1985,

1999; Radulescu and Samson, 1986, 1996; Grigor-

escu and Hahn, 1987; Weishampel et al., 1991,

1993, 2003; Jianu, 1992, 1994; Csiki, 1995; Weish-

ampel and Jianu, 1996; Jianu and Weishampel,

1997; Csiki and Grigorescu, 1998, 2000; Buffetaut

et al., 2002; Folie et al., 2002; Smith et al., 2002;

Venczel and Csiki, 2003), has received the most

attention (Grigorescu, 1983; Therrien, 2004; Van

Itterbeeck et al., 2004). Palaeoenvironmental recon-

struction of the Sânpetru Formation exposed along

the SibiYel River indicates that the lower half of the

section accumulated in a shifting mosaic of wetlands

and drier floodplains in a subhumid climate charac-

terized by alternating wet and dry periods (Therrien,

2004).

Even though important palaeontological discov-

eries, either in the form of dinosaur nests or rich

macro- and microfossil assemblages, have been made

in red strata exposed near the town of Pui and in the

DensuY-Ciula Formation (Ha_eg Basin, Hunedoara

County), and in deposits referred to as the Red

Continental Strata (southwestern Transylvanian Basin,
Alba County; Fig. 1), little work has been conducted

to document the palaeoenvironmental conditions in

which dinosaurs are preserved. Because the litholog-

ical characteristics of these units differ markedly from

the type locality of the Sânpetru Formation exposed

along the SibiYel River (e.g., Grigorescu, 1983;

Therrien, 2004), palaeoenvironmental reconstruction

of these units documents the diversity of dinosaur

habitats present in Romania during the Maastrichtian

and gives insight into taphonomical differences that

may be of palaeoecological significance. Detailed

sedimentological and palaeopedological studies of

these units are essential to improve our understanding

of the poorly-known continental palaeoenvironments

and palaeoclimatic conditions that prevailed in the

northern Mediterranean Tethys prior to the terminal

Cretaceous extinction.
2. Geologic setting

During the Late Cretaceous, Romania was situated

in the tectonically active region of the northern

Mediterranean Tethys Ocean. The collision of at least

three microcontinents, Apulia, Rhodope, and Moesia,

which began in the Albian, produced the first orogenic

phase of the Southern Carpathians and the Apuseni

Mountains (Fig. 2; e.g., Sanders, 1998; Willingshofer,

2000; Willingshofer et al., 2001; also see Csontos and

Vörös, 2004). In the early Maastrichtian, the com-

pressive forces responsible for the rise of the orogen

ceased, resulting in the collapse of the orogen and

formation of a series of extensional basins. Depending

on the position of each basin relative to sea level,

continental and/or marine depositional environments



Fig. 1. Transylvanian and Ha_eg basins, Romania. (A) Maastrichtian continental deposits are found near the Apuseni Mountains and Southern

Carpathians of western-central Romania. The boxed area is detailed in (B). Modified from Grigorescu (1992). (B) Geologic map of the Apuseni

Mountains and Southern Carpathians. The Maastrichtian dinosaur-bearing strata studied are located at the southern extremity of the Apuseni

Mountains near Vurpăr and in the Ha_eg Basin of the Southern Carpathians. Modified from Burchfiel and Bleahu (1976), Schmid et al. (1998),

Sanders (1998), Willingshofer (2000), and Willingshofer et al. (2001).
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Fig. 2. Southern Carpathian orogen during the Maastrichtian. (A) Schematic reconstruction of the tectonic units present in the northern

Mediterranean Tethys region during the Late Cretaceous. The collision of the microcontinental plates Apulia, Rhodope, and Moesia resulted in

the formation of the Southern Carpathian orogen. Modified from Sanders (1998). (B) Schematic reconstruction of the Carpathian collision.

Compressive forces during the Late Cretaceous produced the uplift and deformation of the orogen. In the Maastrichtian, compressive forces

ceased and the orogen collapsed, forming extensional intramontane basins. Marine invasion occurred in basins that were located below sea level

and had a connection to the sea; continental sedimentation occurred in the others. Modified from Sanders (1998). (C) Maastrichtian

palaeogeography of the northern Mediterranean Tethys region. The Southern Carpathian orogen, although technically not an island, was isolated

from the European Platform by shallow and deep marine basins. The Ha_eg Basin, a post-orogenic, extensional basin within the Southern

Carpathian orogen, and Vurpăr were situated between 208 and 308N. Based on Sanders (1998), Willingshofer (2000), and Stampfli et al. (2001).
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were established (Sanders, 1998; Willingshofer, 2000;

Willingshofer et al., 2001).

Continental dinosaur-bearing strata are found in the

western half of the Ha_eg Basin and in the southwest-

ern corner of the Transylvanian Basin (Fig. 1). Within

the Ha_eg Basin, fluviolacustrine depositional systems
produced the Sânpetru and DensuY-Ciula formations.

The Sânpetru Formation, a nearly 2500-m-thick

sequence of which a 1000-m interval is exposed along

the SibiYel River, is generally subdivided into a lower

member, where red clays are common and allegedly

containing disseminated pyroclastic material (but see
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Therrien, 2004), and an upper member characterized

by abundant conglomerates and a lack of red clays

(Grigorescu, 1983, 1992; Weishampel et al., 1991).

This formation was deposited as a poorly channelized

braidplain or in a distal alluvial fan setting (Grigor-

escu, 1983, 1992; Weishampel et al., 1991; Grigorescu

and Csiki, 2002; Therrien, 2004). The DensuY-Ciula

Formation, nearly 4000 m in thickness, is subdivided

into a lower member rich in coarse volcaniclastic

material, a fossiliferous middle member of finer

sediment poor in volcaniclastic material, and a non-

fossiliferous upper member devoid of volcaniclastic

material. This formation records deposition by alluvial

fans and braided streams interspersed with pulses of

volcanic activity (Anastasiu, 1991; Grigorescu, 1992;

Grigorescu et al., 1994; Grigorescu and Csiki, 2002).

Sixty kilometers north-east of the Ha_eg Basin,

outcrops dominated by red mudstones are exposed

along the southeastern margin of the Apuseni Moun-

tains between the villages of Vurpăr and PâcliYa on the

north shore of the MureY River and along the northern

margin of the Southern Carpathians near SebeY (Fig.

1). This lithological unit has been informally referred

to as the bred detritic faciesQ by Antonescu (1973) and

Antonescu et al. (1983), bVin_ strata (molasse)Q by

Burchfiel and Bleahu (1976), blower red bed for-

mationQ by Vremir and Codrea (2002), and bVin_u de

Jos strataQ by Therrien et al. (2002) (erroneously

considered part of the bBozeY StrataQ by the latter and

Weishampel et al., 2003). Because the locality of

Vin_u de Jos is mentioned in the literature in

association with other rock formations (e.g., Anto-

nescu, 1973), the nomenclature used by Therrien et al.

(2002) to refer to this lithological unit could create

confusion and is therefore replaced by bRed Con-

tinental StrataQ to reflect the precedence of Antonescu

(1973). This unit, which presumably attains 2500 m in

thickness, was deposited in a fluviolacustrine setting

(Nopcsa, 1905; Antonescu, 1973; Grigorescu, 1992;

Codrea et al., 2001, 2002a; Vremir and Codrea, 2002).

Although the various Romanian formations cannot be

lithostratigraphically correlated to each other, they are

contemporaneous based on identical faunal and floral

fossil assemblages (Nopcsa, 1905; Antonescu et al.,

1983; Grigorescu et al., 1985; Grigorescu, 1992).

These formations have long been considered late

Maastrichtian in age (e.g., Antonescu, 1973; Anto-

nescu et al., 1983; Weishampel et al., 1991; Grigor-
escu, 1992; Grigorescu and Csiki, 2002) but recent

studies revealed that they might rather be of early to

middle Maastrichtian age (López-Martı́nez et al.,

2001; Panaiotu and Panaiotu, 2002; Therrien, 2004;

Van Itterbeeck et al., in press).

Palaeogeographic reconstructions of the Mediterra-

nean Tethys locate the Southern Carpathian-Apuseni

complex in the tropics during the Maastrichtian (Fig.

2). Structural studies (e.g., Willingshofer, 2000) and

palaeomagnetic analyses of sedimentary deposits

(Patrascu and Panaiotu, 1990; Panaiotu and Panaiotu,

2002) indicate that the region was situated between

208 and 308 North latitude. This conclusion is further

supported by the presence of tropical plant species in

fossil assemblages (Tuszon, 1913; Baltes, 1966;

Givulescu, 1966; Mărgărit and Mărgărit, 1967; Givu-

lescu, 1968; DuYa, 1974; Petrescu and DuYa, 1980,

1982a,b; Antonescu et al., 1983; Pop and Petrescu,

1983; Iamandei and Iamandei, 1997). Palaeoclimatic

inferences made on the basis of the Romanian palae-

oflora suggest a warm, tropical climate (mean annual

temperature 22–24 8C) with abundant (1300–2500

mm/year) yet seasonal precipitation. However, the

distribution of rudist reefs (Voigt et al., 1999), fossil

plants and phosphorite deposits along the northern

Tethyan margin (Horrell, 1991), computer simulations

of the Maastrichtian climate (Bush, 1997), and the

study of paleosols from the Sânpetru Formation

exposed along the SibiYel River (Therrien, 2004),

reveal that evapotranspiration was greater than precip-

itation and that a strong monsoonal climate prevailed.
3. Methods

Three localities known to preserve abundant fossil

material were studied: (1) the red beds of Pui, exposed

in the Bărbat River 15 km southeast of the SibiYel

Valley and historically assigned to the Sânpetru

Formation on the basis of superficial lithological

similarities (Fig. 3; Nopcsa, 1905; Grigorescu et al.,

1985, 1999; Grigorescu, 1992), (2) the TuYtea locality

of the middle member of the DensuY-Ciula Formation

(Fig. 3; Grigorescu et al., 1994), and (3) the red beds

exposed near Vurpăr on the north shore of the MureY

River (Fig. 1). Because each locality will be compared

to the typical exposures of the Sânpetru Formation

along the SibiYel River (Therrien, 2004), for the sake



Fig. 3. Geologic map of the western half of the Ha_eg Basin where

the DensuY-Ciula Formation, Pui beds, and Sânpetru Formation are

exposed. Deposits of the Sânpetru Formation are found along

several rivers in the Ha_eg Basin, but the best outcrops afford nearly

1000 m of exposure along the SibiYel River, south of the village of

Sânpetru. The attitude of the strata (strike and dip) is reported for

various rock exposures in the Ha_eg Basin; all were measured by the

present author except for the one indicated by an asterisk b*Q, which
was reported by Codrea et al. (2002b) and Smith et al. (2002). Strata

attitude: DensuY-Ciula Formation exposed at TuYtea (0928N, 148 to
the south); Pui beds (0678N, 148 to the south); northern exposure of

the Sânpetru Formation on the eastern bank of Raûl Mare near

Hateg (1368N, 558 to the west); Sânpetru Formation exposed along

the SibiYel River (1428N, 458 to the west); and Raûl Mare deposits*

(220–2308N, dip: 75–808 to the northwest). Based on Weishampel

et al. (1991) and Grigorescu (1992).
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of simplicity the term bSânpetru FormationQ will refer
specifically to the type exposures of that formation

along the SibiYel River, while bPui bedsQ will refer to
the outcrops of the Bărbat River. Except for the
Table 1

Results of point count analysis conducted on sandstones of the Red Cont

Sample Quartz

(mono)

Quartz

undulose

Quartz

(poly)

K-feldspar Plagioclase Muscovite Chlor

Vurpăr 1296 994 1106 361 20 109 41

TuYtea 26 299 431 38 22 31 2

Pui 390 1221 1033 833 105 180 –

Metamorphic rock categories after Garzanti and Vezzoli (2003).
DensuY-Ciula Formation and, recently, a short interval

of the Pui beds (Van Itterbeeck et al., 2004), none of

these localities has been subjected to detailed sed-

imentological and palaeopedological analysis.

Stratigraphic sections were measured for all avail-

able outcrops. Sections were correlated to one another

by physically tracing beds (i.e., walking along the

marker beds between sections) or, when impossible,

by calculating the thickness of covered intervals (via a

Jacob-staff approach) in order to construct composite

stratigraphic sections. This method assumes that no

vertical displacement (i.e., faults) occurs within the

intervening covered interval. As no faults were

observed in the studied outcrops, this approach is

considered valid. Each rock unit was described in

terms of sedimentary structures and/or pedological

features. The thickness of strata and palaeocurrent

orientation, determined from clast imbrication and

cross-stratification, were corrected for the attitude

(strike and dip) of the formations.

The compositional mode of channel deposits was

evaluated through point-counting analysis of one

typical sandstone layer (medium sand, except for

Pui sample which was fine sand) from each locality.

Light mineral proportions were obtained by counting

a total of at least 300 points from three of the four

corners of each thin section. Minerals included within

phaneritic lithic fragments were counted as the type of

lithoclast (rock type) in which they occur rather than

as their respective mineral constituents (i.e., quartz,

feldspars; Decker and Helmold, 1985; Johnsson et al.,

1991; von Eynatten and Gaupp, 1999; Garzanti and

Vezzoli, 2003, contra Gazzi–Dickinson counting

method, Ingersoll et al., 1984). The compositional

categories recognized in the sandstones are mono-

crystalline quartz, undulose quartz, polycrystalline

quartz, k-feldspar, plagioclase, and various lithic

fragments (Table 1). The sandstone compositions

were plotted on Qt–F–L and Qm–F–Lt ternary
inental Strata, DensuY-Ciula Formation, and Pui beds

ite Biotite Metapelite

2

Metapelite

3

Metapelite

5

Metafelsite

2

Metafelsite

3

33 – – – – –

16 60 7 – 13

4 – 61 – 131 101
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diagrams and compared to compositional modes of

sandstones from the Sânpetru Formation exposed

along the SibiYel River (Therrien, 2004).

Samples were collected from selected paleosols,

generally one or two samples per recognized horizon,

for petrographic and geochemical analyses. Forty thin

sections were prepared in order to document paleosol

micromorphology under petrographic microscope

(10–400� magnification) following the terminology

of Bullock et al. (1985). The abundance of major and

trace elements in various paleosol horizons was

determined through X-ray fluorescence spectroscopy

(XRF); the analysis was conducted on a Phillips 2404

spectrometer by Dr. Stan Mertzman at the Department

of Earth and Environment, Franklin and Marshall

College. Because the geochemical composition of the

parent material(s) was unknown, these results were

converted into molecular weathering ratios to evaluate

the pedogenic processes in the ancient soils (see

Feakes and Retallack, 1988; Retallack, 1997).
4. Features of Romanian paleosols

Paleosols of the Pui beds, DensuY-Ciula Formation

(TuYtea locality), and Red Continental Strata (Vurpăr)

are generally moderately- to well-developed (see

Retallack, 1997). Some of the key pedogenic features

observed in these paleosols, as well as their inter-

pretation, are outlined below.

4.1. Colour of paleosols

In the Pui beds and Red Continental Strata,

paleosols are brown to red in colour (10R 4/6 to

7.5YR 4/4), although drab-coloured (light green) root

traces and mottles are present (see below). Thin purple

intervals (7.5R 3/2) are present locally in the Red

Continental Strata. In the DensuY-Ciula Formation,
Metafelsite

4

Metafelsite

5

Zircon Apatite Garnet Felsic

intrusive

And

– – 1 26 2 86 10

18 57 1 5 – 108 29

– – 3 15 – 127 1
brown to red paleosols are clearly most abundant, but

gray intervals are also occasionally found. The various

colours of paleosol horizons reflect the concentration

of iron and manganese compounds present in the

matrix, which is controlled in part by the predominant

palaeoenvironmental and palaeoclimatic conditions

(e.g., McBride, 1974; Blodgett et al., 1993; Schwert-

mann, 1993; Yang et al., 2001; Atchley et al., 2004).

The red colouration of paleosols is produced by the

abundance of iron oxides, primarily hematite, accom-

panied by a low organic content. The red and brown

colours are formed under oxidizing conditions and

represent well-drained environments.

4.2. Mottles (redoximorphic features)

Mottles are localized ferruginous accumulation or

depletion within the paleosol groundmass. These

features are formed by the translocation of iron within

the soil profile under alternating reducing and oxidizing

conditions associated with a fluctuating watertable

(Vepraskas, 1992; Vepraskas et al., 1994). In the Pui

and Vurpăr paleosols, mottles occur as small (b5 mm)

to large (N15 mm), irregular to circular features

dispersed within pedogenic horizons or as elongate

features surrounding root traces; in contrast, mottles are

absent in the TuYtea paleosols. When present, mottles

can be very prominent or extremely difficult to

distinguish from the matrix depending on their degree

of development. They vary in colour from red (7.5R 5/

6) to strong brown (7.5YR 4/6)with occasional purplish

tints (5R 3/1 or 10R 3/2). In thin section, most mottles

consist of moderately to strongly impregnated ground-

mass areas characterized by gradational boundaries

with the surrounding matrix, although orthic pedofea-

tures with distinct boundaries are occasionally present.

Light greenish gray (5GY 7/1 to 5GY 6/1)

reduction haloes are widespread in paleosols of the

Red Continental Strata, DensuY-Ciula Formation, and
esite Marble Chert Glass Corundum Qt/F+L

ratio

Qp/F+L

ratio

9 131 187 18 – 7.31 2.64

5 – 14 – 8 1.51 0.87

0 – 237 – 1 2.34 1.03
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Pui beds; interestingly, these features are absent in the

Sânpetru Formation. Reduction spots vary in size and

in shape: they can be circular or elongate, follow

structures such as bedding planes, infilled cracks or

roots, contain a carbonaceous or calcareous core, and

overprint pedogenic features and ichnofossils. Gen-

erally, these features are formed after soil burial

(Mykura and Hampton, 1984; Hofmann et al., 1987;

Hofmann, 1990; Panhuys-Sigler et al., 1996).

4.3. Microstructures and fabric of paleosol

groundmass

Peds are natural aggregates of soil matrix produced

by the shrinking and swelling of clays induced by

alternating wet and dry soil conditions and root

activity. Subangular blocky peds, often broken by

fissures or slickensides (Fig. 4A), are present in

paleosols of the DensuY-Ciula Formation and Red

Continental Strata. No peds were observed in the Pui

beds, although this absence could be an artifact related

to the poor quality of the outcrops and the limited

number of samples collected.
Fig. 4. Microstructures of the Maastrichtian paleosols of Romania. (A

Photomicrograph in polarized light. (B) Granostriated b-fabric consists o

formed by shrink-and-swell stresses in the soil. Photomicrograph in polari

under shrink-and-swell stresses. Photomicrograph in polarized light. (D

birefringent clay lineations. Photomicrograph in polarized light.
The microstructure of the soil matrix is charac-

terized by the alignment of clay particles, which

produces birefringence in cross-polarized light,

termed b-fabric (Bullock et al., 1985). Just as in

Sânpetru paleosols, the most common b-fabrics

recognized in the studied paleosols are granostriations

(Fig. 4B), parallel striations (Fig. 4C), stipple-

speckled and mosaic speckled. However, reticulate

striations and cross-striations (Fig. 4D) also were

observed in paleosols of the DensuY-Ciula Formation

and Red Continental Strata. Striated b-fabrics are

elongate birefringent zones of simultaneous extinction

formed by the alignment of clay particles in response

to tensile and compressive stresses in the soil induced

by wetting and drying cycles (Brewer, 1964).

Speckled b-fabrics consist of randomly-oriented,

equidimensional clay units found in isolation (stip-

ple-speckled) or in domains of simultaneous extinc-

tion (mosaic speckled) that are formed during the

early stages of pedogenesis (Bullock et al., 1985).

Undifferentiated groundmasses, characterized by a

poorly developed or absent b-fabric, are found in very

weakly developed pedogenic horizons.
) Subangular blocky ped dissected by fractures and slickensides.

f haloes of birefringent clays surrounding clasts. Such features are

zed light. (C) Striated b-fabric is the alignment of birefringent clays

) Cross-striated b-fabric produced by the intersection of various



Fig. 5. Carbonate accumulation in the Maastrichtian paleosols o

Romania. (A) Carbonate nodules and masses in a calcic (Bk

horizon of a TuYtea paleosol. Lens cap for scale (5 cm). (B) Micritic

carbonate nodules displaying sparite veins, intergrowth of iron

oxides, and ferruginous coating. Photomicrograph in polarized light

(C) Compound pedogenic carbonate nodule displaying ferruginous

growth rings. Such combination indicates periodic alternations o

oxidizing and reducing conditions in the soil. Photomicrograph in

polarized light.
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4.4. Carbonate accumulation

Carbonate accumulation is a diagnostic feature of

nearly all paleosols studied. Carbonate accumulation

around roots, called rhizocretions, are found occasion-

ally at TuYtea and Vurpăr. These features are generally

small, not exceeding 25 mm in diameter. However,

carbonate nodules equivalent to type 2 caliche of Gile

et al. (1966) and Birkeland (1985) are ubiquitous in the

paleosols of all three formations. These nodules occur

in mudstones and siltstones, although they are occa-

sionally found in sandy material. Carbonate nodules

range generally in size from 0.1 mm to 60 mm,

although irregular masses up to 200 mm in diameter are

found in TuYtea paleosols (Fig. 5A). Microscopically,

carbonate nodules are micritic with occasional sparite

veins or fissures infilled by groundmass. Intergrowth of

carbonate and iron oxides is common (Fig. 5B) and

occasionally results in the formation of carbonate

nodules with ferruginous growth rings (Fig. 5C).

In the Pui paleosols, numerous laterally continuous

calcareous horizons consisting of carbonate nodules

and internodular fillings developed in mudstone

sequences, equivalent to the type 3 caliche (plugged

horizon) of Gile et al. (1966) or type 4 caliche

(coalesced nodules) of Birkeland (1985; Fig. 6A). In

the Red Continental Strata, a single similar calcareous

horizon was observed in a thin sandstone bed that

locally preserves sedimentary structures (Fig. 6B).

Microscopically, this unit comprises abundant micritic

carbonate nodules embedded in a calcite-cemented

groundmass. Many nodules display iron oxide inter-

growths, while others exhibit very well developed

growth rings of light and dark brown micrite (Fig. 6C).

Carbonate nodules form generally in subhumid to

arid climates where precipitation is insufficient to

remove carbonate from the soil. Translocation of

carbonate is accomplished by rainwater percolating

through the soil. Because evapotranspiration exceeds

precipitation in those climates, meteoric water evap-

orates before reaching the watertable, which results in

the precipitation of dissolved carbonates at the

average depth of rainfall penetration (Goudie, 1973,

1983; Reeves, 1976; Blodgett, 1988; Retallack, 1994).

Initially, carbonates precipitate as filaments and coat-

ings but with time will form nodules (Bk horizon) and

impermeable horizons (K horizon; Gile et al., 1966;

Birkeland, 1985). Intergrowth of carbonate nodules
f

)

.

f

and iron oxides is common in soils formed in climates

characterized by alternating wet and dry periods, as

carbonate precipitates under dry conditions while iron

is mobile under reduced soil conditions (e.g., Courty

and Fédoroff, 1985; Retallack, 1997). Finally, calca-

reous rhizocretions have been documented to form

under dry conditions, when the microenvironment

surrounding the roots is alkaline and favors carbonate

accumulation (see Retallack, 2001).



Fig. 6. Indurated calcareous layers (caliche) in the Maastrichtian

paleosols of Romania. (A) Typical indurated layer found in Pui beds,

consisting of coalesced carbonate nodules. Hammer for scale. (B)

Indurated calcareous layer in Red Continental Strata. Carbonate

nodules and cement have developed in a stratified sandstone bed

(visible in upper right corner of sample). Pen for scale (15 cm). (C)

Microscopic structure of the Red Continental Strata caliche. Micritic

carbonate nodules bathe in a calcite-cemented groundmass. Numer-

ous nodules display iron oxide intergrowths while others exhibit very

well developed growth rings of light and dark brown micrite. These

concentric rings reflect (possibly seasonal) fluctuation in the growth

rate of carbonate nodules. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of

this article.)

F. Therrien / Palaeogeography, Palaeoclimatology, Palaeoecology 218 (2005) 15–5624
4.5. Ferruginous pedofeatures

Ferruginous pedofeatures are common in the

paleosols of the three localities, indicating that

eluviation and illuviation of iron were significant
pedogenic processes in these paleosols. Iron accumu-

lation occurs in the form of thin (0.01–0.1 mm), red

coatings and hypocoatings surrounding clastic grains,

carbonates nodules, and root traces (Figs. 5B and 7A–

B). Occasionally, iron oxides form cappings, bridges,

and link cappings on clastic grains (Bullock et al.,

1985). Ferruginous pedofeatures are indicative of

repetitive wetting and drying cycles within soils, as

they are formed when conditions fluctuate from

reducing to oxidizing, prompting the precipitation of

iron oxides (Pimentel et al., 1996; PiPujol and

Buurman, 1997; Retallack, 2001). Thus, rainfall must

have been important, at least seasonally, in Romania

during the Maastrichtian.

4.6. Clay illuviation

Traces of clay illuviation are pervasive in the

paleosols of Pui, Vurpăr, and TuYtea. Illuviated clays

form thin (0.01–0.1 mm) coatings on clastic grains,

root and void walls, or infill fissures (Fig. 7C–D).

Most clay coatings appear as oriented, birefringent

clay particles lining pore walls or surrounding

clastic grains and carbonate nodules. Infilled voids

generally display very subtle laminations, as inferred

from the extinction pattern of clays in polarized

light.

Abundant and well-developed illuvial clay features

indicate that periods of substantial precipitation

characterized the Maastrichtian climate of Romania.

Such pedofeatures are formed when clays are physi-

cally transported by meteoric water percolating

through the profiles and deposited as coatings when

soils dry (McKeague, 1983).

4.7. Slickensides

Pedogenic slickensides are much more common

in paleosols of the Pui beds, DensuY-Ciula For-

mation, and Red Continental Strata than in the

Sânpetru Formation exposed along the SibiYel River

(see Therrien, 2004). They are found in red and

brown horizons, although they do not form pseu-

doanticline structures typical of modern vertisols. In

thin section, slickensides appear as striated b-fabric,

the alignment of highly birefringent clays being

produced by the tensional and compressional

stresses induced by seasonal wetting and drying of



Fig. 7. Illuvial features in the Maastrichtian paleosols of Romania. (A) Longitudinal section through an infilled channel, possibly of a root,

displaying a well-developed ferruginous hypocoating. Photomicrograph in polarized light. (B) Cross-section through infilled channels, possibly

of roots, displaying well-developed ferruginous hypocoatings. Photomicrograph in plane light. (C) Clay accumulation in the form of coating

along the wall of a fissure. Photomicrograph in plane light. (D) Clay accumulation in the form of coatings along the walls of fissures and around

clastic grains. Photomicrograph in polarized light.
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the soil (e.g., Dudal and Eswaran, 1988; Wilding

and Tessier, 1988).

4.8. Bioturbation

Root traces and burrows are common in the studied

paleosols. They appear as channels filled with mud- to

sand-sized clastic particles and other debris that

infiltrated from the surface. Root traces are fine (1–3

mm in diameter), vertically oriented, branching

features that generally do not exceed 10 cm in length.

Drab-haloed root traces, sometimes surrounded by red

ferruginous hypocoatings, are abundant in Pui paleo-

sols but slightly less so in the Red Continental Strata

and DensuY-Ciula Formation. Burrows are generally

visible in outcrop when infilled by material distinct

from the surrounding groundmass or when cemented,

appearing as small (1–3 mm in diameter) elliptical
tubules. In thin section, burrows display a crescentic

to chaotic internal fabric due to the disruption of the

groundmass by burrowing invertebrates. Contrary to

what was observed in the Sânpetru Formation

(Therrien, 2004), deeply-penetrating root traces and

burrows were not observed in the Pui, TuYtea, and

Vurpăr paleosols.

4.9. Paleosol profile recognition

The periodic deposition of sediment by flood events

results in the superposition of paleosol profiles.

Because pedogenesis can occur across lithological

boundaries, recognition and interpretation of pedo-

genic horizons can be complicated. In the DensuY-

Ciula Formation and Red Continental Strata, thick

uninterrupted intervals of pedogenically-modified

mudstone are common. Paleosol horizons within those
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intervals are often very thick (cumulative pedogenesis)

or display features indicating that different pedogenic

processes modified the parent material (compound

pedogenesis), reflecting the periodic incorporation of

small quantities of material to the profile (see Birke-

land, 1974; Kraus and Bown, 1986; Kraus, 1999).

Pedogenic horizons are identified on the basis of

macro- and micromorphological features. The recog-

nition of A horizons in paleosol profiles is generally

speculative as organic matter is rarely preserved in

oxidizing environments. However, pedogenic horizons

characterized by a high degree of bioturbation, the

absence of illuvial features (e.g., clay or iron coatings,

carbonate nodules), geochemical depletion, and a

position above illuvial horizons are interpreted as A

horizons (see Therrien and Fastovsky, 2000). Horizons

displaying accumulation of calcium carbonate in the

form of nodules are identified as Bk horizons.

Horizons characterized by laterally continuous carbo-

nate layers are interpreted as K horizons. When illuvial

clay features, such as clay coatings on grains or along

root walls and streaked b-fabrics created by pore-

linings, are common and well-developed in a given

horizon, it is interpreted as a Bt horizon. Horizons

exhibiting poorly developed clay or carbonate accu-

mulation or only minor traces of illuviation were

interpreted as Bw horizons. Occasionally, horizons

lacking illuvial features and exhibiting little weath-

ering were present in paleosol profiles; such horizons

were interpreted as parent material or C horizons.
5. Palaeoenvironmental reconstruction of

dinosaur-bearing formations

5.1. Red Continental Strata, Vurpăr

A discontinuous series of exposures is present

along a rural road near the village of Vurpăr.

Composite stratigraphic sections were compiled for

the outcrops of two hills located near the base of the

Apuseni Mountains: a western section (46800V32WN
23828V41WE) and an eastern section (46801V47N
23830V01WE; Fig. 8). It was impossible to correlate

the two sections to each other because of the great

distance (~6 km) separating them and the fact that

strata dip in opposite directions (strike 3178N, dip 258
north and strike 1298N, dip 408 south, respectively),
suggesting that the sections may be located on

opposite limbs of a syncline.

5.1.1. Fluvial system

The Red Continental Strata are dominated by

intervals of pedogenically-modified red and brown

mudstones interrupted by laterally extensive brown and

light green sandstone sheets (Fig. 8). Sandstone layers

vary between 0.5 m to 3 m in thickness, comprise very

fine to very coarse sand, and are generally single-

storied. Local channel-shaped scours occur but are only

partially preserved, thus preventing accurate determi-

nation of width/depth ratios. Small- to large-scale

trough cross-stratification is the most common sedi-

mentary structure in sandstones. Some beds preserve

exclusively horizontal laminations (Fig. 9A). Measure-

ment of palaeocurrent direction reveals a high degree of

interchannel variability, exceeding 1808. Overall,

palaeocurrent measurements (n=42) indicate south-

ward flow (southwest through southeast; Fig. 8), away

from the nearby southern Apuseni Mountains.

Several sedimentary structures indicate that lateral

accretion was an active process in the channels of the

Red Continental Strata. Two sandstone beds, one in

each section, display steeply inclined surfaces oriented

perpendicular to the palaeocurrent direction. In the

western section, shallowly inclined (48, corrected for

dip but not for compaction) conglomerate-sandstone

couplets are found within a fining-upward sandstone

interval (86 cm thick, corrected for dip) overlying

trough cross-stratified channel deposits (73 cm thick,

corrected for dip; Fig. 9B). The 2 cm-thick pebble-to-

cobble conglomerate laminae, alternating with 10-cm-

thick sandstone units, become finer and thinner up-

profile and updip, a feature commonly observed in

lateral accretion deposits (Thomas et al., 1987). Within

the conglomerate laminae, pebbles are imbricated

perpendicular to the dip of the laminae. Codrea et al.

(2001) described and interpreted this interval as tabular

cross-stratification deposited on lateral accretion sur-

faces of a migrating sandbar, suggesting deposition in

braided streams. However, the structures are also

similar to inclined heterolithic strata (IHS) described

from numerous ancient and modern fluvial deposits

and interpreted as point bar deposits (Allen, 1965;

Collinson, 1978; Jackson, 1978; Bridge, 1985; Thomas

et al., 1987). In the eastern section, an 84-cm-thick

(corrected for dip) interval of shallowly inclined (78,



Fig. 8. Composite stratigraphic sections of the Red Continental Strata near Vurpăr (Transylvanian Basin, Alba county). Total thickness of

western and eastern sections is 69.32 m and 73.46 m, respectively. Pedogenic features characterizing the red paleosols and the stratigraphic

location of fossil finds are indicated. The rose diagrams, reflecting the palaeocurrent direction measured in various channel deposits, indicate

that high-sinuosity rivers flowing primarily southward formed the deposits.
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corrected for dip but not for compaction) light green

sandstone and red sandy mudstone couplets overlies

105-cm-thick trough cross-stratified channel deposits.

While the thickness of the red mudstone interval
remains relatively constant in the sequence (~5 cm),

the thickness of the green sandstone intervals decreases

upward from 25 cm to 7 cm (Fig. 9C), a phenomenon

commonly reported in lateral accretion deposits (Tho-



Fig. 9. Sedimentary structures in Red Continental Strata channel

deposits. (A) Horizontal to low-angle stratification in sandstone sheet.

Hammer for scale (upper left corner). (B) Inclined heterolithic strata

(IHS) consisting of conglomerate-sandstone couplets in channel

deposits of the western section. The conglomerate intervals become

finer and thinner up-dip, typical of lateral accretion units. The clasts in

the conglomerate intervals are imbricated perpendicular to the dip of the

IHS. Hammer for scale. (C) Sandstone–mudstone couplets of the IHS

present in channel deposits of the eastern section.Although the thickness

of the red mudstone intervals (labeled bmQ) remains relatively constant

in the sequence, the thickness of the green sandstone intervals decreases

upward, as often observed in lateral accretion deposits. Sedimentary

structures preserved in the sandstone and mudstone intervals indicate

that palaeoflow was perpendicular to the dip of the strata. Hammer for

scale. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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mas et al., 1987). Internal sedimentary structures

preserved in the couplets, in the form of small-scale

trough cross-stratification, indicate that palaeocurrent

was perpendicular to their dip. Even though the

overall architecture of this interval is reminiscent of

levee deposits, the perpendicular orientation of the

couplets to the direction of palaeoflow rather suggests

that they were produced by lateral accretion within a

channel. Similar inclined sandstone–mudstone cou-

plets with internal sedimentary structures are pre-

served in numerous ancient and modern fluvial

deposits interpreted as point bar deposits (Allen,

1965; Collinson, 1978; Jackson, 1978; Bridge, 1985;

Thomas et al., 1987).

The sandstones of the Red Continental Strata are

moderately to poorly sorted lithic wackes, composed

primarily of angular to subrounded monocrystalline

and polycrystalline quartz, potassium feldspars, and

igneous rock fragments (Table 1). Angular andesite

clasts and glass shards are common in these sandstones,

suggesting that volcanic rocks were present in the

source area. Furthermore, the discovery of a thin

volcanic ash layer of andesitic composition in the

western section (Fig. 8), supports the hypothesis of

synchronous volcanic activity during deposition of the

Red Continental Strata. Indeed, Maastrichtian banatitic

intrusions, related to the subduction of oceanic crust,

are found in the Apuseni Mountains and Southern

Carpathians (see Kräutner et al., 1984; Anastasiu,

1991; Berza et al., 1998; Sanders, 1998; Willingshofer,

2000; Csontos and Vörös, 2004). Comparison of

compositional modes reveals that the Red Continental

Strata are compositionally distinct from the Sânpetru

Formation: the studied sandstone is richer in mono-

crystalline quartz, with high Qt/F+L and Qp/F+L ratios

(Suttner and Dutta, 1986), and richer in lithic fragments

than the Sânpetru sandstones (Fig. 10). These results

indicate that the composition of the source area for the

Red Continental Strata was different from the source

area of the Sânpetru Formation. Whereas the Sânpetru

rivers drained a metamorphic core complex (^arcu-

Retezat Mountains), the ancient rivers near Vurpăr

drained the southern Apuseni Mountains, which con-

sist of crystalline, ophiolitic, and sedimentary nappes

(Burchfiel and Bleahu, 1976; Sandulescu et al., 1978;

Sanders, 1998; Willingshofer, 2000).

While the Red Continental Strata fluvial system is

generally floodplain-dominated, the abundance of



Fig. 10. Composition ternary diagrams for sandstones of the Red Continental Strata, DensuY-Ciula Formation, and Pui beds. These sandstones

are compared to sandstones of the Sânpetru Formation (Therrien, 2004). Sandstones of the Red Continental Strata and DensuY-Ciula Formation

are different from those of the Sânpetru Formation, being richer in quartz and lithic fragments, respectively; thus the provenance of the material

found in these formations was different. The source area for the Red Continental Strata was the southern Apuseni Mountains, which consist of

crystalline, ophiolitic, and sedimentary nappes, while sediment of the DensuY-Ciula Formation was derived from the Poiana Ruscă Mountains,

part of the Getic/Supragetic crystalline and sedimentary nappes associated with andesitic intrusions and volcanism. The composition of the Pui

and Sânpetru sandstones is very similar. The slightly higher quartz content of the Pui sandstone relative to those of the Sânpetru Formation could

be due to the finer grained nature of the studied sample; thus Pui and Sânpetru sediments were probably derived from a similar source area, the

metamorphic dome of the ^arcu-Retezat Mountains.
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mudstones in vertical sequences does not necessarily

reflect deposition by meandering rivers. Although

high-sinuosity fluvial systems are generally associated
Fig. 11. Typical paleosol profile of the Red Continental Strata. This bro

slickensides. The various molecular weathering ratios reflect a distinct ge

horizons are well-differentiated. The textural index reveals that the profile
with thick overbank deposits, numerous meandering

river deposits preserve little mudstone in their strati-

graphic sequences (see Jackson, 1978) and recent
wn-to-red paleosol contains carbonate nodules, rhizocretions, and

ochemical trend through the profile, indicating that the pedogenic

consists predominantly of mudstone.



Table 2

Characteristics of the paleosols of the Red Continental Strata, DensuY-Ciula Formation, and Pui beds

Depth

(cm)

Horizon Lithology Matrix

color

Redoximorphic

features

B-fabric Carbonates Notes

Red Continental Strata, Vurpăr (location of paleosol: 42 m from base of western section; 46800V36WN 023828V36WE)
0–34 BAk Sandy

mudstone

10R 3/4

(brownish

red)

None Stipple speckled

with striations

and granostriations

Rare small nodules,

common rhizocretions

(1 cm diameter);

Microscopy: micritic

with sparite veins,

ferruginous intergrowths

Intense bioturbation;

slickensides; clay and

iron coatings; localized

zones of Fe depletion or

concentration; theropod

bones found in this unit

34–69 Bk1 Sandy

mudstone

10R 3/4

(brownish

red)

None Mosaic speckled

with numerous

striations

Few small nodules,

common rhizocretion

(1 cm diameter);

Microscopy: micritic,

some occasionally form

coatings on ferruginous

pedofeatures

Bioturbation; slickensides;

clay and iron coatings;

localized zones of Fe

depletion or concentration

69–116 Bkt Sandy

mudstone

5YR 3/4

(reddish

brown)

None Mosaic speckled

with numerous

striations

Common small to medium

nodules, some rhizocretions

or cemented burrows;

Microscopy: micritic,

ferruginous intergrowths

Bioturbation; slickensides;

broken subangular blocky

peds?; clay and iron

coatings; localized zones

of Fe depletion or

concentration

116–188 Bk2 Sandy

mudstone

7.5YR 4/4

(brown)

None Stipple speckled

with some striations

and granostriations

Common to abundant

small to medium nodules;

Microscopy: micritic,

ferruginous intergrowths

Bioturbation; slickensides?;

some iron coatings

188–213 Bw Sandy

mudstone

7.5YR 4/4

(brown)

None Stipple speckled

with striations

and occasional

granostriations

Microscopic nodules;

micritic, rare sparite

inclusions

Bioturbation; slickensides?;

localized zones of Fe

depletion or concentration

213–228 C Sandy

siltstone

DensuY-Ciula Formation, TuYtea (location of paleosol: 7.91m from base of section)

0–33 Bw Sandy

mudstone

2.5YR 3/4

(reddish

brown)

None Striated Common small to large

nodules and masses;

Microscopy: micritic and

sparitic masses present

Bioturbation; slickensides;

some clay illuviation

33–72 Bk(t?) Sandy

mudstone

2.5YR 3/4

(reddish

brown)

None Striated and

granostriations

Abundant small to large

nodules and masses;

Microscopy: micritic,

most have diffuse margins;

ferruginous intergrowths

Bioturbation; slickensides;

clay and iron coatings

72–97 2ABk Sandy

mudstone

2.5YR 3/4

(Reddish

brown)

None Striated and

granostriations

Common small to large

nodules and masses;

Microscopy: micritic and

sparitic masses present

Intense bioturbation;

slickensides?; some clay

coatings
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Table 2 (continued)

Depth

(cm)

Horizon Lithology Matrix

color

Redoximorphic

features

B-fabric Carbonates Notes

97–150 2Bk Sandy

mudstone

2.5YR 3/6

(reddish

brown)

None Stipple speckled

with striations

and granostriations

Few small to large

nodules and masses;

Microscopy: mostly

micritic, occasional

sparite inclusions,

diffuse margins,

ferruginous intergrowths

Bioturbation; slickensides,

iron coatings, occasional

clay coatings

150–171 2Bt Sandy

mudstone

2.5YR 3/6

(reddish

brown)

None Striated None or rare Bioturbation; slickensides,

clay and iron coatings;

abundant cracks filled by

chaotically-organized

material

Nesting horizon, TuYtea (location of paleosol: 1.29m from base of section)

0–21 Bw Very sandy

mudstone

10R 3/4

(reddish

brown)

None Stipple speckled

and granostriations

None Bioturbation; some clay

and iron coatings

21–29 C? Conglomeratic

lithic arenite

(crevasse splay

deposit)

Laterally discontinuous

deposit, extends laterally

into carbonate-cemented

layer

29–63 2Bk Very sandy

mudstone

2.5YR

2.5/4

(reddish

brown)

None Striated Few small to large

nodules and masses,

diffuse margins

Bioturbation; some clay

and iron coatings

63–80 2CBk Very sandy

mudstone

2.5YR

2.5/4

(reddish

brown)

None Undifferentiated Rare small to large

nodules and masses,

diffuse margins

Bioturbated, rare poorly

developed clay coatings

Pui beds (location of paleosol: 94.90 m from base of section; 45830V16WN 23805V38WE)
0–5 BAt Muddy

sandstone

7.5R 3/6

(red)

Few, small,

diffuse, and

irregular;

10R 3/2

Some striations

and granostriations,

but mostly silasepic

(sandy groundmass)

None Bioturbation; clay and iron

coatings; may contain

slickensides; abrupt lower

boundary

5–18 Bt Muddy

sandstone

10R 3/6

(red)

Few, medium

to large,

diffuse, and

irregular;

10R 3/2

Striations and

granostriations,

but mostly

silasepic (sandy

groundmass)

None Bioturbation; clay and iron

coatings; may contain

slickensides; clear lower

boundary

18–27 Bw Muddy

sandstone

10R 3/6

(red)

None Mostly silasepic

(sandy groundmass)

None Bioturbation; few clay and

iron coatings; may contain

slickensides; gradual lower

boundary

27–39 BC Muddy

sandstone

10R 3/4

(brownish

red)

None Mostly silasepic

(sandy groundmass)

None Bioturbation; rare iron

coatings

The descriptive colour written in parentheses indicates the apparent colour of the horizon in outcrops. The location of the paleosol refers to the

stratigraphic level from the base of the specified section at which the studied profile is found.
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models of braided stream alluvium reveal that the

quantity of overbank deposits can also be significant in

low-sinuosity fluvial systems (Bentham et al., 1993;

Mack and James, 1993). However, the preponderance

of mudstones, the high variability of palaeocurrent

direction, and the presence of IHS interpreted as point

bar deposits together suggest that the Red Continental

Strata were deposited by a high-sinuosity fluvial

system that carried a significant suspended load.

5.1.2. Paleosols

The mudstone intervals preserved near Vurpăr

represent cumulative paleosol profiles built by the

episodic addition of sediment to the developing

profile (Figs. 8 and 11; Table 2). Although they may

vary in maturity, the paleosols of the Red Continental

Strata all formed in a palaeoenvironment subject to

alternating wet and dry periods. Pedogenic features,

when considered by themselves, do not indicate if the

alternation between wet and dry periods occurred on a

seasonal, annual, or longer periodicity. However,

when considered in combination with a palaeoflora,

suggestive of annual variation in precipitation, the

alternations can be inferred to have occurred season-

ally. Slickensides are common in Vurpăr paleosols

although pseudoanticlines, complex concave shrink-

and-swell features formed in vertisols (e.g., Wilding

and Tessier, 1988; Marriott and Wright, 1993; Caudill

et al., 1996; Wright et al., 2000), were not observed.

Preliminary results of X-ray diffraction analysis reveal

that smectite is present in these paleosols; pedogenic

smectite is known to form in climates subject to

seasonal precipitation. All paleosols display carbonate

accumulation, generally in the form of rhizocretions

and carbonate nodules occurring in well-defined

calcic (Bk) horizons (Fig. 11; Table 2), and an

indurated K horizon is developed in a thin sandstone

bed in the western section (Fig. 8). Such calcareous

features develop in arid to subhumid climates where

evapotranspiration exceeds precipitation. Indurated K

horizons are usually indicative of greater soil maturity,

although the occurrence of a single K horizon in a

sandstone bed suggests that the greater porosity of the

bed may be responsible for accelerating its develop-

ment (Gile et al., 1966; Birkeland, 1985). The

presence of slickensides, smectite, fractured carbonate

nodules cemented by sparite, and closely associated

carbonate nodules and ferruginous oxides (see above)
indicates alternating wet and dry periods. The

presence of mottles in some paleosols reveals that

soil conditions varied occasionally from oxidizing to

reducing. Finally, the association of vertic features

(slickensides), carbonate nodules, and redoximorphic

features (mottles) in these paleosols suggests that the

climate was subhumid (500–760 mm/year; Royer,

1999, 2000; Khadkikar et al., 2000).

The geochemical composition of Vurpăr paleosols

also suggests that a strongly seasonal subhumid climate

prevailed. Recently, Sheldon et al. (2002) derived

equations correlating specific geochemical properties

of Bw and Bt horizons of various types of paleosols to

the climatic conditions under which they formed

(precipitation range 200–1600mm/year). Namely, they

correlated the chemical index of alteration without

potash and molecular ratio of bases/alumina with mean

annual precipitation (MAP) and molecular ratio of

potash and soda to alumina with mean annual temper-

ature (MAT) in the following manner:

MAP ¼ 221e0:0197ð1004Al2O3=½Al2O3þCaOþNa2O�Þ ð1Þ

MAP ¼ 14:2654ð1004Al2O3

=½Al2O3 þ CaOþ Na2O�Þ � 37:632 ð2Þ

MAP ¼ �259:34lnð½MgOþ CaOþ Na2Oþ K2O�
=Al2O3Þ þ 759:05 ð3Þ

MAT ¼ �18:5164ð½K2Oþ Na2O�=Al2O3Þþ17:298

ð4Þ

Although Sheldon et al. (2002) cautioned that these

relationships may not give accurate results for

paleosols with near-surface carbonate accumulation,

Retallack (2004) and Sheldon and Retallack (2004)

applied them to paleosols possessing calcic horizons

at a depth of 50 cm or deeper. These relationships

were also applied to the Maastrichtian paleosols of

Romania and care was taken to include at least one

paleosol per formation that either possessed only a

deep calcic horizon (Red Continental Strata, DensuY-

Ciula Formation) or lacked carbonate accumulation

altogether (Pui beds, DensuY-Ciula Formation).

Following Sheldon et al.’s (2002) equations, the

geochemical properties of theBw andBt horizons of two
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distinct Vurpăr paleosols were used to estimate palae-

oprecipitation and palaeotemperature of the Maastrich-

tian climate (Table 3). The results suggest that annual

rainfall varied between 708 and 853 mm while mean

annual temperatures were around 11.5–11.7 8C. These
estimates are significantly lower than those suggested by

the Maastrichtian tropical flora occurring in the Red

Continental Strata and other contemporaneous Roma-

nian deposits, which presumably required abundant

precipitation (1300–2500 mm; Fig. 17) and high mean
Table 3

Estimates of mean annual precipitation (MAP) and mean annual

temperature (MAT) from different predictive methods (Eqs. 1

through 4 in text) applied to various paleosols of the Red

Continental Strata, DensuY-Ciula Formation, and Pui beds (Vurpăr

Western from calcareous paleosol illustrated in Fig. 11, Vurpăr

Eastern from non-illustrated calcareous paleosol, TuYtea L and Q are

2Bt and Bw horizons, respectively, from calcareous profile

illustrated in Fig. 13, TuYtea I is from nest horizon illustrated in

Fig. 14, Pui B and D are from noncalcareous paleosol illustrated in

Fig. 16)

Paleosol sample MAP (1)

(mm)

MAP (2)

(mm)

MAP (3)

(mm)

MAT (4)

(Celsius)

Red Continental Strata

Vurpăr Western (Bw) 756 853 714 11.5

Vurpăr Eastern (Bt) 747 844 708 11.7

DensuY-Ciula Formation

TuYtea L (Bt) 1086 1115 794 12.4

TuYtea Q (Bw) 903 981 735 12.6

TuYtea I (Bw) 1036 1081 775 11.6

Pui beds

Pui B (Bw) 921 996 793 8.7

Pui D (Bt) 958 1024 791 9.3

Average of Sânpetru

Formation

670 766 664 8.7

Standard error

of estimate

185 182 204 3.7

Palaeobotanical

studies

Petrescu and

DuYa (1982a)

Pop and

Petrescu (1983)

Palaeoprecipitation

estimates

1500

mm/year

1300–2200

mm/year

Palaeotemperature

estimates

22 8C 22–24 8C

These values are compared to the mean of estimates from Sânpetru

paleosols [derived from noncalcareous (category 4) and calcareous

(category 5) paleosols in Therrien, 2004] and estimates from

palaeobotanical studies. The standard error of estimate was

calculated from the data presented in Sheldon et al. (2002: Table 1).
annual temperatures (22–24 8C; Antonescu, 1973;

Petrescu and DuYa, 1982a; Pop and Petrescu, 1983;

Iamandei and Iamandei, 1997). These divergences

initially appear incompatible. However, Horrell (1991)

interpreted the Romanian floral assemblage as living in a

warm climate characterized by highly seasonal precip-

itation, where periods of abundant precipitation alternate

with periods of limited precipitation (e.g., India, south-

eastern Asia). Tropical plants can live in such climates if

they have access to water during the dry seasons, either

from the surface or groundwater, or if the reduced

amount of rainfall is sufficient to satisfy their metabolic

needs. Petrescu and DuYa (1982a,b) and Pop and

Petrescu (1983) also inferred seasonality of precipitation

on the basis of the contemporaneous macroflora

preserved in the Rusca Montană Basin, although they

estimated abundant palaeoprecipitation (at least 1300

mm/year). The anomalously lowMATestimates derived

from paleosols are also an artifact of seasonal precip-

itation. The geochemical estimationmethod relies on the

amount of sodium and potassium oxides (relative to

aluminum oxides) present in the soil. Under a warm

seasonal climate, K-rich minerals are less easily weath-

ered and (Na-rich) evaporites may form due to the

reduced amount of precipitation, resulting in an up-

profile increase of both elements in soils. Because this

predicted Na and K distribution pattern (high sodium

and potassium content) is identical to that observed in

soils developing in colder climates, the estimation

method delivers very low temperature estimates. There-

fore, the anomalously low temperature estimates

obtained from Red Continental Strata paleosols do not

indicate a cold Maastrichtian climate but rather one

characterized by strong seasonality of precipitation

(Retallack, 2001; Sheldon et al., 2002).

The molecular weathering ratios of paleosols of the

Red Continental Strata demonstrate the extent of

geochemical differentiation of the various pedogenic

horizons (Fig. 11). Clay and iron content gradually

increase up-profile, reflecting the increased weathering

of parent material, creation of pedogenic clays, and

rubification of the paleosol. The upper horizons are

relatively impoverished in bases, which were released

by the weathering of the parent material and evacuated

from the profile. However, a distinct enrichment in

carbonates is observed in the lower part of the profile.

The intermediate leaching index throughout the profile

reflects the well-drained conditions under which this



Table 4

Taphonomic, sedimentologic, and palaeopedologic comparison of the four Maastrichtian dinosaur-bearing formations of Romania

Red Continental Strata DensuY-Ciula Formation Pui beds Sânpetru Formation

Vertebrate remains Disarticulated, occasionally

associated?

Disarticulated, rarely

articulated, occasionally

associated

Disarticulated, rarely

articulated

Disarticulated, rarely

articulated, occasionally

associated

Faunal assemblage Dinosauria: Zalmoxes

robustus, Z. shqiperorum,

Telmatosaurus

transsylvanicus,

Strutiosaurus transilvanicus,

Magyarasaurus dacus, at

least one indeterminate

theropod

Chelonia: Kallokibotion

bajazidi

Crocodyliformes: large

indeterminate crocodilian

Dinosaur trackway:

Iguanodontichnus group

(attributed to Zalmoxes)

Dinosauria: Zalmoxes

robustus, Z. shqiperorum,

Telmatosaurus

transsylvanicus,

Magyarasaurus dacus,

velociraptorine theropod,

troodontid-like theropod

Pterosauria: Hatzegopteryx

thambema

Chelonia: Kallokibotion

bajazidi

Crocodyliformes:

Allodaposuchus precedens

and Doratodon sp.

Anura: Eodiscoglossus

sp., Hatzegobatrachus

grigorescui, and

Paralatonia transylvanica

Albanerpetontidae:

Albanerpeton sp. and

Celtedens sp.

Lacertilia: scincomorph

lizards (two unnamed

taxa)

Dinosauria: Zalmoxes

robustus, (Z. shqiperorum?),

Telmatosaurus transsylvanicus,

Magyarasaurus dacus,

velociraptorine theropod,

troodontid-like theropod

Chelonia: Kallokibotion

bajazidi

Crocodyliformes:

Allodaposuchus precedens

Anura: Eodiscoglossus sp.

Albanerpetontidae:

Albanerpeton cf.

inexpectatum

Multituberculata:

?Paracimexomys

dacicus = Barbatodon

transylvanicum and

indeterminate taxon

Lacertilia: indeterminate

anguimorph(?) lizards and

three scincomorph lizards

(the teiid Paraglyphanodon

sp. and the paramacellodids

Dinosauria: Zalmoxes

robustus, Z. shqiperorum,

Telmatosaurus transsylvanicus,

Strutiosaurus transilvanicus,

Magyarasaurus dacus,

Euronychodon sp.,

Paronychodon sp.,

Richardoestesia sp.,

Bradycneme draculae

(tetanuran or maniraptoran),

Elopteryx nopcsai (troodontid

or pygostylian), Heptasteornis

andrewsi (alvarezsaurid?), one

velociraptorine (closely related

to Saurornitholestes), one

neoceratosaur (abelisaurid?),

indeterminate enantiornithine

Pterosauria: cf.

Ornithodesmus sp.

Chelonia: Kallokibotion

bajazidi

Crocodyliformes:

Allodaposuchus precedens

Anura?: discoglossid?

Albanerpetontidae:
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Multituberculata:

?Paracimexomys

dacicus = Barbatodon

transylvanicum, Hainina

sp., and indeterminate

kogaiononidae

fishes: Lepisosteus sp.

and numerous others

2 dinosaur nests with

eggs (3 clutches)

(Megaloolithus

sp. parataxon)

Becklesius sp. and B. aff.

hoffstetteri)

fishes: indeterminate

acipenseriforms and

characids

5 eggshell types:

discretispherulitic,

prolatospherulitic,

prismatic, ratite, and

geckonoid

indeterminate taxon

Multituberculata: Kogaionon

ungureanui, Kogaionon n.

sp., indeterminate

kogaiononidae, Barbatodon

n. sp., and indeterminate taxon

Lacertilia: 2 indeterminate

scincomorphs

11 dinosaur nests with eggs

(Megaloolithus cf. siruguei

parataxon) + prismatic

eggshells (theropod?) +

geckonoid eggshells

Preservation

environments

Paleosol, channel Paleosol, splay deposit Paleosol, channel Floodplain depression

(sandy lenses), channel,

paleosol

Fluvial system Meandering rivers Braided streams Meandering rivers Braided streams

(+ meandering rivers)

Palaeoenvironments Moderately- to well-

drained floodplains

Well-drained floodplains

with local areas of

impeded drainage

Moderately- to well-drained

floodplains

Mosaic of wetlands and

moderately-drained

floodplains

Climate Subhumid with alternating

wet and dry periods

(monsoonal)

Subhumid with alternating

wet and dry periods

(monsoonal)

Subhumid with alternating

wet and dry periods

(monsoonal)

Subhumid with alternating

wet and dry periods

(monsoonal)

Characteristics of the Sânpetru Formation were obtained from Grigorescu and Kessler (1980), Grigorescu (1983), Weishampel and Jianu (1996), Jianu and Weishampel (1997), Csiki

and Grigorescu (1998), Grigorescu et al. (1999), Codrea et al. (2002b), Grigorescu and Csiki (2002), Smith et al. (2002), Weishampel et al. (2003), Naish and Dyke (2004), Therrien

(2004), Van Itterbeeck et al. (2004), and P. Godefroit (personal communication, December 2004).
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paleosol developed. Such geochemical trends, reflect-

ing clear horizon differentiation, necessitate extended

periods of subaerial exposure. Comparison with the

Sânpetru paleosols (Therrien, 2004) reveals that the

paleosols of the Red Continental Strata are very similar

to category 5 (calcareous) paleosols, although slightly

more mature. These paleosols formed on moderately-

to well-drained floodplains.

5.1.3. Fossil remains

The typical fossil fauna found in the Red Continental

Strata near Vurpăr is dominated by dinosaurs and

consists of the euornithopods Zalmoxes robustus and

rarer Zalmoxes shqiperorum, the hadrosaurid Telmato-

saurus transsylvanicus, the nodosaurid Strutiosaurus

transilvanicus, at least one (indeterminate) theropod, at

least one turtle (the selmacryptodire Kallokibotion

bajadizi), and large (indeterminate) crocodilians

(Codrea et al., 2002a; Weishampel et al., 2003).

Remains of the titanosaurid Magyarasaurus dacus and

ornithopod trackways are also preserved south of the

MureY River in deposits ascribed to the same formation

with a more prominent lacustrine presence (Table 4;

Codrea et al., 2002a; Vremir and Codrea, 2002).

Fossil vertebrates are found usually as disarticulated

remains in red and brown paleosols; e.g., theropod

postcranial elements were found in the surficial red

horizon of the studied paleosol (Fig. 11). Such

attributes suggest preservation of attritional assemb-

lages in paleosols, where bones are disarticulated,

exposed to the elements, and possibly transported prior

to their incorporation into paleosol profiles. Channels

can also be concentration agents, as revealed by lag

deposits preserving long bones and vertebrae of broad

taxonomic diversity (Vremir and Codrea, 2002).

Recently, associated ankylosaur material (Strutiosau-

rus, V. Codrea, personal communication, December,

2004) was discovered in the Western section by a

team from the BabeY-Bolyai University (Cluj) in a

thin (23 cm) lens of red, trough cross-stratified very

fine sandstone to siltstone directly overlying channel

deposits, suggesting that carcasses could also be

stranded and preserved in infilling or crevasse splay

channels. South of the MureY River, dinosaur track-

ways (Iguanodontichnus group, attributed to Zal-

moxes) were found near the top of a trough-to-

tabular cross-stratified sandstone, interpreted as a

riverbank environment (Vremir and Codrea, 2002).
5.2. DensuY-Ciula Formation, TuYtea

The DensuY-Ciula Formation is exposed in the

northwestern Ha_eg Basin, along the margin of the

Poiana Ruscă Mountains (Fig. 3). While the coarse,

nonfossiliferous, lower member is broadly exposed

between the villages of Stei and DensuY, the finer

members rich in red mudstones are only poorly

exposed. Creeks dissecting the formation provide

discontinuous exposures of the finer members gen-

erally limited to a few tens of meters in thickness. In

the late 1980s, a fortuitous landslide in the hills west

of the village of TuYtea exposed a 12 m-section of the

middle member of the DensuY-Ciula Formation. This

famous locality has yielded at least two dinosaur nests

containing eggs as well as embryonic-to-hatchling and

adult skeletal material (Grigorescu et al., 1990, 1994;

Grigorescu and Csiki, 2002) and was included in this

study because it preserved an exquisite sedimentary

sequence. A stratigraphic section of the locality

(45836V26WN 022850V53WE) was measured and cor-

rected for the attitude of the strata (0928N, dip 148 to
the south). Grigorescu (1993) argued that this locality

is situated in the uppermost middle member of the

DensuY-Ciula Formation, presumably near the K/T

boundary, because the remainder of the formation is

devoid of dinosaur remains. However, given the non-

fossiliferous nature of the upper member of the

DensuY-Ciula Formation, the assignment of the

middle member to the latest Maastrichtian must be

considered cautiously and requires reevaluation with a

datation method independent of fossil preservation

(e.g., Panaiotu and Panaiotu, 2002; Therrien, 2004).

5.2.1. Fluvial system

The deposits of the DensuY-Ciula Formation

exposed at TuYtea are red, pedogenically-modified

mudstones bisected by a nearly 6-m-thick conglom-

erate and sandstone channel sequence (Fig. 12). The

channel deposits consist of a light green fining-upward

sequence that becomes gradually brown toward the top.

At the base of the channel sequence, a thick, poorly

imbricated cobble-to-pebble conglomerate overlies an

erosional contact with minimal (b15 cm) relief. The

basal conglomerate is overlain by conglomeratic

litharenite exhibiting an upward sedimentary structure

sequence of large-scale trough cross-stratification,

horizontal lamination, large-scale tabular cross-strat-



Fig. 12. Stratigraphic section of the TuYtea locality, DensuY-Ciula

Formation (Ha_eg Basin, Hunedoara county). Total thickness of the

section is 12.58 m. The base of the section consists of interbedded

sandstone and mudstone intervals, typical of splay deposits. A

stratigraphic interval containing dinosaur nests, eggs, and fossil

remains underlies a thick sandstone bed preserving a sequence of

sedimentary structures typical of braided streams. The upper part of

the section is dominated by thick, pedogenically-modified red

mudstones rich in carbonate nodules, suggesting a well-drained

floodplain environment. A gleyed interval occurs at the top of the

section but its occurrence underneath recent colluvium and the

presence of recent illuvial features suggest that it may not be a

Maastrichtian paleosol horizon. The rose diagrams, reflecting the

palaeocurrent direction measured in a few channel deposits, indicate

that low-sinuosity rivers flowing primarily to the southeast and

crevasse splays formed the deposits.
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ification, medium-scale trough cross-stratification, and

small-scale trough cross-stratification. The top of the

channel deposits is structureless. Although the number

of palaeocurrent directions measured in the channel

sequence is limited, large trough and tabular cross-

stratification indicate a unique direction of palaeoflow

to the south-east (Fig. 12). These results contrast with

the general northward palaeocurrents reported for the

DensuY-Ciula Formation by Grigorescu (1983: Fig. 3,

labeled as part of the bSı̂npetru bedsQ). The sequence of
sedimentary structures and variability in palaeocurrent

orientation is very similar to the facies models

developed for distal gravelly and sandy braided

streams: a large channel filled by the migration of

crescent-shaped dunes (trough cross-stratification) and

straight crested dunes or sandbars (tabular cross-

stratification; Cant and Walker, 1976, 1978; Cant,

1978; Miall, 1978; Bentham et al., 1993).

A thin, weakly-imbricated conglomeratic bed situ-

ated lower in the section preserved palaeocurrent

orientation perpendicular to the channel sequence

(Fig. 12). This characteristic, combined with the

presence of pedogenically-modified sandy overbank

deposits overlying this unit, suggests that the thin

conglomeratic bed represents proximal crevasse splay

deposits. Indeed, crevasse splays tend to breach natural

levees at high angle to the main channel and deposit

coarsematerial on the floodplain (seeMjbs et al., 1993).
The channel deposits of TuYtea are moderately to

poorly sorted lithic wackes, composed primarily of

very angular to subrounded polycrystalline and mono-

crystalline quartz, andesite, and metamorphic clasts

(Table 1). The abundance of andesitic clasts (up to

cobble size) in the DensuY-Ciula Formation has long

been recognized as evidence of syndepositional vol-

canism; indeed, contemporaneous banatitic intrusions

are known from the nearby Poiana Ruscă Mountains,

located to the northwest of TuYtea (Nopcsa, 1905;

Anastasiu, 1991; Weishampel et al., 1991; Grigorescu,

1992). Comparison of compositional modes reveals

that the DensuY-Ciula Formation is compositionally

distinct from the Sânpetru Formation: although the

TuYtea sandstone contains a relatively similar quantity

of quartz (both Qp and Qt) and is of similar low

maturity (low Qt/F+L and Qp/F+L ratios) as the

Sânpetru sandstones, it is far richer in lithic fragments,

mainly andesitic clasts fragments (Fig. 10; Table 1).

These results strongly suggest that the composition of
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the source area for the DensuY-Ciula Formation was

different from the source area of the Sânpetru

Formation. Indeed, the occurrence of andesitic intru-

sions in the Poiana Ruscă Mountains combined with

the southeastward palaeocurrents of the large channel

deposits at TuYtea (Fig. 12) argue for a source area

somewhere in the Getic/Supragetic crystalline and

sedimentary nappes situated northwest of the DensuY-

Ciula Formation (see Figs. 1 and 3), contrary to the

conclusions reached by Grigorescu (1983: Fig. 3), who

suggested a source area to the south. In contrast, the

source area of the Sânpetru Formation, which lacks

volcanic fragments, was the large metamorphic com-

plex situated south of the Ha_eg Basin, as supported by

palaeocurrent orientation in that formation (Grigor-

escu, 1983; Therrien, 2004).

If the TuYtea locality is representative of the middle

member of the DensuY-Ciula Formation, it can be

concluded that braided streams were involved in the

deposition of this part of the formation. The significant

quantity of overbank deposits is typical of braided

streams flowing in symmetrical, extensional basins like
Fig. 13. Typical paleosol profile of the DensuY-Ciula Formation. This b

slickensides. The various molecular weathering ratios reflect a distinct g

horizons are well-differentiated. The textural index reveals that the profile
the Ha_eg Basin (Bentham et al., 1993; Mack and

James, 1993). In the depositional context of the

DensuY-Formation, where the coarse basal member

has been interpreted as alluvial fan deposits (e.g.,

Anastasiu and Csobuka, 1989; Weishampel et al.,

1991), several authors have interpreted the fossiliferous

middle member in terms of a distal alluvial fan setting

(Anastasiu and Csobuka, 1989; Anastasiu, 1991;

Grigorescu et al., 1994; Grigorescu and Csiki, 2002).

This palaeoenvironmental reconstruction does not

contradict the results presented here, as deposition on

distal alluvial fans (in the broad sense of the term,

contra Blair and MacPherson, 1994) is often accom-

plished by braided streams and deposits of such

depositional environments are difficult to differentiate

from those of alluvial plains (see López-Gómez and

Arche, 1997; Therrien, 2004).

5.2.2. Paleosols

The mudstones of the DensuY-Ciula Formation

preserve cumulative and composite paleosol profiles

(Figs. 12 and 13; Table 2). As was the case in Vurpăr,
rown-to-red paleosol contains carbonate nodules, root traces, and

eochemical trend through the profile, indicating that the pedogenic

consists predominantly of mudstone.
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the paleosols of TuYtea formed in a climate charac-

terized by alternating wet and dry periods. Slickensides

are extremely abundant in the TuYtea paleosols,

although pseudoanticlines were not observed. Prelimi-

nary results of clay mineralogy analysis presented in

Grigorescu and Csiki (2002) and those conducted by

the present author indicate that smectite is present in the

studied paleosols. Carbonate nodules are omnipresent

in the TuYtea overbank deposits, forming well-devel-

oped calcic (Bk) horizons (Fig. 12); however, plugged

horizons (K) are not present. Microscopically, the

carbonate nodules display fractures that were later

filled by sparite or soil materials, as well as ferruginous

intergrowths. All these pedogenic features suggest

seasonal precipitation, possibly varying between 500

and 760mm/year (Royer, 1999, 2000; Khadkikar et al.,

2000). As explained earlier, pedogenic features, when

considered by themselves, do not indicate the perio-

dicity of the alternating wet and dry periods, but when

considered in combination with a palaeoflora, sugges-

tive of annual variation in precipitation, these alter-

nations can be inferred to have occurred seasonally.

Coal layers have been reported in the DensuY-Ciula

Formation (Weishampel et al., 1991; Grigorescu, 1992;

Grigorescu et al., 1994; Grigorescu and Csiki, 2002),

indicating that poorly-drained environments character-

ized the DensuY-Ciula landscape, at least locally.

Although no coal layer is preserved at the TuYtea

locality, the uppermost paleosols of the section become

gradually grayer until they can be considered gleyed

(Fig. 12). Such features could be interpreted as hydro-

morphic paleosols, indicative of prolonged saturation

of the soil profile by groundwater. However, because

these gleyed horizons are located near the top of the

section underneath recent colluvium, are invaded by

modern roots, and contain evidence of recent illuvial

features (films of carbonate accumulation), they could

be the result of recent pedogenic processes.

Estimates of palaeoprecipitation and palaeotemper-

atures derived from paleosol geochemistry are indica-

tive of a subhumid climate. Curiously, the MAP

estimates obtained from the chemical index of alter-

ation without potash are superior to estimates derived

from the molecular ratio of bases/alumina (the former

range from 900 to 1090 mm/year, the latter vary

between 735 and 794 mm/year) and estimates from

contemporaneous paleosols of other Romanian for-

mations (Table 3; Fig. 17). However, all of these
estimates are compatible given the standard errors

associated with these methods. The high estimates

derived from the TuYtea paleosols appear to be

influenced by the higher Al2O3 and lower Na2O

content of these paleosols, which could reflect differ-

ences in parent material composition (more volcanic

clasts), texture (muddier=enriched in Al2O3), or degree

of pedogenesis (more mature paleosol=enriched in

Al2O3 and impoverished in Na2O). The MATestimates

from TuYtea paleosols are less than the estimate of 22–

24 8C derived from the fossil tropical flora of the region

(Petrescu and DuYa, 1982a,b; Pop and Petrescu, 1983).

Once again, this is due to the reduced weathering of

feldspars in a climate characterized by seasonal

precipitation (Sheldon et al., 2002).

The geochemical profiles for a segment of the

overbank sequence overlying the channel deposits

demonstrate the extent to which pedogenesis modified

TuYtea floodplain deposits (Fig. 13). This sequence

represents a composite paleosol profile, where the A

horizon of a paleosol was overprinted with pedogenic

features of a second paleosol that developed on top of

it. The clay content (clayeness) and hydrolysis indices

are, respectively, high and low throughout the profile,

reflecting the advanced state of weathering of the

parent material resulting in the high clay and iron

content of the paleosols. The lower half of the

overbank sequence displays distinct geochemical

differentiation of the horizons. The presence of a

carbonate- and base-impoverished horizon overlying a

horizon enriched in these same elements is interpreted

as evidence for the leaching of carbonates and bases

from the surficial A horizon followed by their

accumulation in an illuvial B horizon (Fig. 13). Such

well-developed geochemical trends suggest that pedo-

genesis was uninterrupted by the addition of material

to the profile, thus allowing clear differentiation of the

horizons within the paleosol. In contrast, the upper

half of the overbank sequence is poorly differentiated

geochemically, suggesting that addition of material to

the profile may have been more frequent, resulting in

less extensive pedogenic modification. Finally, the

intermediate-to-high leaching index throughout the

profile confirms the well-drained nature of the flood-

plain on which these paleosols developed. Compar-

ison with the Sânpetru paleosols (Therrien, 2004)

indicates that the DensuY-Ciula paleosols present at

TuYtea represent well-developed category 5 (calcare-
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ous) paleosols, possibly slightly more mature than

their Sânpetru equivalents. These paleosols formed on

well-drained floodplains where the watertable was

very deep and fluctuations in its level did not affect

the hydrologic conditions within the profile.

5.2.3. Fossil remains

The fossil vertebrate fauna known from the TuYtea

locality consists of Zalmoxes robustus, Zalmoxes

shqiperorum, Telmatosaurus transsylvanicus, a veloc-

iraptorine theropod, the eucrocodilian Allodaposuchus

precedens, the selmacryptodire Kallokibotion baja-

zidi, indeterminate pterosaurs, frogs (?discoglossid),

albanerpetontids (Albanerpeton sp.), and multituber-

culates (indeterminate Kogaiononidae; Csiki and

Grigorescu, 1998, 2000; Grigorescu et al., 1999;

Grigorescu and Csiki, 2002; Weishampel et al.,

2003). Remains of Magyarasaurus dacus, the giant

azhdarchid pterosaur Hatzegopteryx thambema, troo-

dontid-like theropods, the bmesosuchianQ Doratodon
sp., multituberculates (?Paracimexomys sp., Hainina

sp., and indeterminate taxon), frogs (Eodiscoglossus

sp., Hatzegobatrachus grigorescui, and Paralatonia

transylvanica), albanerpetontids (Celtedens sp.), scin-

comorph lizards (two unnamed taxa), and fishes

(Lepisosteus sp. and numerous other taxa) found at

other localities within the middle member (e.g.,

Vălioara; see Fig. 3) complete the faunal assemblage

of the DensuY-Ciula Formation (Table 4; Csiki and

Grigorescu, 1998, 2000; Grigorescu et al., 1999;

Buffetaut et al., 2002; Grigorescu and Csiki, 2002;

Venczel and Csiki, 2003).

Grigorescu and Csiki (2002) described the taphon-

omy of the TuYtea locality. Disarticulated fossil

remains tend to be found in calcareous paleosols

and in bioturbated overbank deposits, although the

faunal assemblages found in paleosols are taxonomi-

cally more diverse. The previous authors did not

explain this difference in diversity, but I posit that it

may be attributable to the fact that paleosols represent

longer time intervals, thus resulting in time-averaged

fossil assemblages. Grigorescu and Csiki (2002)

inferred that the low degree of weathering and

abrasion of the bones, combined with their occurrence

within paleosols, indicate that the fossiliferous units in

the DensuY-Ciula Formation represent attritional

assemblages formed by limited hydraulic transport.

The preponderance of small specimens and bone
fragments (b10 cm) in the fossiliferous units was also

interpreted as evidence that destructive processes,

such as scavenging and trampling, were important

(Grigorescu and Csiki, 2002), although simple

mechanical breakage of the elements cannot be

excluded.

The exceptional discovery of a fossiliferous hori-

zon containing two dinosaur nests with 19 eggs, as

well as hatchling and adult Telmatosaurus material at

TuYtea (Grigorescu et al., 1990, 1994; Weishampel et

al., 1993; Grigorescu and Csiki, 2002) offers the

unique opportunity to study direct interaction between

dinosaurs and their palaeoenvironments. The sub-

spherical eggs were closely spaced and lying in nearly

linear rows following the topographic relief of the

surface (Grigorescu et al., 1994; Grigorescu and Csiki,

2002). Within one of the nests, the eggs are grouped

in two clutches 50 cm apart. In each clutch, the eggs

are vertically arranged in superposed levels containing

2 to 4 eggs. Recently, a third clutch preserving 5 eggs

was recovered a few meters from the aforementioned

nests (Grigorescu and Csiki, 2002). Most eggs are

hatched, being represented by their lower halves only,

but at least two eggs are complete and unhatched

(Grigorescu et al., 1994). Although the presence of

hatchling and adult Telmatosaurus transsylvanicus

material suggested initially that the nests were built by

hadrosaurids, this hypothesis was weakened when the

eggs found in the nests were established to pertain to

the megaloolithid ootaxonomic group, a category

generally attributed to sauropods (Grigorescu et al.,

1990).

The lower part of the TuYtea section consists of

alternating thin conglomeratic beds and pedogeni-

cally-modified overbank deposits (Fig. 12). This

sedimentary sequence indicates sporadic deposition

by crevasse splays on the floodplain with periods of

subaerial exposure separating each event. The nesting

horizon is located within a sandy mudstone interval

below the thick channel deposits (Figs. 12 and 14).

Although the exact level at which the nests were

found could not be identified with certainty at the time

fieldwork was conducted, the fact that they are

preserved with in situ eggs suggests that they occur

either near the top of the calcareous interval or in the

noncalcareous interval above the thin discontinuous

conglomeratic layer found in mid-interval (2Bk or Bw

horizon, respectively, in Fig. 14 and Table 2), a claim



Fig. 14. Detailed stratigraphy of the nesting horizon at TuYtea. The nests occur either near the top of the calcareous interval (2Bk horizon) or in

the noncalcareous interval (Bw horizon). The lower mudstone exhibits the pedogenic and geochemical signatures of a poorly developed

calcareous paleosol (small carbonate nodules, weak geochemical differentiation of horizons). In contrast, the upper mudstone displays very

limited pedogenic modification, indicative of a very immature paleosol. The textural index reveals that these paleosols are sandy, presumably

reflecting a more proximal position on the floodplain.
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supported by a schematic representation and descrip-

tion of this interval by Grigorescu et al. (1994) and

Grigorescu and Csiki (2002), as well as photographs

and description of the nest horizon (D.B. Weishampel,

personal communication, May 2004). The presence of

carbonate nodules, slickensides, root traces, and

burrows and the lack of mottles in this stratigraphic

interval indicate that these dinosaurs established their

nests on well-drained parts of the floodplain. How-

ever, the less mature stage of development of the

paleosol (carbonate nodules less abundant and gen-

erally smaller, also noted by Grigorescu et al., 1994,

and poor geochemical differentiation of pedogenic

horizons) and the sandier parent material compared to

the other paleosols of the same locality (Figs. 13 and

14; Table 2) suggest that the nests were not built in the

distal-most reaches of the floodplain, where addition

of fine-grained material was infrequent, but rather

closer to the channels where sediment accumulation

occurred more frequently through crevasse splay

deposition. Grigorescu and Csiki (2002) mentioned

that the results of an undisclosed geochemical analysis

indicated the presence of an early successional plant

community in the region, an interpretation that lends

support to the current palaeoenvironmental recon-

struction of the nesting site on a floodplain subject to

frequent flooding. Nevertheless, the dinosaur nests

must have been buried rapidly in a relatively calm
setting (such as by distal crevasse splay deposits) for

the egg clutches to be preserved undisturbed.

The palaeoenvironmental conditions in which the

dinosaur nesting site of TuYtea is preserved are not

unique. Association of dinosaur nesting horizons with

calcareous paleosols and crevasse splay deposits has

also been observed in Late Cretaceous formations of

North America (Lorenz and Gavin, 1984), Southern

France (Cousin et al., 1994; Cojan et al., 2003),

Mongolia (Mikhailov et al., 1994), India (Sahni et al.,

1994; Mohabey, 1996; Sahni, 1997), and South Korea

(Paik et al., 2004). Although they do not exhibit

carbonate accumulation, the red paleosols in which

the famous titanosaurid nests of the Anacleto For-

mation of Argentina and Patagonia are preserved

contain slickensides (Chiappe et al., 2000; Dingus et

al., 2000). These pedogenic similarities indicate that

some dinosaurs established nests on well-drained

floodplains, although some Megaloolithus eggs have

been documented from mound-nests on tidal flats

(López-Martinez et al., 2000) and poorly-drained

habitats (Van Itterbeeck et al., 2004).

5.3. Pui beds

A red bed sequence is exposed near the village of

Pui, located in the central part of the Ha_eg Basin,

approximately 15 km to the southeast of the Sânpetru
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Formation outcrops found along the SibiYel Valley.

Exposure of the light green conglomeratic sandstones

and red mudstones of the Pui beds is extremely

limited, being restricted to the width of the Bărbat

River bed, which rarely exceeds 10 m. Unfortunately,

lithostratigraphic correlation of the Pui beds to other

formations within the Ha_eg Basin is impossible due

to the absence of Maastrichtian outcrops between the

central and western part of the Ha_eg Basin (Fig. 3).

The Pui beds have been correlated historically to the

basal portion of the Sânpetru Formation exposed

along the SibiYel River on the basis of lithological

similarities, namely the red colour of the beds

(Nopcsa, 1905; Grigorescu et al., 1985). Unfortu-

nately it is impossible to test this assertion because the

dips of the two units are perpendicular to each other

(see Fig. 3), preventing determination of the relative

stratigraphic position of the Pui beds in relation to the

Sânpetru section exposed along the SibiYel River.

A single, continuous stratigraphic section of the red

deposits (45830V28WN 023805V41WE), approximately

100 m in thickness (not 200 m as previously estimated

by Grigorescu et al., 1985), was measured when the

river level was low (Fig. 15). Because the dip of these

strata is weak (0678N, dip 148 to the south), correction
for stratigraphic thickness would have been minimal

(3%) and for palaeocurrent orientation unnecessary

(Potter and Pettijohn, 1963). Consequently, no cor-

rection was made.

Recently, Van Itterbeeck et al. (2004) described the

sedimentology and paleopedology of a short (18 m)

stratigraphic interval of the Pui beds where fossil

remains were discovered. Their results will be

compared to those obtained in the current research.

5.3.1. Fluvial system

The Pui sedimentary sequence consists of stacked

fining-upward sequences, each defined by a basal

light green conglomeratic sandstone grading upward

into brown and/or red mudstone (Fig. 15). The fining-

upward sequences are often incomplete, either trun-

cated by the overlying fining-upward sequence or by

thin fine-to-coarse-grained sandstone layers inter-

preted as crevasse splays. Sandstone beds vary

generally between 0.15 m and 1.50 m in thickness

(rarely exceeding 2.00 m) while the fine-grained

intervals range from 0.30 m to 2.00 m thick (usually

less than 1.00 m). All sandstone beds are single-
storied. Although it was often difficult to identify

channel scours due to the limited exposure, it was

occasionally possible to recognize the arcuate, con-

cave-up erosional contact of a channel scour or to see

the unit pinch-out laterally. Unfortunately, it was

impossible to determine the width/depth ratios of

channel scours.

Conglomerates, containing clasts up to cobble size,

occur predominantly as lag deposits at the base of

channel scours but also as thin (b30 cm thick), distinct

beds in the section (too thin to appear in Fig. 15).

Imbrication and large-scale trough cross-stratification

are visible in the conglomeratic intervals, while small-

scale trough cross-stratification is rarely recognizable

in finer channel deposits. Due to the poor exposure of

the Pui beds, trough cross-stratification is often the

only recognizable sedimentary structure in channel

deposits. The presence of horizontal laminations can

be inferred from the horizontal orientation of light

green reduction haloes, which appear to be restricted

to the upper sandy portion of fining-upward sequen-

ces. Palaeocurrent direction was measured from

imbrication and trough cross-stratification preserved

in channel deposits (Fig. 15). Although few palae-

ocurrent measurements could be taken, rivers from the

Maastrichtian Pui beds appeared to have flowed

predominantly northward (northeast through north-

west). However, intra- and interchannel palaeocurrent

variability is clearly higher than that observed in

channel deposits from the DensuY-Ciula Formation at

TuYtea (Fig. 12) and the Sânpetru Formation along the

SibiYel River (Therrien, 2004). Such high variability

in palaeocurrent orientation, reminiscent of the con-

dition observed in the Red Continental Strata (Fig. 8),

suggests deposition in a high sinuosity fluvial system

(e.g., Collinson, 1978; Jackson, 1978; Bridge, 1985).

Therefore, the east-northeast paleoflow direction

inferred by Van Itterbeeck et al. (2004) based on the

trend of a single channel is not unusual or unexpected

in this context.

The sandstones of the Pui beds are moderately to

poorly sorted lithic arenites and wackes, composed of

very angular to subrounded monocrystalline and

polycrystalline quartz, feldspars, and metamorphic

fragments (Table 1). Andesite clasts, although rare,

are found in the Pui deposits, suggesting that volcanic

rocks were present in the source area. In that aspect,

Pui sandstones are similar to sandstones of the



Fig. 15. Composite stratigraphic section of the Pui beds (Ha_eg Basin, Hunedoara county). Total thickness of the section is 102.58 m. Pedogenic

features characterizing the red paleosols and the stratigraphic location of fossil finds are indicated. The rose diagrams, reflecting the

palaeocurrent direction measured in various channel deposits, indicate that high-sinuosity rivers flowing primarily northward formed the

deposits.
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DensuY-Ciula Formation and Red Continental Strata

but different from those of the Sânpetru Formation, as

no volcanic clasts have been reported from Sânpetru

sandstones (Therrien, 2004). However, the composi-

tional mode of the Pui sandstone studied differs

markedly from those of the Red Continental Strata

and DensuY-Ciula Formation, but is very similar to

that of Sânpetru sandstones (Fig. 10; Table 1). The
slightly richer quartz content of the Pui sandstones

relative to Sânpetru sandstones could be due to the

finer grain size of the sample, which results in a bias

against lithic fragments requiring large grains for

proper recognition (Ingersoll et al., 1984; Zuffa,

1985). Consequently, the source area for the Pui and

Sânpetru deposits must have been similar. The

compositional immaturity (low Qt/F+L and Qp/F+L
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ratios; Table 1) and angularity of grains, indicative of

proximity to the source area, combined with the

northward palaeocurrent direction of rivers, suggest

that Pui sediment is derived primarily from the

metamorphic ^arcu-Retezat mountain range, although

rivers were subject to occasional andesitic volcanic

input.

The Pui stratigraphic section, dominated by thin

fining-upward sequences, suggests that splay depo-

sition predominated over floodplain accumulation.

Had floodplain accumulation been higher, thick

overbank sequences, similar to the Red Continental

Strata and DensuY-Ciula Formation, would have

been more abundant. The preponderance of thin

fining-upward sequences may reflect proximal

floodplain settings, i.e., in proximity to channels,

where deposition by crevasse splay deposits is

common; in contrast, the rarer mudstone sequences

present in the Pui section might represent distal

floodplain settings, where aggradation is accom-

plished by the deposition of fine material only.

Furthermore, the absence of multistorey sandstones,

i.e., superposed channel deposits produced by the

repetitive migration of channels over the same area,

indicates that aggradation rate could have been

superior to avulsion rate. Although the limited

exposure prevents a detailed study of the alluvial

architecture of the Pui beds, the evidence described

above suggests deposition in a high-sinuosity

fluvial system possibly where the proximal part of

the floodplain, which underwent aggradation

through crevasse splay deposition, is predominantly

represented over the muddier, distal floodplain

environments.

5.3.2. Paleosols

The stacking of fining-upward sequences in the

Pui stratigraphic sequence resulted in the formation

of distinct, non-overlapping paleosol profiles in

proximal floodplain settings. In contrast, the few

thick pedogenically-modified overbank intervals

present in the Pui beds, characteristic of distal

floodplain settings, suggest the development of

cumulative paleosol profiles through incorporation

of a small quantity of material. At least two different

types of paleosols are found in the Pui beds: brown-

red calcareous paleosols and dark red noncalcareous

paleosols.
5.3.2.1. Calcareous paleosols. Calcareous paleosols

are by far the most common paleosols in the Pui beds

and were also observed by Van Itterbeeck et al.

(2004). As their name suggests, they are characterized

by carbonate accumulation within the profile. Most

accumulations occur as small to large carbonate

nodules, although coalescence of nodules to form

indurated horizons is common (Fig. 6A; also see Van

Itterbeeck et al., 2004: Fig. 2). Bone fragments are

occasionally found within indurated horizons. When

an indurated horizon is present, carbonate nodules

generally decrease in size and degree of interconnect-

edness up-profile. Calcareous paleosols also occa-

sionally contain well-developed slickensides

(although these were not reported in the stratigraphic

interval studied by Van Itterbeeck et al., 2004), drab-

haloed root traces, and burrows, which may be

common to abundant. Distinct red mottles are occa-

sionally present in calcareous paleosols.

The suite of pedogenic features found in the Pui

calcareous paleosols is reminiscent of the paleosols of

the Red Continental Strata and category 5 paleosols of

the Sânpetru Formation (Therrien, 2004); TuYtea

paleosols differ from all these paleosols in lacking

mottles. However, some Pui calcareous paleosols have

reached a greater degree of maturity, as exemplified

by the coalescence of carbonate nodules and develop-

ment of indurated K horizons. Cementation of an

indurated horizon generally begins at the mean depth

of rainfall penetration and expands up-profile as

meteoric water accumulates on top of the imperme-

able layer, explaining why isolated carbonate nodules

still occur occasionally outside of this horizon

(Reeves, 1976; Goudie, 1983; Birkeland, 1985).

These well-developed caliche (or calcrete) layers

require a longer period of subaerial exposure to form

than paleosols containing nodules; therefore, such

paleosols formed on very stable floodplains charac-

terized by infrequent depositional events.

Although the geochemistry of calcareous paleosols

was not studied, the pedogenic features they preserve

give insight into the palaeoclimatic conditions under

which they formed. The red color of the groundmass

and the occasional occurrence of mottles suggest that

the paleosols developed on moderately- to well-

drained floodplains, conclusions also reached by

Van Itterbeeck et al. (2004). Calcic horizons, such as

those observed in the Pui beds, develop in climates
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where evapotranspiration exceeds precipitation

(Reeves, 1976; Goudie, 1983; Birkeland, 1985),

generally where rainfall is less than 760 mm/year

(Royer, 1999, 2000). Furthermore, the abundance and

well-developed nature of slickensides in these paleo-

sols strongly suggest that alternating wet and dry

periods occurred during the formation of the Maas-

trichtian calcareous paleosols. Supporting this inter-

pretation, Van Itterbeeck et al. (2004) reported that

smectite was the dominant clay mineral in the

calcareous paleosols of Pui.

5.3.2.2. Noncalcareous paleosols. Noncalcareous

paleosols are uncommon in the Pui beds but, when

they occur, are easily recognizable as they possess an

upper dark red horizon (7.5R 3/6) and are devoid of

any kind of carbonate accumulation. Van Itterbeeck et

al. (2004) did not observe this pedotype in the

stratigraphic interval they studied. The noncalcareous

paleosol profile is generally brown at the base but

gradually becomes dark red toward the top (Fig. 16;

Table 2). Small to large purple mottles are occasion-

ally present in the red horizon and represent zones of
Fig. 16. Typical noncalcareous paleosol profile in the Pui beds. This brow

contain slickensides. The various molecular weathering ratios reflect a clear

horizons are very well differentiated. The extremely low and high indices o

was intensely leached. The textural index reveals that the profile is rich in
iron depletion. Generally, slickensides are abundant

and very well developed in the red horizon but rare to

absent in the underlying brown horizon. Sandy infills

and elongate green haloes, interpreted as root traces,

occur throughout the paleosol profile. Well-developed

pedogenic features are also visible in thin section. The

groundmass, generally weakly impregnated by iron

oxides in the brown horizon, becomes increasingly

more impregnated (up to moderately impregnated

sensu Bullock et al., 1985) in the upper red horizon.

Ferruginous accumulations, such as bridges and caps

on clastic grains or hypocoatings along channels (Fig.

7A), are well-developed in the red horizon. Clay

coatings on clastic grains and along channel walls are

also present throughout the profile, although better

developed in the upper red horizon.

Geochemical profiles of the noncalcareous paleo-

sols exhibit clear horizon differentiation, unlike any

other observed in contemporaneous Romanian paleo-

sols (Fig. 16). The hydrolysis index reveals an

important increase in iron oxide content of the upper

part of the paleosol, mirroring accurately its gradual

yet rapid shift to dark red colour. The clay content
n-to-red paleosol contains root traces, occasional mottles, and may

geochemical trend through the profile, indicating that the pedogenic

f calcareousness and base loss, respectively, indicate that the profile

sand-sized particles.
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(clayeness) index indicates that the uppermost horizon

of the profile is richer in clay, which is corroborated

microscopically by the presence of illuviated clay. The

calcareousness and base loss indices are, respectively,

extremely low and extremely high throughout the

profile, indicating that all horizons are impoverished

in mobile elements released by weathering of the

parent material. Finally, the leaching index, Ba/Sr, is

the highest of all Romanian paleosols studied,

reflecting the extensive leaching the paleosol profile

underwent due to effective drainage.

Noncalcareous paleosols are interpreted as mature,

intensely leached paleosols that developed on a

moderately- to well-drained floodplain. The very

sandy parent material suggests that this type of

paleosol may have developed in proximal floodplain

settings. In turn such sandy material, characterized by

high soil porosity, led to improved percolation of

meteoric water through the profile. With more

efficient water circulation through the profile, weath-

ering products and soluble elements were more

efficiently leached from the paleosol, resulting in the

lack of carbonate accumulation. Consequently, the
Fig. 17. Comparison of palaeoprecipitation estimates obtained from paleo

calcareous paleosol illustrated in Fig. 11, Vurpăr Eastern from non-illustr

respectively, from calcareous profile illustrated in Fig. 13, TuYtea I is

noncalcareous paleosol illustrated in Fig. 16, mean Sânpetru is derived from

Therrien, 2004]. Although the palaeoprecipitation estimates derived from

and Sânpetru formations are compatible among themselves, the three estim

in this research (Eqs. (1–3) in text) consistently provide mean annual pr

tropical palaeoflora of Romania. This incongruence of results presumab

characterized by strong seasonality of precipitation.
presence of noncalcareous paleosols in the Pui beds,

otherwise dominated by calcareous paleosols, does

not reflect climatic changes but rather is the result of

differences in parent material.

The presence of purple mottles in the red horizon of

noncalcareous paleosols indicates that iron depletion

was induced by alternating oxidizing and reducing

conditions due to abundant precipitation (surface gley

or pseudogley; e.g., PiPujol and Buurman, 1994,

1997). The extent of clay coatings observed in these

paleosols suggests indeed that rainfall was abundant at

least seasonally, an interpretation supported by the

occurrence of slickensides in the red horizons.

The geochemical composition of the illuvial

horizons of noncalcareous paleosols was used to

estimate palaeoprecipitation and palaeotemperature.

Because a single paleosol was geochemically ana-

lyzed, two horizons from the same profile were used

to estimate MAP and MAT. As was the case

previously, MAP estimates derived from paleosols

are well below estimates based on the fossil tropical

flora, varying between 791 and 1024 mm (Table 3;

Fig. 17). However, these estimates are generally
sol geochemistry and palaeobotanical studies [Vurpăr Western from

ated calcareous paleosol, TuYtea L and Q are 2Bt and Bw horizons,

from nest horizon illustrated in Fig. 14, Pui B and D are from

noncalcareous (category 4) and calcareous (category 5) paleosols in

paleosols of the Red Continental Strata, Pui beds, and DensuY-Ciula

ation methods, based on various geochemical parameters, employed

ecipitation values inferior to those inferred from the Maastrichtian

ly reflects the capacity of tropical plants to live in warm climates
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higher than those derived from Sânpetru paleosols,

although their standard errors of estimate overlap. Van

Itterbeeck et al. (2004) inferred lower MAP values

(100–500 mm) based on their study of the calcareous

paleosols but did not recognize the presence of

slickensides, which would have increased their rain-

fall estimates to 500–700 mm/year (see Khadkikar et

al., 2000). The MAT estimates are low, ranging from

8.7 to 9.3 8C, again an artifact of limited weathering in

climates with seasonal precipitation (see above).

Consequently, the studied paleosols of the Pui beds

indicate that the climate of Romania during part of the

Maastrichtian was subhumid with a pronounced

alternation of wet and dry periods, presumably on a

seasonal periodicity.

5.3.3. Fossil remains

The fossil vertebrate fauna from the Pui beds,

known from macro- and microfossil remains, consists

of Zalmoxes robustus (+ Zalmoxes shqiperorum?),

Telmatosaurus transsylvanicus , Magyarasaurus

dacus, small theropods (one velociraptorine and

one troodontid-like), crocodilians (probably Alloda-

posuchus precedens), the selmacryptodire Kallokibo-

tion bajazidi, multituberculates (?Paracimexomys

dacicus = Barbatodon transylvanicum and an inde-

terminate taxon), frogs (Eodiscoglossus sp.), alba-

nerpetontids (Albanerpeton cf. inexpectatum),

indeterminate anguimorph(?) lizards and three scin-

comorph lizards (the teiid Paraglyphanodon sp. and

paramacellodids Becklesius sp. and B. aff. hoffstet-

teri), and fishes (indeterminate acipenseriforms and

characids, Table 4; Grigorescu et al., 1985, 1999;

Radulescu and Samson, 1986; Grigorescu and Hahn,

1987; Csiki and Grigorescu, 1998; Folie et al., 2002;

Grigorescu and Csiki, 2002). Furthermore, eggshell

fragments referable to five different morphotypes

(discretispherulitic, prolatospherulitic, prismatic, rat-

ite, and geckonoid) have been discovered in the Pui

beds (Garcia et al., 2002).

Fossil remains occur generally as disarticulated

elements in various facies of the Pui beds, although

articulated remains have been discovered in fine-

grained overbank deposits (Van Itterbeeck et al.,

2004). The most diverse faunal assemblage known

to date was found in a sandy lens (Grigorescu et al.,

1985), presumably concentrated by hydraulic pro-

cesses, but abundant microvertebrate remains
(amphibians and lizards) are preserved also in green-

ish-gray silty mudstones. While red mudstones may

preserve only sparse amphibian material, they tend to

be hosts to a great diversity of eggshell fragments

(Grigorescu et al., 1999) and dinosaur remains.

Microvertebrate localities and isolated to articulated

dinosaur elements have been discovered in calcareous

paleosols (Van Itterbeeck et al., 2004), sometimes

even in indurated caliche layers (Fig. 15).

In the course of this research, abundant disarticu-

lated and disassociated skeletal remains were discov-

ered in the noncalcareous paleosol described above

(Fig. 16). Elements were small (b5 cm) and frag-

mentary, and were concentrated in the dark red

horizon of the paleosol. Although a detailed tapho-

nomic study of the site was not conducted, the state of

preservation of the bones is consistent with an

attritional assemblage formed by skeletal elements

that were originally exposed at the surface for some

time before being transported and/or incorporated into

the surficial horizon of the paleosol profile through

burial.

5.3.4. Are the Pui beds truly part of the Sânpetru

Formation?

The current study reveals that the correlation of the

Pui beds to the lower part of the Sânpetru Formation

exposed along the SibiYel River on the basis of

superficial similarities (conglomerates and sandstones

interbedded with red mudstones; Nopcsa, 1905;

Grigorescu et al., 1985, 1999; Grigorescu, 1992) is

overly simplistic. Although the provenance of sedi-

ment appears to have been similar at the two localities

(Fig. 10; Table 1), the fluvial systems and paleosols

are different. The Sânpetru Formation consists of

stacked fining-upward cycles, with a basal gray to

green sandstone fining into dark gray, green, brown or

red mudstone, interpreted to have been deposited on a

poorly channelized braidplain where a mosaic of

wetlands and drier floodplains developed (see Ther-

rien, 2004). Although red paleosols are present in the

Sânpetru Formation, they only characterize 34% of all

overbank deposits (and only 33% of the lower 50 m of

the section). Furthermore, red calcareous paleosols

represent only 17% of all overbank deposits present in

the Sânpetru section (25% of the lower 50 m of the

section) and are never as well developed as those

observed near Pui (see Therrien, 2004). In contrast,
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the Pui beds were deposited by meandering rivers and

red-coloured paleosols characterize nearly 100% of all

overbank deposits (red calcareous paleosols represent-

ing probably at least 80%). While these differences

could reflect proximal-to-distal changes along the

longitudinal axis of a fluvial system, this possibility is

precluded by the parallel orientation of rivers in the

two lithological units (inferred from palaeocurrent

directions). Although it is possible that the Pui beds

may interdigitate with the Sânpetru deposits, the

lithological similarities used to correlate the Pui beds

to the base of the Sânpetru Formation exposed along

the SibiYel River (Grigorescu et al., 1985, 1999;

Grigorescu, 1992) have been greatly exaggerated.

Consequently, the sole claim that can be made about

the Pui beds is that they represent distinctive

sedimentary facies (possibly a new formation, tenta-

tively named the Bărbat Formation because Pui

Formation is already in use) deposited contempora-

neously (based on similarity of fossil assemblages)

with the Sânpetru Formation (see Mamulea, 1953) in

response to the uplift of the ^arcu-Retezat mountains.
6. Palaeoenvironmental conditions in the

studied formations and comparison to the

Sânpetru Formation

The palaeoenvironments in which dinosaurs are

preserved in the Red Continental Strata (Vurpăr), the

DensuY-Ciula Formation (TuYtea), and the Pui beds

share numerous similarities (Table 4). Landscape

reconstruction for each formation indicates that

moderately- to well-drained floodplain settings were

predominant, although regions of impeded drainage

may have been present locally. Soils were saturated

with water occasionally during the year, but never

long enough to form hydromorphic (gleyed) horizons

(usually requiring water saturation for 25%–50% of

the year; Daniels et al., 1971). These brief periods of

water saturation, related to abundant precipitation and/

or watertable fluctuation, produced alternating reduc-

ing and oxidizing conditions in the soils and resulted

in the formation of mottles. The abundance of

slickensides and carbonate nodules with ferruginous

intergrowths testify to the irregularity of palaeopreci-

pitation in the Maastrichtian climate of Romania,

where wet and dry periods alternated. The pedogenic
features do not indicate the periodicity of those

alternations (i.e., seasonal, annual, decadal) but the

palaeoflora reveals that these alternations were prob-

ably seasonal, similar to the monsoonal climate

observed today in southeast Asia and India. Paleosols

of the Pui beds are generally more mature, i.e., better

developed caliche layers or more intensely leached

profiles, than those found in the Red Continental

Strata or DensuY-Ciula Formation. The mature Pui

paleosols, which required more time to develop,

indicate that sediment accumulation rates were lower

and floodplains more stable (less frequent floods) than

in the other two formations.

The Sânpetru Formation, as exposed along the

SibiYel Valley, was reconstructed as a dynamic mosaic

of wet and dry habitats where wetlands were

predominant (Therrien, 2004). Although the Sânpetru

setting differs significantly from that of the afore-

mentioned formations, the diagnostic paleosols of dry,

high floodplains or binterfluvesQ found in that

formation are very similar to those of the Red

Continental Strata, DensuY-Ciula Formation, and Pui

beds. Category 5 paleosols of the Sânpetru Formation

are brown to red calcareous paleosols exhibiting

slickensides and horizons of carbonate nodules con-

taining ferruginous intergrowths (Therrien, 2004).

These paleosols tend to be thinner, sandier, and less

mature (smaller and less abundant carbonate nodules)

than those of the other formations, possibly reflecting

the greater avulsion/accumulation rate of the Sânpetru

fluvial system and greater proximity of developing

paleosols to the rivers (more frequent floods).

Deeply-penetrating root traces and burrows were

reported in the dry floodplain environments of the

Sânpetru Formation (Therrien, 2004) but were not

observed in the other contemporaneous formations.

While the absence of such features might simply

reflect a preservation bias or may be due to the limited

exposures, it is also possible that their presence in the

Sânpetru Formation is related to a watertable that

remained close to the base of paleosol profiles

(paleosol profiles in this formation generally are less

than 1.00 m thick and are always underlain by channel

deposits that could have acted as an aquifer; see

Therrien, 2004). Indeed, deeply-penetrating roots and

burrows are typical of plants and soil organisms

attempting to reach a deep watertable during droughts

(see Hasiotis and Honey, 2000; Retallack, 2001;
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Therrien, 2004). Hydromorphic paleosols are predom-

inant in the Sânpetru Formation, representing 63%

and 100% of the recorded habitats in the lower and

upper half of the formation, respectively, and gleyed

horizons and/or mottles are found commonly in the

better-drained paleosols (Therrien, 2004). The abun-

dance of Sânpetru habitats characterized by impeded

drainage or affected by alternating wet and dry

conditions is evidence of the proximity of the

watertable to the surface. In contrast, hydromorphic

paleosols are rare, if not absent, in the three

formations studied in this paper and evidence of wet

soil conditions is often limited to mottling. Thus the

absence of deep root traces and burrows combined

with the paucity of hydromorphic horizons could

indicate that the watertable was very deep in the

palaeoenvironments of the Red Continental Strata,

DensuY-Ciula Formation, and Pui beds, at a depth too

great to be attained by surface organisms.

In terms of palaeoclimatic conditions, the paleo-

sols of all studied Maastrichtian dinosaur-bearing

formations of Romania formed under a subhumid

climate characterized by alternating wet and dry

periods (monsoonal), confirming earlier models of

the Maastrichtian climate of the Tethyan region based

on disparate evidence (e.g., Horrell, 1991; Bush,

1997; Voigt et al., 1999). The palaeoprecipitation and

palaeotemperature estimates derived from paleosols

vary among formations, but all values are compatible

within their standard errors of estimate (Table 3; Fig.

17). Although several paleoprecipitation estimates fall

close to or slightly above the threshold of 760 mm/

year identified by Royer (1999) for the formation of

calcic horizons, it must be noted that calcic horizons

are known from climates where annual rainfall can

attain or exceed 1000 mm (see Retallack, 1994: Fig.

3–2; Royer, 1999: Fig. 1). Consequently, the esti-

mates presented above should not be rejected

dogmatically. The most interesting conclusions

obtained from the study of the Maastrichtian paleo-

sols of Romania is that they provide consistently

lower paleoprecipitation estimates than those derived

from palaeobotanical studies: MAP values are below

1000 mm/year and MAT below 12.6 8C from

paleosols, while the tropical palaeoflora suggests

annual precipitation in excess of 1300 mm and mean

annual temperatures between 22 8C and 24 8C (Table

3). As explained earlier, these differing estimates are
the result of the strong seasonality of precipitation.

Tropical plant species can live in warm climates with

seasonal precipitation, such as monsoonal climates, if

they are still able to obtain water during the dry

seasons (Horrell, 1991). Because the watertable was

located at too great a depth to be reached by surface

organisms of the Red Continental Strata, DensuY-

Ciula Formation, and Pui beds, the limited palae-

oprecipitation of the dry periods must have been

sufficient to support the metabolic needs of tropical

plants. Indeed, Pop and Petrescu (1983) suggested

that the amount of rainfall during the dry periods

varied generally between 20 and 30 mm/month but

was never less than 10 mm/month. Thus precipitation

can be inferred to have been frequent during wet

seasons but limited during the dry seasons.

Finally, the palaeoenvironmental reconstruction

presented for each formation paves the way to an

improved understanding of the palaeoecology of the

Romanian dinosaurian fauna, giving insight into

geographic distribution and habitat preferences of

various taxa (Table 4). Indication that palaeoecolog-

ical partitioning may have occurred among dinosau-

rian taxa of the Sânpetru Formation has been

suggested initially by Grigorescu (1983), although

he did not discuss the arguments supporting his claim:

alluvial islands inhabited by crocodiles, swamps

inhabited by ornithopods and turtles, moist flood-

plains inhabited by sauropods and ankylosaurs, and

nearby drier uplands inhabited by theropods. How-

ever, comparison of the fossil assemblages and

palaeohabitats known from the Red Continental

Strata, DensuY-Ciula Formation, and Pui beds to the

Sânpetru Formation reveals significant differences.

Whereas the three rock units considered in this paper

are dominated by stable, moderately- to well-drained

floodplains (mature calcareous paleosols), the Sânpe-

tru Formation represents an unstable, constantly

shifting mosaic of habitats (immature paleosols)

dominated by areas of impeded drainage. Moderately

drained habitats are uncommon and calcareous

paleosols developing on dry floodplains akin to the

three formations studied in this paper are rare (18.5%;

see Therrien, 2004). Furthermore, fossil assemblages

of the Red Continental Strata, DensuY-Ciula Forma-

tion, and Pui beds generally are preserved in well-

drained overbank deposits and paleosols that presum-

ably represent attritional mortality assemblages or as
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lag deposits in channel facies. In contrast, fossil

remains in the Sânpetru Formation occur predomi-

nantly as lenticular bonebeds (bfossiliferous pocketsQ)
concentrated in topographic depressions on the flood-

plain by fluvial processes (Grigorescu, 1983) or as

microvertebrate assemblages in poorly-drained paleo-

sols (Codrea et al., 2002b; Smith et al., 2002; Van

Itterbeeck et al., 2004). These palaeoenvironmental

and taphonomical differences reflect underlying dif-

ferences in fluvial system parameters and basin

evolution to which dinosaurs had to adapt and that

could bear on palaeoecological hypotheses. A review

of the palaeoecology of the Romanian dinosaur-

dominated fauna is in order, one in which the

palaeoenvironmental and taphonomic conditions of

each fossiliferous site have to be considered (e.g.,

Csiki, 1995).
7. Conclusions

Maastrichtian dinosaurs of Romania, which lived

on a collapsing orogen in the Mediterranean Tethys

Ocean, thrived in a subhumid climate characterized

by a strong seasonality of precipitation, probably

similar to the monsoonal climate of present-day

southeastern Asia. They roamed moderately- to

well-drained floodplains that surrounded braided

streams and meandering rivers, although localized

areas of impeded drainage and lakes were present.

The dinosaurs shared their palaeoenvironments with

pterosaurs, crocodilians, turtles, lizards, amphibians,

and mammals. Predation and mortality due to natural

causes (illness, old age, etc.) produced time-averaged

attritional bone assemblages that were incorporated in

paleosol profiles by sporadic sediment accumulation

associated with crevasse splays and floods. Occasion-

ally, short-lived flood events, such as crevasse splays,

buried nesting horizons and preserved eggs and

remains of hatchling and adult dinosaurs. These fossil

assemblages represent brief time intervals and provide

near instantaneous windows into the life of the

Maastrichtian.

Even though palaeoprecipitation was below 1000

mm/year, tropical plants populated the floodplains of

Romania during the Maastrichtian. Rainfall was

abundant for part of the year, but limited during the

remainder. Plants could survive on the reduced
amount of precipitation or had access to groundwater

and/or surface water during the dry periods.

The dinosaur-dominated fauna of Romania lived in

a volcanically active region. Volcanic clasts and/or ash

deposits of andesitic composition are found in the Red

Continental Strata, the DensuY-Ciula Formation, and

occasionally in the Pui beds. These volcanic frag-

ments are most assuredly derived from the contem-

poraneous banatitic volcanism that developed in the

Southern Carpathians and Apuseni Mountains in

response to the subduction of oceanic crust under

the Rhodope microcontinent.

The palaeoenvironments documented in the Red

Continental Strata, DensuY-Ciula Formation, and Pui

beds are markedly different from those recorded in the

famous Sânpetru Formation. Whereas the three local-

ities considered in this paper are dominated by stable,

moderately- to well-drained floodplains (mature pale-

osols), the palaeoenvironments of the Sânpetru For-

mation are highly unstable (immature paleosols) and

dominated by areas of impeded drainage, moderately-

drained habitats being less common. Furthermore

while fossil assemblages of the Red Continental

Strata, DensuY-Ciula Formation, and Pui beds are

preserved generally in well-drained overbank deposits

and paleosols or as lag deposits in channel facies, they

occur predominantly as lenticular bonebeds concen-

trated by fluvial processes or as microvertebrate

remains in poorly-drained paleosols in the Sânpetru

Formation. These palaeoenvironmental and tapho-

nomical differences reflect underlying differences in

fluvial system parameters and basin evolution that

need to be considered in the context of future

palaeoecological studies.
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Sciences 262, 1933–1936.

Givulescu, R., 1968. Nouvelles plantes fossiles du Danien de

Roumanie. Comptes Rendus des Séances de l’Académie des
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