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ABSTRACT

The mid-Cretaceous greenhouse period in the southern Patagonia Argentina (Austral Basin) is represented
by the Mata Amarilla Formation. It is composed of three informal sections which were deposited in littoral
and continental environments. The boundary between the lower and middle sections of the Mata Amarilla
Formation shows a drastic reduction in accommodation/sediment supply (A/S) ratio, interpreted as a forced
regressive surface. This surface is characterized by a well-developed palaeosol, associated with the exten-
sive preservation of a podocarp-dominated fossil forest over a vast area (more than 5400 km?). Sedimento-
logical and palaeopedological analyses, in conjunction with forest structure, tree density and growth ring
analyses, indicate that the mid-Cenomanian forced regression can be distinguished as a non-uniform sur-
face developed over a short period of time. This sequence boundary is recognized through a heterogeneous
regional surface, delimited in the western part of the study area by an erosional surface generated by a
large lateral channel migration recorded by sheet-like channel deposits with transported logs. By compar-
ison, towards the eastern part of the study area, it appears as a paraconformity bounded by a very mature
vertic Alfisol, which may have taken 40-100 ky to develop, and the preservation of a fossil forest in life
position with a minimum age of 337 years. It is concluded that the extensive presence of these fossil for-
ests at the same stratigraphic level in a vast region respond to changes in A/S ratio in a forced regressive
surface at basin scale.
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INTRODUCTION

Forced regression refers to the process of seaward migra-
tion of a shoreline in response to a relative sea-level fall
(Posamentier & Morris, 2000; Schwarz et al., 2000;
Garcia-Garcia et al., 20115 Li et al., 2011). In recent years,
there has been an increase in the number of studies
focused on forced regressive deposits due to their impor-
tance as hydrocarbon reservoirs (Posamentier & Morris,
2000; Schwarz et al., 2006; Garcia-Garcia et al., 2011; Li
et al., 2011; among others). The origin of forced-regres-
sive wedge system tracts (sensu Hunt & Tucker, 1992) has

© 2015 John Wiley & Sons Ltd

been extensively debated in sequence stratigraphy (see his-
torical perspective in Plint & Nummedal, 2000). Most
documented Cretaceous forced-regressive wedges —are
located in the Western Interior Seaway of North America;
in contrast, there is relatively little documentation of
forced-regressive wedges in other Cretaceous worldwide
successions (Schwarz et al., 2006; Veiga et al., 2008;
Garcia-Garcia et al., 2011).

Multidisciplinary studies concerning the biotic response
and preservation factors related to the important changes
in the accommodation space/sediment supply conditions
(A/S ratio) are scarce (Gastaldo et al., 2004; Gastaldo &
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Demko, 2011). In this regard, the boundary between the
lower and middle sections of the Mata Amarilla Formation
shows a drastic reduction in A/S ratio and an important
increase in the degree of amalgamation of fluvial channel
deposits, occurring together with the extensive fossilized
trees in a large area of the basin (5400 km? of exposed
outcrops; Varela, 2015). In the north-eastern sector of the
Austral Basin, this surface preserves fossil forests with silici-
fied stumps in life position associated with a very mature
palacosol level. In turn, in the western sector, the same
surface is characterized by transported logs within sandy
sheet-channel deposits (Varela ez al., 2012a).

In this paper, this key surface is analysed by integrating
observations on the fossil forest and associated palacosol.
The purpose of this study is to identify how changes in
depositional environments and forest preservation can be
explained within the framework of a mid-Cretaceous forced
regressive non-uniform surface at basin scale.

GEOLOGICAL SETTING

The Austral Basin (also known towards the south as the
Verdes
located on the south-western edge of South America

Rocas Marginal Basin + Magallanes Basin) is

(Fig. 1A). It extends over the southernmost end of

Argentina and Chile, and is surrounded to the east by the
Deseado Massif (Macizo del Deseado) and to the west by
the Patagonian-Fuegian Andes (Fig. 1A). Three main tec-
tonic stages of the Austral Basin have been identified (Bid-
dle et al, 1986; Rodriguez & Miller, 2005; Richiano
et al., 2012; Varela et al., 2012b): a rift stage, a stage of
thermal subsidence, and, finally, a foreland stage. The Mata
Amarilla Formation displays the best outcrops of the lower
Upper Cretaceous deposits in the Austral Basin, thus mark-
ing both the closure of the previous Marginal Rocas
Verdes Basin and the beginning of the foreland stage of
the Austral Basin (Varela et al., 2012b, 2013). This unit
shows a maximum thickness towards the south of the
study area (Fig. 1B) of ~350 m. It is composed of grey
and blackish siltstones and claystones, alternating with beds
of 1-10 m consisting of white and yellow—grey fine- to
medium-grained sandstones, deposited in littoral and con-
tinental environments (Russo & Flores, 1972; Russo et al.,
1980; Arbe, 2002; Poiré et al., 2004; Varela et al., 2011).
The Mata Amarilla Formation crops out on the southern
margin of the Shehuen River (also known as ‘Chalia
River’), and on both margins of the Leona River (Fig. 1B).
This unit overlies the Piedra Clavada Formation with a
transitional contact and is unconformably covered by the
marine deposits of the La Anita Formation (Fig. 2). The
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Fig. 1 (A) Geological setting of the Austral Basin and location of the study area. (B) Geological map of the study area showing the Cretaceous units of the
Austral Basin (modified from Varela et al., 2012a). Localities named in this work: (1) Waring Hill; (2) La Regina Farm; (3) Mata Amarilla Farm; (4) MAFer
locality; (5) Maria Elena; (6) La Urbana Farm; (7) Pari Aike Farm; (8) Bajada de los Orientales Farm; (9) indice Hill; (10) La Marina Outpost; (11) South of
Lake Viedma; (12) Mouth of Guanaco River; (13) Hornos Hill; (14) Fortaleza Hill and (15) La Blanca Farm.
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Fig. 2 Stratigraphic scheme of the mid-Cretaceous of the Austral Basin
modified from Varela et al. (2012b).

middle section of the Mata Amarilla Formation yields a U-
Pb laser ablation concordia age of 96.2 + 0.71 Ma (mid-
dle Cenomanian), which confirms that the Mata Amarilla
Formation was deposited during the early Late Cretaceous
(Fig. 2; Varela et al., 2012b), in the context of a green-
house period which began in the late Albian to the early
Cenomanian (Huber ez al, 1995; White ez al, 2001;
Royer, 2010).

On the basis of facies analysis, Varela et al. (2012a)
divided the Mata Amarilla Formation into three sections:
lower, middle and upper (Fig. 2). The section boundaries
are clearly defined by dark marker horizons and a larger
proportion of fine-grained sediments in the upper and
lower sections, while the middle section shows a whitish
colour due to a preponderance of sand-grained sediment.
The lower section of the Mata Amarilla Formation is char-
acterized by mudstones with subordinate sandstones in the
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west attributed to distal fluvial environments, whereas
towards the east it consists of a fining-upward succession
of mudstones, heterolithic sediments with mixed-structures
and sandstones with herringbone cross-bedding assigned
to littoral environments (Fig. 3). The middle section is
characterized by conglomerates to coarse-grained sand-
stones with subordinate mudstones in the west, whereas
towards the east, it consists of medium- to coarse-grained
sandstones with subordinate mudstones (Fig. 3). Finally,
the upper section is also characterized by mudstones with
subordinate fine- to medium-grained sandstones (Varela
et al., 2013). The Mata Amarilla Formation is distin-
guished by an extensive development of stacked palacosols,
which display characteristics of hydromorphic soils and
could be grouped within the gleysols (Varela et al,
2012a). The lower and upper sections are composed of
histosols, histosols with acid sulphate properties and hydro-
morphic vertisols associated with the low-gradient coastal
environments (Fig. 3; Varela ez al, 2012a). The onset of
the middle section is marked by the occurrence of mature
vertic Alfisols and the rest of the middle section is charac-
terized by the presence of vertisols and inceptisols related
to the palacotopographic relief, that is their relative posi-
tion within the fluvial environment (Fig. 3; Varela ez al.,
2012a).

METHODOLOGY

Sedimentological and palaeopedological analysis

The study area is located to the south-west of the Santa
Cruz province, Patagonia, Argentina (Fig. 1A). Fifteen
localities were studied (Fig. 1B) and detailed sedimentary
logging was undertaken (Fig. 4A). To incorporate forest
multiproxy studies, a detailed description of the Mata
Amarilla Formation palacosols was carried out using a

detailed description of pedogenic features. Palacosols

Histosols,Histosols with acid
sulphate properties and

Vertisols ~—

Fig. 3 Schematic cross-section showing the
regional large-scale association between
palaeosol types, depositional environments
and sequence stratigraphy of the Mata
Amarilla Formation. Vertical scale is between
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100 and 350 m depending on the location in
the basin. Modified from Varela et al.
(2012a).
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horizons were used to interpret soil development processes
(following the criteria described by Retallack, 1988, 1994).
The colour of the palacosol matrix, as well as of other
pedogenic features (such as mottles, nodules, concretions
and cutans), was determined using the Munsell colour
chart (Munsell Soil Color Chart, 2000) in fresh rock sam-
ples. Field analysis was combined with thin-section descrip-
tion, and the micromorphological features observed under
the microscope were identified following the terminology
by Bullock e al. (1985) and Stoops (2001).

The mineral composition of mudstones, mottles, concre-
tions, nodules and rhizoliths was obtained by X-ray diffrac-
tion (XRD) analysis at the Centro de Investigaciones
Geoldgicas of the Universidad de La Plata. Pedogenic fea-
ture identification at both meso- and microscale, together
with the definition of soil horizons, was used for soil tax-
onomy (Soil Survey Staff, 1998). Palacosol analysis of the
Mata Amarilla Formation was also combined with the
palacoenvironmental development of the iz situ fossil
forest.

Forest reconstruction

More than 45 permineralized stems with excellent preser-
vation of the secondary xylem were analysed. All of them
were sampled from the same level of the Mata Amarilla
Formation, corresponding to the forced regressive surface
(Varela, 2015). Standard cross-sections, as well as tangen-
tial longitudinal and radial longitudinal sections, were used
to anatomically describe the fossil wood at microscale. Log
samples were saved in the Repository of the Museo Provin-
cial Padre Molina (Santa Cruz province) with the numbers
MPPM-PB-1549 to -1568, and wood thin sections were
placed in the micro-slides repository of the Palacobotany
Division of the Musco de La Plata (Universidad Nacional
de La Plata) with the numbers pmLPPB-1919 to -1929.
Anatomical terms used in this paper follow the recommen-
dations of the List of Microscopic Features for Softwood
Identifications (IAWA Committee, 2004), the terminology
developed for Mesozoic conifer-like woods by Philippe &
Bamford (2008) and the standardized wood measurements
established by Chattaway (1932). All fossil wood was iden-
tified using wood identification keys for extant woods and
fossil descriptions (Greguss, 1955; Tortorelli, 1956; Gros-
ser, 1986; Bamford & Philippe, 2001; Garcia Esteban
et al., 2002, 2004; Gulbranson et al., 2012).

To determine the deciduousness on the forests, based
on the method described by Falcon-Lang (2000), the
radial diameters of successive tracheid cells were measured
across each growth increment. Four parameters were calcu-
lated: skew of the cumulative sum deviation from the mean
(CSDM) curves, percentage of latewood, and percentage
of cell diminution in ring increments and Ring Markedness
Index (RMI). Taking into account that deciduous conifers

© 2015 John Wiley & Sons Ltd
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give CSDM curves which are dominantly left-skewed or
symmetrical while evergreen conifers have dominantly
right-skewed CSDM curves, the habit for the Mata Amar-
illa Formation trees was inferred.

Predictive models applied to extant conifers allows the
forest strata reconstruction based on the relationship
between stem diameter and tree height (Niklas, 1994a).
Fossil logs rarely preserve the complete diameter of the
original tree (e.g. no preservation of the outermost cortical
region), resulting in an underestimation of height in fossil
trees. This is a common problem that depends on the
degree of fossil preservation. Most of the in situ forests of
the Mata Amarilla Formation have an excellent preserva-
tion of logs without any sign of structural compression,
avoiding any problems when using the field-measured
diameter. The log diameters of the trees in life position
were measured as high as possible, where the diameter is
more constant (~100 cm), avoiding the basal part where
diameter may be increased by the roots. For the com-
pressed logs at Localities 11 and 13 (Fig. 1B), an alterna-
tive formula proposed by Philippe ez al. (2009) was used
to reconstruct the original basal log diameter D = 4a/m.
Where a is the major axis radius, and the formulae can be
summarized as n D~1.27*a.

Using the basal diameter (D) of fossil stumps, Niklas
(1994a,b) estimated the critical buckling height (H;,) of
trees, as the height at which the mechanical structure of
the wood fails, leading to collapse. Because trees actually
never reach Hy,, estimated tree heights (He) are calcu-
lated on the basis of log diameter to height ratios observed
in living trees (Niklas, 1993, 1994a,b) using the formula:
H. = 27.8 D°*3% Condensed explanations of this for-
mula can be found in Artabe et al. (2007) and Brea ez al.
(2011). The use of this formula allows for comparisons of
the Mata Amarilla Formation fossil forests with several
other Mesozoic and Palacogene fossil forests.

To estimate the ages of the trees and establish ranges of
ages in the forest, we used the formulae from Veblen et al
(1981) obtained from wood rings measured from Podocar-
pus nubigena Lind logs, as follows: log.Y = 3.0844 +
0.5717 log.X (7= 0.68; P < 0.01), where Y is the age of
the tree and X is the log diameter. This equation was
obtained from species adapted to cold temperate environ-
ments, which differs from the Mata Amarilla Formation
palacoenvironment. However, similar growth rates were
observed in several planted native conifer trees in New
Zealand (Lloyd, 1960; Bergin & Kymberley, 1992; White-
head et al., 2002). A lateral view of the locality 6 forest
(La Urbana Farm, Fig. 1B) was reconstructed based on
stump diameter and estimated tree height following a field
transect.

The tree density of the fossil forests was obtained using
only permineralized stumps that were recognized to be in
life position (in situ) with the complete root systems in the
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palacosol. This type of preservation occurs only at localities
5, 6 and 15 fossil forests (Fig. 1B). In other localities
where the forced regressive surface was found (Varela,
2015), only logs in a horizontal arrangement were identi-
fied, preventing the analysis of the original position of the
trees in the forests. The density at locality 6 fossil forest
(La Urbana Farm, Fig. 1B) was measured using both the
point-centred quarter method (Cottam & Curtis, 1956)
and the distance to its nearest neighbour. The point-
centred quarter method is also used in modern forests and
has proven to produce the most conservative values using
several techniques, including spatial statistics (Cottam &
Curtis, 1956; Artabe et al., 2007). At locality 5 fossil forest
(Fig. 1B), density was measured only based on distance to
its nearest neighbour due to the reduced extension of the
area and the scarcity of i situ stumps (i.e. only four).

SEDIMENTOLOGY AND SEQUENCE
STRATIGRAPHIC FRAMEWORK OF A FORCED
REGRESSIVE SURFACE

The palacogeography of the lower section of the Mata
Amarilla Formation was proposed as a large embayment
with a shallow marine coast and smooth continental relief
(Varela et al., 2011, 2013). The middle section of the
Mata Amarilla Formation is characterized by conglomer-
ates, sandstones, siltstones, and mudstones with palacosol
development (Varela ez al,, 2012a). In the western part,
four facies associations (FAs) are defined: gravelly sheet
bodies, sandy sheet bodies, tabular mudstones and fine-
grained sandstones, and fine-grained deposits. They are
interpreted as a gravel-bed braided fluvial system in the
west that transitions towards the east to a sandy high-sinu-
osity meandering (HSM) fluvial system. In the eastern part
of the basin, six FAs were recognized: large-scale complex
ribbon bodies, small-scale simple ribbon bodies, tabular
mudstones and fine-grained sandstones, lobe-shaped bod-
ies, fine-grained deposits and heterolithic deposits with
continental fossils: plants, insects, freshwater fishes and
dinosaurs (Iglesias et al., 2007; Petrulevicius et al., 2014).
They are part of a low-sinuosity (LSM) fluvial system with
aggradation (Varela, 2015).

The braided fluvial system transitionally changes east-
ward to a HSM fluvial system with a sandy bedload. The
HSM fluvial system characterizes localities 9, 11, 12, and
13 (Fig. 1B), while locality 14 shows the transition to a
LSM fluvial system with aggradation. The HSM fluvial sys-
tem is a tributary of the LSM fluvial system. The LSM is
the main fluvial system within the drainage network and
has a north-east—south-west orientation, flowing towards
the basin depocentre in the south-west (Varela et al.,
2013; Varela, 2015).

The sequence stratigraphic scheme of the Mata Amarilla
Formation was proposed by Varela (2015) based on the

accommodation/sediment supply conditions. A relatively
high aggradation rate has been inferred for the lower sec-
tion, evidenced by isolated channels in the floodplain
deposits. This was correlated with the development of mar-
ginal marine systems in the eastern area, suggesting the
development of a transgressive systems tract (TST; Fig. 3).
The boundary between the lower and middle sections of
the Mata Amarilla Formation was interpreted as a response
to a drastic reduction in accommodation/sediment supply
condition, which is evidenced by a significant increase in
the degree of amalgamation of fluvial channels, together
with the onset of fluvial sedimentation across the whole
area. This boundary is a non-uniform surface which is also
characterized by the presence of a strongly developed
palacosol level associated with the extensive preservation of
horizontal and én situ fossil trees within a large area (an
outcropping surface of more than 5400 km?). Fossil trees
are preserved in life position to the east (localities 5, 6 and
15; Figs 1, 3 and 4) and as transported logs within amal-
gamated sheet-like channel deposits to the west (localities
11, 13 and 14; Figs 1, 3 and 4). These pieces of evidence
point to the development of a forced regressive surface,
which represents a sequence boundary (SB) within a
sequence stratigraphic framework (sensu Catuneanu et al.,
2009; Fig. 3). The upper part of the middle section is
dominated by the accumulation of sheet sandstones in the
western sector and by complex ribbon sandstone bodies in
the eastern sector, which was interpreted as the subsequent
lowstand systems tract (LST; Fig. 3). Finally, the upper
section of the Mata Amarilla Formation is characterized by
isolated channels within fine-grained deposits with abun-
dant hydromorphic palacosols that represent a high A/S
ratio. Thus, the upper section was interpreted as a second
transgressive systems tract (Varela, 2015; TST, Fig. 3).

DISTRIBUTION OF FOSSIL LOGS IN THE
SHEET-LIKE CHANNEL DEPOSITS

In this section we describe the preservation, disposition
and distribution of the fossil forest at the western part of
the study area where the logs are found within gravelly and
sandy sheet-like channel deposits. Gravelly sheet channels
consist of tabular bodies which are 5 m thick and more
than 250 m wide, and internally characterized by large-
scale tangential cross-bedding, low-angle planar cross-bed-
ding and less frequently trough cross-bedding (locality 10;
Fig. 4B). This channel fill was interpreted as longitudinal
downstream accretion bars from a braided fluvial system
(Varela, 2015). The logs are located isolated in the channel
bars deposits as basal lags (Fig. 4B), without any clear rela-
tion with the channel axes. Sandy sheet channels are com-
posed by bodies of 1-8 m thick and more than 250 m
wide. Internally they show large-scale inclined surfaces per-
pendicular to the main channel orientation, which are filled

© 2015 John Wiley & Sons Ltd



with trough cross-bedding and less abundant planar cross-
bedding with mud intraclasts (localities 11, 12 and 14;
Fig. 4B). These deposits were interpreted as 3D and less
frequently 2D bedform migrations in a high-sinuosity flu-
vial system with lateral accretion (Varela, 2015). The logs
are preserved in a random isolated way within the bedform
at the bottom of these channel deposits, mostly as basal
lags (Fig. 5). In general they have parallel and subperpen-
dicular orientation with respect to the bedform. Some-
times, logs were found lying on sheet-channel deposits
with their stumps and root system preserved (Fig. 5A),
possibly denoting limited transportation from the original
growing site (Gastaldo, 2004; Gastaldo & Degges, 2007).

PALAEOPEDOLOGY OF THE FORCED
REGRESSIVE SURFACE

Description of palaeosol macromorphology

The palacosols associated with the localities 5, 6 and 15
fossil forests level show thick, well-developed horizons, and
palaeosol profiles with A-A/E-Bt-Bss or Ass-E-Bt- Btg suc-
cessions (Figs 4B and 6A-C), although in many cases they
can show eroded tops, and Ass and A/E horizons are
absent. Ass horizons are dark to black in colour (N 2.5/0
to 5GY 2.5/1) and their thickness varies from 30 cm to
1 m (Fig. 6A and 6C). In turn, A/E albic horizons (5B
8/1 to 10B 8/1) are poorly defined and vary between 10
and 20 cm thick (Fig. 6A). The Bt argillic horizons are
characterized by the presence of illuvial clay (argillans) and
vary between 50 cm and 1.5 m thick, occasionally reaching
2 m (Fig. 6C). They range from purplish grey to greenish
grey colours (10G; 5BG; 10BG; 5B; 10B and 5PB) at val-
ues 3/1 to 5/1. There is usually an underlying Bg or Bss
horizon with gley colours (10GY 3/1 to 5/1; 5G 3/1 to

Fig. 5 (A) Short-transported podocarp logs at
Hornos Hill (locality 13), person for scale is
1.75 m tall. (B) podocarp log at Fortaleza Hill
(locality 14). (C) podocarp log at South of
Lake Viedma (locality 11). (D) podocarp log at
South of Lake Viedma (locality 11).

© 2015 John Wiley & Sons Ltd
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5/2), 50 to 80 cm thick, and occasionally a C horizon
with variable colouration and thickness is present. These
palacosols are characterized by the presence of cutan or
argillan coatings, as well as prismatic peds (Fig. 6D). Argil-
lans were observed both with the naked eye (Figs. 6E and
F) and in thin sections at the lab (see below), where the
oriented clays filling cavities and channels, as well as the
clay coatings around detrital grains or rhizoliths, were
identified (Fig. 6G). This type of palacosol is also charac-
terized by the presence of vertic and hydromorphic fea-
tures, including slickensides (Fig. 6H), wedge-shaped peds,
gley colours and mottles. These mature palacosols are only
present in the eastern localities and at the same strati-
graphic level (the forced regressive surface located at the
beginning of the middle section of the Mata Amarilla For-
mation; Fig. 6B), and always associated with the conspicu-
ous fossiliferous level of trees in life position corresponding
to the localities 5, 6 and 15 fossil forests (Zamuner et al.,
2004, 2006). The in situ fossil trees show shallow root sys-
tems with well-developed horizontal roots and minimal
development of vertical roots (Fig. 6A—C). The horizontal
roots display towards their ends a webbed shape, like
duck’s feet (Fig. 6C).

Description of palaeosol micromorphology

At a micromorphological level, the palacosols recognized
at the forced regressive surface of the Mata Amarilla For-
mation show A and Ass horizons with clay loam to silty
clay particle size classes (Fig. 7A-B); the coarse/fine mate-
rial (c/f) ratio is 1/8 to 3/8 with porphyric ¢/f related
distribution which varies from simple/double spaced por-
phyric (Fig. 7B, D) to open porphyric (Fig. 7A, C).
of A horizons undifferentiated

Groundmass present

b-fabric (Fig. 7A) whereas Ass horizon are characterized by
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cross striated b-fabric with two sets of birefringent clay ori-
entation forming angles of ~45° (Fig. 7D). The A horizons
are distinguished by the presence of voids forming gal-
leries, usually having iron or manganese oxide cementation
(Fig. 7A, C). Voids are open and lined with organic matter
(Fig. 7C) or filled by high luminescence clay minerals
(Fig. 7B). Albic horizons (E-A/E) are poorly defined, and
in locality 5, has a sandy particle size class with monic ¢/f
related distribution and the presence of typic amiboidal
shape nodules of iron oxides (according to Bullock et al.,
1985; Fig. 7E). These mature palacosols are characterized
by the presence of a Bt argillic horizon (Soil Survey Staft,
1975, 1998, Retallack, 1994). Bt horizons present sandy
clay (Fig. 7F, G) silty clay (Fig. 7H, I) to clay (Fig. 7])
particle size classes, and the c/f ratio varies from 2/3
(Fig. 7F, G) to 1/10 (Fig.7]) with chitonic-gefuric
(Fig. 7F-1) to open porphyric c¢/f related distribution
(Fig. 7J). The typical feature of the Bt subsurface horizons
is the presence of illuvial clay. It is present as laminated,
dense, incomplete clay and organic matter infilling
(Fig. 7F), as microlaminated dense complete limpid and
impure illuvial clays infilling (Fig. 7G) or as hypo-coating
of rizholith voids composed of a mixture of organic mat-
ter, clay and Fe-Mn oxides (Fig. 7]). Occasionally, rhi-
zoliths with partially preserved roots and thick argillans
coating their walls are also present (Fig. 7H-I).

Fig. 6 (A) General view of a vertic Alfisol with
in situ fossil tree roots at La Urbana Farm
(locality 6). (B) Detailed vertic Alfisol log and
detail of Podocarpoxylon garciae roots in life
position (longitudinal, cross-sectional and plan
views) from La Urbana Farm (locality 6), for
log references see Fig. 4. (C) General view
and detailed log of a vertic Alfisol with a tree
in life position at Maria Elena (locality 5), for
log references see Fig. 4. (D) Prismatic peds
from Bt horizon, coin is 2.5 cm in diameter.
(E) Subangular blocky peds with argillans and
mottles, characteristic of a Bt horizon. (F)
Subangular blocky peds with overprinted
cutans and slickensides from Bt horizon. (G)
llluviated clays filling root cavities in a Bssg
horizon. (H) Slickensides from a Bss horizon,
pen is 14 c¢m long.

Palaeosol interpretations

Based on the presence of well-developed horizons and
abundant illuviated clay in some horizons (Bt), Varela
et al. (2012a) assigned these palacosols to Alfisols (sensu
Soil Survey Staft, 1975, 1998). Micromorphological evi-
dence of illuvial clay in the palacosols of the Mata Amarilla
Formation was recognized based on the presence of cutan
or argillan coatings and hypo-coatings. These clay minerals
were elluviated from a type A surface horizon and illuviated
into a B horizon (White, 1997). Furthermore, the presence
of vertic features, such as slickensides, and wedge-shaped
peds, allows a further classification of this type of soils as
vertic Alfisols (Soil Survey Staff, 1975, 1998; Varela ez al.,
2012a). Slickensides and microslickensides are formed in
soils by periodic expansion and contraction of expansive
clay minerals associated with strongly seasonal precipitation
(White, 1997; Retallack, 2001; Driese et al., 2003). In
thin-section the presence of cross striated b-fabric also
indicates shrinking and swelling processes related to sea-
sonal contrast (Hussein & Adey, 1998; Driese ez al., 2003;
Kovda & Mermut, 2010; Di Celma ez al., 2015). The Alfi-
sols from the Mata Amarilla fossil forests also have hydro-
morphic features, such as the presence of gley colours,
mottles and nodules in the Bg and E horizons. Nodules
are 0.5-20 mm in size, surrounded by haloes of a light
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Fig. 7 Detailed of vertic Alfisols micromorphology (A) Photomicrograph from A horizon at locality 6, showing groundmass with undifferentiated b-fabric and
the presence of voids forming galleries (white arrows) and voids in cross-sectional views (black arrows), showing cementation of iron and manganese oxides,
PPL. (B-C) Photomicrographs from A horizon at locality 6 (B) simple to double spaced porphyric c/f related distribution and voids filled by high luminescence
clay (white arrows), PPL. and (C) open porphyric c/f related distribution and open voids lined with organic matter and forming galleries (white arrows), PPL.
(D) Photomicrograph of Ass horizon at locality 6, showing groundmass with cross striated b-fabric with two sets of birefringent streaks clay orientation form-
ing an angle of ~45° (micro-slickensides), the c/f ratio is 1/8 with double spaced to open porphyric c/f related distribution, XPL. (E) Photomicrograph of E
horizon at locality 5 showing monic c/f related distribution with a typic amiboidal shape nodule composed of iron oxide, PLL. (F) Photomicrograph of Bt hori-
zon at locality 5, the c/f ratio is 2/3 with a chitonic-gefuric c/f related distribution showing laminated dense incomplete illuvial clay and organic matter infill-
ing (cutans; white arrow). (G) Photomicrograph of Bt horizon at locality 5, showing chitonic-gefuric related distribution, the c/f ratio is 2/3 and
microlaminated dense complete limpid and impure illuvial clays infilling (argillans; lines of clay illuviation in white arrows). (H and I) Plane polarized light (PPL)
and crossed polarized light (XPL) photomicrographs of Bt horizon at locality 6, showing a rhizolith with partially preserved root (white arrow) and cutans (i.e.
argillans) that cover the walls of rhizoliths (black arrow), noted double spaced porphyric c/f related distribution with a c/f ratio of 1/8. (J) Photomicrograph
from Bt horizon at locality 15, showing a groundmass with undifferentiated b-fabric; and a rhizolith with a hypo-coating composed of a mixture of organic
matter, clay and Fe-Mn oxides (white arrows) and thin coating of limpid clay (black arrows).
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yellowish colour. The hydromorphic features suggest a
fluctuating water table and/or alternating periods of water-
logging, both caused by rainfall seasonality (Duchaufour,
1992; Vepraskas, 2004; Lindbo et al., 2010). The voids
and cavities are often interconnected by galleries (Fig. 7A
and B), and sometimes lined with organic matter, which
could be attributed to bioturbation by worms (Fig. 7C).
The time required to form strongly developed Bt horizons
of clay texture is between 40 and 100 ky (Harden, 1982;
Harrinson et al., 1990; Duchaufour, 1992). Pedogenic fea-
tures, such as mottles, slickensides, nodules and iron/man-
ganese oxide concretions, are in accordance with a warm
temperate climate with a pronounced seasonality caused by
rainfall (among others, Duchaufour, 1992; White, 1997;
Hussein & Adey, 1998; Retallack, 2001; Kovda & Mer-
mut, 2010).

FOSSIL FORESTS OF THE FORCED
REGRESSIVE SURFACE

Wood taxonomy and growth ring analysis

Order CONIFERALES

Family PODOCARPACEAE Endlicher, 1847

Genus Podocarpoxylon Gothan, 1905

Type species Podocarpoxylon juniperoides Gothan, 1905
Species Podocarpoxylon garcine Del Fueyo, 1998

Material examined

Thirteen stumps in life position at locality 6 (La Urbana
Farm) (MPM-PB-1549 to MPM-PB-1561) and thin sec-
tions (pmLPPB-1919 to -1930). Five stumps at locality 5
(Marfa Elena) (MPM-PB-1562 to MPM-PB-1566 and
microscope slides pmLPPB-1931 to pmLPPB-1935),
twelve logs at locality 11 (South of Lake Viedma) (MPM-
PB-1567 and pmLPPB-1936) and seven logs at locality 13
(Hornos Hill) (MPM-PB-1568 and pmLPPB-1937).

Description

Silicified stumps and stems of 10-120 cm in diameter
(Table 1). Generally dark yellow to orange-yellow in exter-
nal colours without evidence of compression, except at
locality 13 (Hornos Hill), where they are dark black exter-
nally and laterally compressed (Fig. 5A).

In cross-section, wood shows smooth-marked growth
rings, with 3 mm in mean thickness (1.7-3.8 mm in
range). The transition from earlywood to latewood is thin,
composed by few layers of tangentially compressed thick-
walled tracheids (Fig. 8A and B). Tracheids are quadrangu-
lar to rectangular in shape (Fig. 8C). The earlywood is
constituted by tracheids with a mean radial diameter of
39 um (79-14 um) and a tangential diameter of 33 pum
(41-25 pm), whereas the latewood tracheids have a mean
radial diameter of 25 pm (574 pm) and a tangential

Table 1 Diameters and taphonomic characters for each fossil forest locality

Locality of the

Fossil Forest Log n° Diameters, cm Taphonomic position
Locality 4 T1 86 Horizontal stump
Locality 5 T1 120 In situ

Locality 5 T2 100 In situ

Locality 5 T2 100 In situ

Locality 5 T3 26 Horizontal stump
Locality 5 T3’ 50 In situ

Locality 5 T4 92 Horizontal stump
Locality 5 5 65 Horizontal stump
Locality 6 T1 - In situ

Locality 6 T2 56 In situ

Locality 6 T3 66 In situ

Locality 6 T4 120 Horizontal stump
Locality 6 5 - In situ

Locality 6 T6 70 Horizontal log
Locality 6 7 - Roots in life position
Locality 6 T8 112 In situ

Locality 6 T9 70 In situ

Locality 6 T10 - Roots in vita
Locality 6 T - Horizontal stump
Locality 6 T12 - Roots in vita
Locality 6 T13 - In situ

Locality 7 T1 - In situ

Locality 7 T2 70 Horizontal stump
Locality 7 T3 45 Horizontal log
Locality 11 T1 74 Horizontal stump
Locality 11 T2 49 Horizontal log
Locality 11 T3 48 Horizontal log
Locality 11 T4 79 Horizontal stump
Locality 11 T5 64 Horizontal log
Locality 11 T6 62 Horizontal log
Locality 11 T7 52 Horizontal log
Locality 11 T8 65 Horizontal log
Locality 11 T9 58 Horizontal log
Locality 11 T10 80 Horizontal stump
Locality 11 T11 57 Horizontal log
Locality 11 T12 10 Horizontal log
Locality 13 T 53 Horizontal stump
Locality 13 T2 38 Horizontal log
Locality 13 T3 57 Horizontal stump
Locality 13 T4 35 Horizontal log
Locality 13 5 105 Horizontal stump
Locality 13 T6 72 Horizontal stump
Locality 13 T7 48 Horizontal log
Locality 14 T - Horizontal log
Locality 14 T2 - Horizontal log
Locality 14 T3 - Horizontal log
Locality 14 T4 - Horizontal log
Locality 15 T1 89 Horizontal stump
Locality 15 T2 72 Horizontal stump
Locality 15 T3 - Horizontal log
Locality 15 T4 - Horizontal log
Locality 15 5 - Horizontal log
Locality 15 T6 120 In situ

Total 53 69.34

diameter of 20 um (39—4 pm). The latewood is narrow,
with 4-19 regular radial rows of tracheids (Fig. 8C). The
mean number of tracheids that separate the rays is 4, with
a range between 1 and 8. Intercellular axial spaces are
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Fig. 8 Wood anatomy of Podocarpoxylon
garciae at the forced regressive surface. (A-C)
Cross-section of grow rings of locality 6 (La
Urbana Farm) in situ fossil woods. (A)
pmLPPB-1927 (MPM-PB-1557), scale
0.4 mm. (B) pmLPPB-1923 (MPM-PB-1552),
white arrow denoting a false grow ring. Scale
0.4 mm. (C) Closer view at a grow ring, note
quadrangular and smaller cells at late wood
(left). Black arrow at diffuse axial parenchyma
(pmLPPB-1923), scale 0.1 mm. (D) Tangential
longitudinal section showing uniseriate rays.
Black arrow showing a partial biseriate ray
(pmLPPB-1927), scale 0.2 mm. (E-H) Radial
longitudinal section in pmLPPB-1931 (MPM-
PB-1552). (E) Uniseriate large pits (abietinoid
type wood) and Sanio bars (black arrow),
scale 200 um. (F) Cross-field pitting of
cupressoid type (1-2 oval to circular pits),
scale 200 um. (G) Closer view of pitting at
radial tracheid walls showing Sanio bars, scale
20 um. (H) Closer view at two cross-field
pitting of cupressoid type, scale 20 um.

present (Fig. 8C), and probably trabeculae as well. The
axial parenchyma is scarce and diffuse (Fig. 8A-C).

In radial longitudinal section, the tracheid pitting is rec-
ognized as the abietinoid type. Pits are circular, areolate,
spaced or contiguous, uniseriate or rarely with biseriate
portions; when biseriated, pits are opposite or alternate
(Fig. 8E). In radial tracheid walls, transversal thickening as
bars of Sanio occurs (Fig. 8E and G). The mean size of
the pits is 1.9 pm (2.5-1.5 um). The aperture of pits is cir-
cular or oval, 0.3-0.5 pum in diameter. The cross-field pit-
ting is of the cupressoid type, with 1-2 oval to circular pits
(1-1.6 um in size). Pits have large apertures and thin,
weakly defined borders (Fig. 8H). The tangential and
transverse walls of the parenchyma ray cells are smooth.

© 2015 John Wiley & Sons Ltd

In tangential longitudinal section, the radial system is
homogeneous (homocellular rays). Uniseriate low rays with
2-3 cells in height are most common with a mean of 6 (2—
17) cells in height. Occasionally, uniseriate rays with a
small Dbiseriate portion (Fig. 8D) occur. There is an
absence of pits in tangential walls, when the ray cell walls
are smooth.

Comparison

The abietinoid pitting with cross-field pits (mostly 1-2 per
field), the presence of homocellular rays, and ray cells with
smooth walls and scarce axial parenchyma in the wood
anatomy allows the assignment of the fossils to genus
Podocarpoxylon Gothan, 1905 (Petriella, 1972; Del Fueyo,
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1998; Bamford & Philippe, 2001; Gnaedinger, 2007; Phi-
lippe & Bamford, 2008). The fossils were compared with
diverse Podocarpoxylon species that have axial parenchyma
(see Table 1 in Gnaedinger, 2007; Table 2 in Franco &
Brea, 2015). The wood fossil described for the Meso-Cen-
ozoic of Gondwana with axial parenchyma are: P. mazzonii
(Petriella) Miiller-Stoll & Schultze-Motel (1990), P. specio-
sum (Ramanujam) Trivedi & Srivastava (1989), P. maha-
balei (Agashe)  Trivedi & (1989),
P. schmidianum Sahni (1931), P. paralatifolium Vozenin-
Serra & Grant-Mackie (1996), P. austroamericanum Gnae-
dinger (2007), P. trichinopoliense (Varma) Bose &
Maheshwari  (1974), P. umzambense  Schultze-Motel
(1966), P. stokesii Thayn & Tidwell (in Bamford & Cor-
bett, 1995) P. mahabalei Agashe (1969) and P. garcine
Del Fueyo (1998). The anatomy of the Mata Amarilla For-
mation woods show uniseriate radial wall pits, scarce and

Srivastava

diffuse axial parenchyma, cross-field pitting of the cupres-
soid type with 1-2 circular pits, usually uniseriate and
rarely biseriate rays, low rays 1-15 cells in height (most
commonly 2-3 cells high), smooth tangential and trans-
verse walls of the parenchyma cells, and frequent intercellu-
lar axial spaces, indicating placement within Podocarpoxylon
garcine Del Fueyo (Del Fueyo, 1998; Gnaedinger, 2007).
The specimens describe here as P. garcine differs from
P. mahabalei, P. speciosum, P. mahabalei, P. austroameri-
canum, and P. wmzambense in the number of pits per
cross-field. P. mazzonii and P. schmidianum differ in the
type of the radial pitting and ray height. P. paralatifolium
and P. trichinopoliense have uniseriate rays. P. stokesii difters
in the ray height, the number of pits per cross-field and it
has abundant axial parenchyma.

The skew of the cumulative sum deviation from the
mean (CSDM) curves for P. garcine are right-skewed with
a mean skew percentage of +38.98, with a range from
+9.09 to +76.19% (Fig. 9 and Table 2), which indicates an
evergreen habit. In New Zealand, living podocarps have
given skew ranges of +30.8 to +40.0% and +40.0 to
+52.4%, based on Podocarpus totara Don ex Hook and
Prummnopitys ferruginea (Benn ex Don) de Laub. respec-
tively (Falcon-Lang, 2000). Among other Patagonian fos-
sils, podocarps have shown ranges as broad as +38.8 to
+48.39% (average of +40.23%) in the early Palacocene

(Brea et al., 2011). These results indicate that in the Mata
Amarilla Formation, the P. garcine ring boundaries and
ring increments are comparable to those of extant conifers
with long leaf retention times (LRTSs) ranging between 2
and 6 years (Falcon-Lang, 2000; Table 2).

Podocarp forest structure and tree density

The spatial distribution of the stumps at locality 6 (La
Urbana Farm, Fig. 1B), made it possible to measure the
forest density, using both the point-centred quarter
method and the nearest neighbour method (Fig. 10A-B).
At locality 5 (Fig. 1B), tree density was measured based
only on distance to the nearest neighbour due to the
reduced size of the area and scarcity of in situ stumps
(Table 1). In other fossil forest localities it was impossible
to measure forest density due to the fact that the real posi-
tion of trees could not be identified, and some of them
show signs of short transportation (parautochthony).

The point-centred quarter and nearest neighbour meth-
ods are known to give different density values (Cottam &
Curtis, 1956) that should not be used as absolute values
for cross comparisons. However, they are very useful to
compare both fossil and modern forests using the same
methods (Fig. 10A-B; Table 3). Mean distance to the
nearest neighbour method gives values as low as 16.24 and
36.73 trees per hectare (mean distance of 12.41 m for
locality 6 and 16.5 m the locality 5). The obtained maxi-
mum value of 114 trees per hectare (Table 3) still corre-
sponds to a forest type with low tree density (Fig. 10C).

Comparisons with other podocarp-dominated extant
forests

The tree density values obtained for the Mata Amarilla
Formation fossil forests are comparable to recent forests
with old podocarp trees in which large forest gaps occur,
generating multiple open spaces that are used by more
competitive species (Blakely & Dinham, 2008). In mixed
temperate rainforests in South America, Podocarpus nubige-
nea can reach a height of up to 25 m tall (1-2 m in diam-
eter) and is found as a tolerant species in advanced
ecological succession, with <30 trees per hectare (Veblen

Table 2 Range of values obtained for ring markedness parameters (RMI) and CSDM curves (Fig. 11) in five Podocarpoxylon garciae trees at locality 6 (La
Urbana Farm) using Falcon-Lang (2000) method. Average are obtained from four measures in different grow rings at each fossil wood. Percentages of skew
are similar to evergreen podocarp forest from New Zealand with a leaf retention time of 2-6 years

Thin section wood sample Percentage Latewood

Percentage diminution

Ring markedness index (RMI) Percentage skew

pm-LPPB-1923 14.28-33.93
pm-LPPB-1927 4.21 73.90

pm-LPPB-1930 19.67-25.81 81.13-90.81
pm-LPPB-1931 17.04-17.30 82.43-84.78
Average 20.92 85.56

84.14-89.45

12.16-28.55 +16.36-+76.19

5.70 +51.57
17.08-21.04 +31.15—+51.67
14.26-14.40 +9.09-+63.63
17.85 38.98
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et al., 1981). Saxegothaen conspicun Lindl., which has a
similar ecological pattern to P. nubigenen in the southern
Andes, can reach up to 20 m tall (2 m in diameter) with a
homogeneous age range in the forests. However, due to
the regenerative property of the trees, they can reach up to
3 m in diameter (Veblen e al, 1981). The other two
podocarps from the southern Andes, Podocarpus saligna
Don. and Prummnopitys andina (Poepp. ex Endl.) de Laub.,
can reach up to 15-20 m tall (0.5-1 m in diameter), but
are not a tolerant species and are uncommon in advanced
ecological succession (Veblen er al, 1981). In northern
South America, Prummnopitys montana (Humb. & Bonpl.
ex Willd.) de Laub. could reach 21 m (50 cm in diameter)
in montane regions (Viquez Correa et al., 2010). Podocar-
pus guatemalensis Standl. can reach 24 m (60 cm in diame-
ter) in coastal areas, but most podocarp forests in South
America are confined to montane environments.

Heath and peat podocarp forests with low-nutrient
acidic sands and wet peaty soils are most commonly found
at low altitudes in Borneo, Sumatra and Malaysia.
Although they are characterized by seasonal waterlogging
and low levels of mineral nutrient availability, they support
high stem densities of small-diameter trees, typically 20—
25 cm diameter breast height (dbh; Whitmore, 1984;
Newbery et al., 1986; Enright & Jaffré, 2011). This is not
the case of the Mata Amarilla Formation forests, where
Alfisols provided a rich mineral source and the total mean
diameter is >60 cm, with the smallest tree being 26 cm in
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diameter (Table 1). Drought stress is thought to be a
major driver of podocarp forest structure and composition,
with shallow root systems (a response to scasonal waterlog-
ging) leading to increased vulnerability during dry periods
(Enright & Jaffré, 2011). This type of root system is simi-
lar to those observed in the fossil forest pits (Figs. 6A, B
and 7C). Although forest understory was not recorded,
diameters of fossil logs were used to recognize different
vertical forest strata. For this purpose, not only trees in life
position were used, but also a broad sampling from the
same forest horizon of the Mata Amarilla Formation to
obtain a better estimation of tree heights throughout the
entire region. As shown in Table 1, mean diameters do
not vary greatly among different localities.

From tree diameters and tree heights derived using Nik-
las (1994a,b), it is possible to recognize that all localities
(including both #n situ and horizontal logged forests, in
groups or alone) show a greater percentage of large and
old trees. The obtained estimation of 15-30 m in height
for trees within Podocarpaceae is unusual. Most podocarp
tree species attain heights between 15 and 20 m. Few spe-
cies can reach more than 20 m, such as some species of
Dacrycarpus, Dacryidium and Prummnopitys. Retrophyllum
comptonii (Buchholz) Page reaches up to 30 m and Dacry-
dium lycopodioides Brongn & Gris reaches up to 20-25 m,
both of which form the canopy layer or occur as emergent
species in dense evergreen tropical forests in New Caledo-
nia (Enright & Jaftré, 2011).
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Fig. 10 (A) Transect used for point-centred quarter method (Cottam & Curtis, 1956) at locality 6 (La Urbana Farm), to estimate forest density and compare
with other fossil forests. (B) Distance to its nearest neighbour at locality 6 (La Urbana Farm), used for compare modern forests density. (C) Fossil forest at
locality 5 La Urbana (La Urbana Farm) reconstructed. Lateral view of the forest based on stump distribution (Fig. 8A), stump diameter and estimated tree
highest. For a complete reconstruction, mean diameters from Table 1 was used to replacing those stumps where real diameters was impossible to measuring
(trees in dark grey). The horizontal stumps at the field here are represented in life position based on the measured diameters and fallen tree reconstruction
(streaked trees). Podocarp trees have cone like shapes when young, but tend to fall their lateral branches and develop profuse branching when old. The
reconstruction demonstrates that the forest at locality 6 (La Urbana Farm) possessed large holes or spaces among very old trees. The trees reach heights simi-
lar to modern podocarp canopies. (D-E) Tree diameter frequency distribution of modern mixed podocarp forests with ~300 years old trees from New Zealand
(Duncan, 1993). (D) Diameter frequency distribution of Dacrydium cupressinum. (E) Diameter frequency distribution of Dacrycarpus dacrydioides. (F) Tree
diameter frequency distribution of Podocarpoxylon garciae using complete data of Mata Amarilla Formation fossil forests (Table 1).

Podocarp in lowlands

Podocarps are rare in tropical lowlands (Enright & Jaffré,
2011; Kitayama et al, 2011). Podocarpus neriifolius Don,
Nagein wallichiana (Presl.) Kuntze, N. motleyi (Malaysia),
N. fleuryi (Vietnam) and Sundacarpus amarus (north-east-
ern Australia) are large, typically solitary canopy trees (up
to 40 m in height and >100 cm dbh) in angiosperm-domi-
nated lowland and lower montane forests (Enright &
Jaftré, 2011). In Malaysian mountain cloud forests at
3000 m above sea level, emergent podocarps (Dacrycarpus
compactus (Wasscher) de Laub. and Podocarpus pilgeri

Foxw.) form an open canopy at around 25 m over a
diverse angiosperm tree canopy (Enright & Jaftré, 2011).
In Russell Forest in New Zealand, <25 podocarp trees
(Dacrydium — cupressinum ~ Sol.  and  Phyllocladus  tri-
chomanoides Don.) larger than 20 cm in diameter
(100 years old) per hectare were counted (Lloyd, 1960).
Duncan (1993) demonstrated how in podocarp-dominated
forests in New Zealand, the smaller trees greatly expand
the number of specimens after they are affected by flood
disturbances. This implies that once an area is disturbed,
juvenile trees colonize the site and the numbers per hectare
are higher until competition for light prunes their num-
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Table 3 Tree density in fossil forest at localities 5 and 6 compared to modern podocarp forests. At locality 6 (La Urbana Farm), both nearest neighbour and
point-centred quarter methods were used. (*) denoting that the main forest canopy is not only dominated by podocarps. (°) denoting that forest constituted

by young individuals, <20 cm in diameter, from disturbed habitats

Environment

Total Podocarp

Density (trees per ha) Source of Data

Locality 5 Lowland
Locality 6 Lowland
Lowland
Orikaka, New Zealand Lowland
Rusell Forest, New Zealand Lower montane
Valdivia, Chile Montane
Mount Kinabalu, Malaysia Montane
Mount Kinabalu, Malaysia Lowland
Mount Kinabalu, Malaysia Lower montane
Mount Kinabalu, Malaysia Subalpine
Rusell Forest, New Zealand Lower montane
South Westland, New Zealand Lowland

36.73 This work (nearest neighbour)
16.24 This work (nearest neighbour)
114.77 This work (point-centered quarter)
14%* Blakely & Dinham (2008)

25% Lloyd (1960)

6-46* Veblen et al. (1981)

20-50* Aiba et al. (2005)
1055-1195° Aiba & Kitayama (1999)
1624-4190° Takyu et al. (2002)
3600-4383° Aiba & Kitayama (1999)
2965%*° Lloyd (1960)

250-831° Duncan (1993)

bers. In the case of old forests, the podocarp population
tends to have a tail towards larger and older trees, with
low tree density and low percentage of specimens with a
dbh of <20 cm (Fig. 10D and 10E). This suggests that
the forced regressive surface in the Mata Amarilla Forma-
tion were developed before an old and well-established
podocarp forest take place (Fig. 10F). In lowland areas
from New Zealand, Dickinson & Mark (1999) recognized
low soil pH values in the podocarp (Dacrycarpus dacry-
dioides (Rich.) de Laub. and Dacrydium cupressinum) rain
forest association. These New Zealand forests are located
above the estuary tidal range and are characterized by
organic soils (50% organic matter), with low values for rel-
ative conductivity and the lowest bulk density among the
podocarp communities. These stands are characterized by
emergent podocarps up to 33 m tall, which closely match
the 30 m maximum height inferred from the largest logs
measured at locality 15 (Table 4).

In New Zealand, D. dacrydioides and D. cupressinum reach
heights of 20 m in 80 years, whereas Podocarpus totara and
Phyllocladus trichomanoides reach 18 m in 80 years (Bergin &
Kymberley, 1992). These New Zealand forests are chiefly
dominated by podocarps, although a well-developed main
canopy of angiosperms occurs ( Weinmannin racemosa and
Nothofagus menziesii), together with relatively diverse small
tree, shrub, herb, ground, liana and epiphytic strata (Dickin-
son & Mark, 1999). Angiosperm diversity is also high in the
Mata Amarilla Formation (Iglesias ez al, 2007; Zamuner
et al., 2008), although the forest canopy seems to be domi-
nated by podocarps due to the homogeneous spatial distribu-
tion and tree heights (Table 1).

Comparisons with other podocarp-dominated fossil
forests

In a Palacocene podocarp petrified forest in northern Patag-
onia, Brea ez al. (2011) obtained values with a similar range
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of estimated heights. Although this Palacocene forest was
located in a lowland area close to the Atlantic open sea, it
was parautochtonous and associated with a very different
flora, where palms were abundant and an indurated hard-
ground was associated with the coasts. The Palacocene
Szlapelis Petrified Forest in central Patagonia (Brea et al.,
2005) showed monotypic dominance to a tree related to the
Dadoxylon type of wood. No diameters or heights were
obtained, although the thickening of measured growth rings
are similar to those of the Mata Amarilla Formation, and the
CSDM curves analysed show values of an evergreen podo-
carp forest type with a high mean sensitivity (0.68).

Time of forest development

The formulae of Veblen e al. (1981) were used to infer
tree age ranges (Table 4); the mean age of all forests is
230 years, with a range from 140 to 337 years old. These
values are comparable to trees with a slower growth than
in warmer climate environments (Enright & Jaftré, 2011)
and, because fossil wood was not preserved completely (i.e.

Table 4 Mean diameters of trees per locality, mean high values obtained
from diameters using Niklas (1993, 1994a,b) formulae, and age estimation
using Veblen et al. (1981) in Mata Amarilla Formation forest at different
localities. (*) denoting values with diameter correction for compressed hori-
zontal fossil logs, following Philippe et al. (2009). Range values obtained
from the minimum and maximum values measured in field

Mean diameter (n° trees) ~ Mean height (m)  Age (Year)
Locality 5 0.79 m (7) 24.54 265
Locality 6 0.82 m (6) 25.31 271
Locality 11 0.58 m (12) 21.62 222

0.37 m (12)* 17.81 172
Locality 13 0.58 m (7) 21.69 222

0.37 m (7)* 17.87 172
Locality 15 0.94 m (3) 26.88 293

0.60 m (3)* 22.14 227
Range 0.26-1.2 m (35) 15.58-30.0 140-337
Mean 0.59*-0.74 m (35) 21.5%-24.7 224*-230
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cortex and most external xylem), the results should be
taken as minimum values.

In New Zealand, the mean age of 15 m tall Dacrydium
cupressinum (that reach up to 50 m and 1.5 m in diameter)
and Phyllocladus trichomanoides (that reach up to 20 m and
1 m in diameter) trees, were measured by counting growth
rings as 108 and 85 years old, respectively (Lloyd, 1960).
Likewise, McCoy et al. (1999) suggested ages of up to
125 years for individuals approaching 20 cm dbh. These
authors relate the low tree density with the presence of larger
number of tall and old trees, and more homogeneous tree
ages (Fig. 9). All of these characteristics coincide with most
well-stabilized recent lowland podocarp forests in New Zeal-
and. As noted by Wiser et al. (2011), podocarps are very
long-lived; however, the forest ecology of these taxa requires
relatively few juveniles to replace the current adults. Therefore,
the development of the soil and forest of a podocarp commu-
nity suggests more than 337 years in duration (Table 4).

Based on the above, we can conclude that the fossil forest
preserved on the Mata Amarilla Formation forced regressive
surface are evidence for podocarp-dominated large forests,
with tall and old trees, co-occurring in association with vertic
Alfisol palacosol developed under warm temperate climate in
southern South America (Patagonia). These podocarp-domi-
nated fossil forests do not have modern analogue among
South America. Forest density, tree heights and distribution
of these fossil forests close match some New Zealand podo-
carp lowland forests. However, the vertic Alfisol where Mata
Amarilla Formation forests developed is totally different than
any modern soils where podocarp forests occurs.

Implications of the occurrence and the taphonomic fossil
forest preservation in relation to the forced regressive
surface

The preservation of a forest in a single stratigraphic level
frequently occurs in the geological record (among others,
Demko, 1995; Fielding ez al, 1997; Gastaldo, 2004,

Demko et al., 2004; Brea et al., 2005, 2011; Artabe ez al.,
2007; Gastaldo & Demko, 2011). This may be more a
function of low-frequency external processes, rather than
any other trigger factor (Gastaldo & Demko, 2011). Is
important to discriminate both low- and high-frequency
factors controlling the geological record before performing
palacoecological, palacoclimatic and palacobiologic inter-
pretations (Gastaldo & Demko, 2011). In continental suc-
cession, special attention should be paid to the concept of
‘base profile’ (Quirk, 1996) as the state of equilibrium or
disequilibrium of the fluvial system would condition the
development and preservation of a forest in the geological
record. Fluvial equilibrium is defined as a state when there
is no significant erosion or deposition occurring in the flu-
vial systems (Quirk, 1996). Conversely, fluvial systems are
in state of disequilibrium when they are depositing or
eroding. Hence, disequilibrium states generate aggradation
or degradation (downcutting) of the alluvial plain. Gas-
taldo & Demko (2011) suggest that the development and
preservation of a petrified forest in the geological record is
conditioned by: 1- low accommodation/sediment supply
condition (low A/S ratio) and the equilibrium state of the
fluvial systems that promote the development and evolu-
tion stage of the forest (Figs. 11 and 12A-C), followed by
2- a disequilibrium state of fluvial systems involved (aggra-
dation) and an increase in the accommodation/sediment
supply (high A/S) ratio to generate the conditions for
taphonomic preservation stage of the forest (Fig 12D-E).

1 Forest development and evolution stage: The surface on
which the forest developed corresponds to the contact
between the lower and upper section of the Mata
Amarilla Formation. This boundary is a heterogeneous
surface, which in the western sector of the study area,
generated erosion and degradation by lateral migration
of a high-sinuosity fluvial system (Fig. 12A-B). To the
eastern sector it was generated as a paraconformity due
to conditions of relative balance or equilibrium of

Mid-Cenomanian Austral Basin
forced regressive surface

. Localities with in situ trunks
@ Localities without trunks/trees

(@) Localities with transported trunkstrees

lower Mata Amarilla Fm. deposits

Fig. 11 Block diagram showing the mid-
Cenomanian forced regression surface and their
relationship  with the palaeoenvironmental,
palaesogeographic and palaeobotany context
(Mata Amarilla Formation). HSM, high-sinuosity
meandering; LSM, low-sinuosity fluvial system
with aggradation.

© 2015 John Wiley & Sons Ltd



Fig. 12 Model of the Forced Regressive
Surface (FRS) evolution in the Mata Amarilla
Formation, adapted from Gastaldo & Demko
(2011) and Varela etal. (2012a). (A)
Development of the heterogeneous surface by
degradation of the high-sinuosity fluvial
system into the west and equilibrium of the
low-sinuosity fluvial system into the east. (B)
Pre-existing forest topography showing a
heterogeneous surface is delimited by an
erosional and irregular surface into the west
and as a paraconformity into the west. (C)
Time of equilibrium of the fluvial systems
across the whole study area which promoted
the development of the Podocarp fossil forest
and their associated vertic Alfisols. (D) Onset
of fluvial disequilibrium and landscape
aggradation promotes floodplains reworking in
the west, due to the migration of channels
from the high-sinuosity  fluvial  system
generating sheet-like channels deposits with
forest trees as bed load. While to the east the
low-sinuosity  fluvial system favours the
accumulation and preservation of floodplains.
(E) Fluvial systems continued in aggradation
status preserving westward logs within the
sheet-like channels deposits, and eastward
trees were preserved in life position within
vertic Alfisols.
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low-sinuosity fluvial system (Fig. 12A-B). These condi-
tions occur in regressive system tract or lowstand
wedges and are particularly pronounced in sequences
boundaries (SB; Wright & Marriott, 1993; Catuneanu
et al., 2009; Varela et al., 2012a), as in the case of
forced regression of the middle section of Mata Amarilla
Formation (Varela, 2015). A relative stability of the
landscape is needed in which the forest reaches a stage
of development of mature forest (Figs 11 and 12C). In
other words, from a sedimentological point of view, a
relatively low A/S ratio is required, and fluvial systems
should have the peculiarity of being very close to the
equilibrium profile, that is should not depositing or
eroding (Shanley & McCabe, 1994; Quirk, 1996)
(Fig. 12C). The Mata Amarilla Formation palacosols
display characteristics compatible with warm temperate
climates (Varela er al., 2012a) and have the necessary
nutrients to support a mature podocarp forest develop-
ment. However, vertic Alfisol has the limitation of vertic
characteristics (i.e. the expansion—contraction soil) evi-
denced by slickensides, which are the product of a
smectite clay mineral composition (Fig. 4B). These
vertic pedofeatures, coupled with a high water table,
prevent the development of deep vertical root systems
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by strangulation. Specimens of these Podocarpaceae
have developed have developed subhorizontal shallow
roots, as biological adaptation for anchoring system
(Fig. 6A—-C). This could be one of the reasons of
monospecific genus of trees in this fossil forest.

Taphonomic preservation stage: The forest development
and evolution stage is followed by the taphonomic
preservation stage. During the preservation stage the
conditions of accommodation/sediment supply (A/S
ratio) were modified, as well as the fluvial systems
became into a disequilibrium state dominated by aggra-
dation (Fig. 12D-E). The difference in taphonomic
preservation that trees have in the western and eastern
sectors of the basin would be related to differences in
sedimentary environments and more specifically to the
type of fluvial system (Figs. 11 and 12D). In the west-
ern part of the basin, the fluvial systems developed
were: braided fluvial system at locality 10 and high-sinu-
osity meandering at localities 11, 12 and 14 (Fig. 11),
being characterized by the high mobility of the channels
(Varela, 2015). During the aggradational disequilibrium
state of the high-sinuosity meandering (HSM) fluvial
system, reworking of unstable floodplains occurred due
to the migration of channels. This generated sheet-like
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channels deposits with forest logs as bed load
(Fig. 12D). Conversely, in the eastern part of the basin,
a low-sinuosity (LSM) fluvial system was developed at
localities 4, 5, 6 and 15 (Fig. 11). The intrinsic dynam-
ics of this LSM fluvial system, such as relatively fixed
channels without lateral migration, generated the tapho-
nomic conditions for the preservation of a large propor-
tion of floodplain deposits and the in sitn forest that
were developed therein (Fig. 12D). Consequently, in
castward localities trees are preserved in life position
associated with LSM fluvial system. Meanwhile, in west-
ern localities, logs are preserved as basal lags within
sheet-like channel deposits from a HSM fluvial system
(Figs 11 and 12D). In foreland basins, accommoda-
tion/sediment supply conditions are not constant
throughout the basin, due to the typical geometry of a
flexural basin (DeCelles & Giles, 1996). In the Austral
Basin during the Late Cretaceous, A/S conditions were
not constant throughout the basin, which favoured the
difference between fluvial systems in the eastern and

western parts of the basin (Varela, 2015).

To summarize, the sequence boundary of the Mata
Amarilla Formation involves the time of heterogencous
surface generation, plus the time of forest and associated
palacosol development (Fig. 12A-D).

FINAL REMARKS

The drastic reduction in A/S ratio previously observed in
the boundary between the lower and middle sections of
the Mata Amarilla Formation occurs together with the
extensive presence of fossil podocarp trees in a large area
of the basin (5400 km? of exposed outcrops); this bound-
ary is interpreted as a forced regressive surface (Varela,
2015). The Mata Amarilla Formation forest was living dur-
ing the mid-Cretaceous greenhouse period. The presence
of vertic Alfisols indicates that the climate was warm and
humid with a pronounced rain seasonality. Pedogenic fea-
tures, such as mottles, slickensides, nodules and iron/man-
ganese oxide concretions, are in accordance with warm
temperate climates. Root systems and the associated leaf
macroflora recorded in the unit also indicate a wet lowland
area in a context of warm temperate climate. Growth ring
analysis in fossil woods gives a mean sensitivity and an age
estimation that are commonly reached in podocarp forests.
Similarly low forest density comprised of tall and old trees,
are today only recorded at lowlands close to the sea in
New Zealand.

The spatial distribution and preservation of the fossil trees
can be explained by a burial during a lowstand wedge. The
forced regressive surface is a sequence boundary (SB)
distinguished as a non-uniform surface, which in the west is
delimited by an erosional surface generated by a large lateral

channel migration with transported logs as bed load.
Towards the east, the SB appears as a paraconformity
bounded by a strongly mature vertic Alfisol, and the exten-
sive preservation of fossil forests in life position. Trees
reached 337 years old, according to the growth ring analy-
sis. It is noteworthy that the time required to form strongly
developed Bt horizons of clay texture with abundant clay
cutans is between 40 and 100 ky, which would limit the
maximum development of the forced regressive surface. This
study represents a remarkable example of how a forced
regression in the sedimentary record left a heterogeneous
regional surface also registered by the fossil record.

The presence of changes in the A/S ratio condition
could generate the sedimentological and palacopedological
conditions for the development and preservation of a fossil
forest at basin scale. Thus, the development and preserva-
tion of in situ fossil forests in the geologic record may be
associated with sequence boundaries (SB), in which the
conditions of accommodation/sediment supply are low.
Hence, preservation of in situ fossil forest may not just be
associated with eventual or catastrophic events such as lava
flows, volcanic eruptions, and burial by ash fall or by flood-
ing episodes. Furthermore, extrinsic factors (tectonics, cli-
mate and eustasy) could be triggers of exceptional
preservation of forests such as the Mata Amarilla Forma-
tion and these concepts could be applied to other petrified
forests around the world.

ACKNOWLEDGMENTS

The authors are very grateful to two anonymous reviewers
for highly constructive reviews. We would like to thank to
M. Donovan for the English style corrections. This
research was funded by the Consejo Nacional de Investiga-
ciones Cientificas y Técnicas (PIP 1016/10 awarded to
D.G. Poiré¢), Agencia Nacional de Promocion Cientifica y
Tecnolégica (PICT 2012-0828 awarded to A.N. Varela)
and Subsidio Jévenes Investigadores de la UNLP 2013 (La
Plata University Exp. Cod.100 N°19333/2/13 awarded
to A.N. Varela). The authors would like to thank the Sec-
retaria de Cultura de la Provincia de Santa Cruz and
landowners Roldn, Bertotti, Piccinini and the Nacer family
for their permission to carry out fieldwork, as well as the
Police Station, School and Neighbourhood Association of
the city of Tres Lagos; J. Cuitino, C. Koefoed, P. Garcia
and M. Ferrari for their assistance in the field.

REFERENCES

Agashe SN (1969) Studies on the fossil gymnosperms of India-
Part I. A new species of Mesembrioxylon, M. Mahabalei sp. nov.
Palaeobotanist 17, 312-316.

Aiba S, Kitayama K (1999) Structure, composition and species
diversity in an altitude-substrate matrix of rain forest tree

© 2015 John Wiley & Sons Ltd



communities on Mount Kinabalu, Borneo. Plant Ecology 140,
139-157.

Aiba S, Takyu M, Kitayama K (2005) Dynamics, productivity and
species richness of tropical rainforests along elevational and
edaphic gradients on Mount Kinabalu, Borneo. Ecological
Research 20, 279-286.

Arbe HA (2002) Andlisis estratigrifico del Cretdcico de la Cuenca
Austral. In Geologin vy Recursos Naturales de Santa Cruz (ed.
Haller MJ). Asociacién Geoldgica Argentina, El Calafate,
pp. 103-128.

Artabe AE, Spalletti LA, Morel EM, Ganuza DG, Iglesias A
(2007) Structure of corystosperm fossil forest from the Late
Triassic of Argentina. Palaeogeography, Palaecoclimatology,
Palneoecology 243, 451-470.

Bamford MK, Corbett IB (1995) More fossil wood from the
Namaqualand coast, South Africa; onshore material.
Palacontologia Africann 32, 67-74.

Bamford MK, Philippe M (2001) Jurassic-Early Cretaceous
Gondwanian homoxylous woods: a nomenclature revision of the
genera with taxonomic notes. Review of Palnecobotany and
Palynology 113, 287-297.

Bergin D, Kymberley MK (1992) Performance of planted native
conifer trees. Technical Handbook Section10.

Biddle KT, Uliana MA, Mitchum RM]Jr, Fitzgerald MG, Wright
RC (1986) The stratigraphic and structural evolution of the
central and eastern Magallanes Basin, southern South America.
In Foreland Basins (eds Allen P, Homewood P), International
Association of Sedimentologists Special Publication, 8, 41-61.

Blakely TJ, Dinham RK (2008) Tree holes in a mixed
broad-leat—podocarp rain forest, New Zealand. New Zealand
Journal of Ecology 32, 197-208.

Bose MN, Maheshwari HK (1974) Mesozoic conifers. In Aspects and
Appraisal of Indian Palaeobotany (eds Surange KR, Lakhampal
RN, Bharadwaj DC), BSIP, Lucknow, India. pp. 21-223.

Brea M, Matheos SD, Zamuner AB, Ganuza D (2005) Analisis de
los anillos de crecimiento del bosque f6sil de Victor Szlapelis,
Terciario inferior del Chubut, Argentina. Ameghiniana 42,407—
418.

Brea M, Matheos SD, Raigemborn MS, Iglesias A, Zucol AF,
Pramparo M (2011) Paleoecology and paleoenvironments of
Podocarp trees in the Ameghino Petrified forest (Golfo San
Jorge Basin, Patagonia, Argentina): constraints for Early
Paleogene paleoclimate. Geologica Acta 9, 13-98.

Bullock P, Federoff N, Jongerius A, Stoops G, Tursina T (1985)
Handbook for Soil Thin Section Description. Waine Research
Publications, Albrighton.

Catuneanu O, Abreu V, Bhattacharya JP, Blum MD, Dalrymple
RW, Eriksson PG, Fielding CR, Fisher WL, Galloway WE,
Gibling MR, Giles KA, Holbrook JM, Jordan R, Kendall
CGStC, Macurda B, Martinsen O], Miall AD, Neal JE,
Numedal D, Pomar L, Posamentier HW, Pratt BR, Sarg JF,
Shanley KW, Steel R], Strasser A, Tucker ME, Winker C (2009)
Towards the standardization of sequence stratigraphy. Earth
Science Reviews, 92, 1-33.

Chattaway MM (1932) Proposed standards for numerical values
used in describing woods. Tropical Wood 29, 20-28.

Committee JAWA (2004) IAWA list of microscopic features for
softwood identification. IAWA Journal 25, 1-70.

Cottam G, Curtis JT (1956) The use of distance measures in
phytosociological sampling. Ecology 37, 451-460.

DeCelles PG, Giles KA (1996) Foreland basin system. Basin
Research 8, 105-123.

Del Fueyo GM (1998) Conifer woods from the Upper Cretaceous of
Patagonia Argentina. Revista Espanola de Paleontologin 13, 43-50.

© 2015 John Wiley & Sons Ltd

Fossil forest in sequence boundary 311

Demko TM (1995) Taphonomy of fossil plants in Petrified Forest
National Park, Arizona. In Fossils of Arizona: Proceeding, 1995
Southwest Palacontological Society and Mesa southwest
Museum Mesa, Arizona, 37-52.

Demko TM, Currie BS, Nicoll KA (2004) Regional paleoclimatic
and stratigraphic implications of paleosols and fluvial-overbank
architecture in Morrison Formation (Upper Jurassic), Western
Interior, USA. Sedimentary Geology 167, 117-137.

Di Celma C, Pieruccini P, Farbollini P (2015) Major controls on
architecture, sequence stratigraphy and paleosols of middle
Pleistocene continental sediments (“Qc Unit”), eastern central
Italy. Quaternary Research 83, 565-581.

Dickinson JKM, Mark AF (1999) Interpreting Ecological Patterns
in an Intact Estuary, South-West New Zealand World Heritage
Area. Journal of Biogeography 26, 913-932.

Driese SG, Jacobs JR, Nordt LC (2003) Comparison of modern
and ancient Vertisols developed on limestone in terms of their
geochemistry and parent material. Sedimentary Geology 157, 49—
59.

Duchaufour P (1992) Pedology: Pedogenesis and Classification.
Allen & Unwin, London.

Duncan RP (1993) Flood Disturbance and the Coexistence of
Species in a Lowland Podocarp Forest, SouthWestland. New
Zealand Journal of Ecology 81, 403—416.

Endlicher S (1847) Synopsis Coniferarum. Scheitlin and Zollikofer,
Sankt-Gallen, Switzerland.

Enright NJ, Jaffré T (2011) Ecology and distribution of the
malesian podocarps. smithsonian contribution to botany. In
Ecology of Podocarpacene in Tropical Forests (eds Turner BL,
Cernusa LA). Smithsonian Contribution to Botany, 95, 57-77.

Falcon-Lang HJ (2000) A method to distinguish between woods
produced by evergreen and deciduous coniferopsids on the basis
of growth ring anatomy: a new palacoecological tool.
Palaeontology 43, 785-793.

Fielding CR, Alexander J, Newman-Sutherland E (1997)
Preservation of iz situ, arborescet vegetation and fluvial bar
construction in the Burdekin River of North Queensland,
Australia. Palneogeography, Palacoclimatology, Palacoecology 135,
123-144.

Franco MJ, Brea M (2015) First extra-Patagonian record of
Podocarpaceae fossil wood in the Upper Cenozoic (Ituzaingd
Formation) of Argentina. New Zealand Journal of Botany 53,
103-116.

Garcia Esteban L, Palacios de Palacios P, Guindeo Casasus A, Garcia
Esteban LY, Lizaro Durdn I, Gonzilez Fernandez L, Rodriguez
Labrador Y, Garcia Ferndndez F, Bobadilla Maldonado I,
Camacho Atalaya A (2002) Anatomin e Identificacion de
Coniferas o Nivel de Especie. Fundacion Conde del Valle de
Salazar, Ediciones Mundi Prensa, Madrid, pp. 1-412.

Garcia Esteban L, Palacios de Palacios P, Guindeo Casasus A,
Garcia Ferndndez F (2004) Characterisation of the xylem of 352
conifers. Investigacion agrarin: Sistemas y Recursos Forestales 13,
452-478.

Garcia-Garcia F, De Gea GA, Ruiz-Ortiz PA (2011) Detached
forced-regressive shoreface wedges at the Southern Iberian
continental palacomargin (Early Cretaceous, Betic Cordillera,

S Spain). Sedimentary Geology 236, 197-210.

Gastaldo RA (2004) The relationship between bedform and log
orientation in a Paleogene fluvial channel, Weiflelster basin,
Germany: implications for the use of coarse woody debris for
paleocurrent analysis. Palaios 19, 595-606.

Gastaldo RA, Degges CW (2007) Sedimentology and
paleontology of a carboniferous log Jam. International Journal
of Coal Geology 69, 103-118.



312 A. N. VARELA et al.

Gastaldo RA, Demko TM (2011) The relationship between
continental landscape evolution and plant-fossil record: long
term hydrologic controls on preservation. In Taphonomy: Process
and Bins Through Time (eds Allinson PA, Bottjer DJ) Topics in
Geobiology, 32, 249-285.

Gastaldo RA, Stevanovic-Walls I, Ware WN (2004 ) Erect forests
are evidence for coseismic base-level changes in Pennsylvanian
cyclothems of the Black Warrior Basin, U.S.A. In Sequence
Stratigraphy, Paleoclimate, and Tectonics of Coal-bearing Strata
(eds Pashin JC, Gastaldo RA). AAPG Studies in Geology, 51,
219-238.

Gnaedinger S (2007) Podocarpaceae woods (Coniferales) from
middle Jurassic La Matilde formation, Santa Cruz province,
Argentina. Review of Palacobotany and Palynology 147,
77-93.

Gothan W (1905) Zur Anatomie lebender und fossiler
Gymnospermenholzer. In Vertrieb bei der Koniglichen
Geologischen Landesanstalt und Bergakademie.

Greguss P (1955) Identification of Living Gymnosperms on the
Basis of Xylotomy. Akademiai Kiado, Budapest, pp. 263.

Grosser D (1986) On the occurrence of trabeculae with special
consideration of discased trees. IJAWA Bulletin 7, 319-341.

Gulbranson EL, Isbell JL, Taylor EL, Ryberg PE, Taylor TN,
Flaig PP (2012) Permian polar forests: deciduousness and
environmental variation. Geobiology 10, 479-496.

Harden JW (1982) A quantitative index of soil development from
field description: example from a chronosequence in Central
California. Geoderma 28, 1-28.

Harrinson JBJ, Mcfadden LD, Weldon RJ (1990) Spatial soil
variability in the Cajon Pass chronosequence: implications for
the use of soils as geochronological tool. In Souls and Landscape
Evolution (eds Kneupfer PZK, Mcfadden LD). Geomorphology,
3, 399-416.

Huber BT, Hodell DA, Hamilton CP (1995) Middle-Late
Cretaceous climate of the southern high latitudes: stable
isotopic evidence for minimal equator-to-pole thermal gradients.
Geological Society of America Bulletin 107, 1164-1191.

Hunt D, Tucker ME (1992) Stranded parasequences and the
forced regressive wedge systems tract: deposition during base-
level fall. Sedimentary Geology 81, 1-9.

Hussein J, Adey MA (1998) Changes in microstructure, voids and
b-fabric of surface samples of a Vertisol caused by wet/dry
cycles. Geoderma 85, 63-82.

Iglesias A, Zamuner A, Poiré D, Larriestra F (2007) Diversity,
Taphonomy and Palacoecology of an Angiosperm Flora from
the Cretaceous (Cenomanian-Coniacian) in Southern Patagonia,
Argentina. Palacontology 50, 445-466.

Kitayama K, Aiba H-I, Ushio M, Seino T, Fujikiet Y (2011) The
ecology of podocarps in tropical montane forests of Borneo:
distribution, population dynamics, and soil nutrient acquisition.
In Ecology of Podocarpacene in Tropical Forests (eds Turner BL,
Cernusak LA). Smithsonian Contribution to Botany, 95, 101—
117.

Kovda I, Mermut AR (2010) Vertic features. In Interpretation of
Micromorphological Features of Soils and Regoliths. (eds Stoops
G, Marcelino V, Mees F). Elsevier, Amsterdam, pp. 109-127.

Li W, Bhattacharya J, Zhu Y (2011) Architecture of a forced
regressive systems tract in the Turonian Ferron “Notom Delta”,
southern Utah, U.S.A. Marine and Petroleum Geology 28,
1517-1529.

Lindbo DL, Stolt MH, Vepraskas MJ (2010) Redoximorphic
features. In Interpretation of Micromorphological Features of Soils
and Regoliths. (eds Stoops G, Marcelino V, Mees F). Elsevier,
Amsterdam, pp. 129-147.

Lloyd RC (1960) Growth study of regenerated kauri and
podocarps in Rusell Forest. Journal of New Zealand Forest 8,
355-361.

McCoy S, Jaftré T, Rigault F, Ash JE (1999) Fire and succession
in the ultramafic maquis of New Caledonia. Journal of
Biogeography 26, 579-594.

Miiller-Stoll WR, Schultze-Motel J (1990) Gymnospermen-
Holzer des Deutschen Jura Teil: abietoid (modern) getiipfelte
Holzer. Zeitschrift der Dentschen Geologischen Gessellschaft 141,
61-77.

Newbery DM, Gartlan JS, McKey DB, Waterman PG (1986) The
influence of drainage and soil phosphorus on the vegetation of
Douala-Edea Forest Reserve Cameroon. Vegetatio 65, 149-162.

Niklas KJ (1993) Influence of tissue density-specific mechanical
properties on the scaling of plant height. Annals of Botany 72,
173-179.

Niklas KJ (1994a) The allometry of safety—factors for plant height.
American Journal of Botany 81, 345-351.

Niklas KJ (1994b) Predicting the height of fossil plant remains: an
allometric approach to an old problem. American Journal of
Botany 81, 1235-1242.

Petriella B (1972) Estudio de maderas petrificadas del Terciario
inferior del drea central de Chubut (Cerro Borord). Revista del
Museo de La Plata 6, 159-254.

Petrulevicius J, Varela AN, Iglesias A, Zamuner AB, Poiré DG
(2014) First Cenomanian record of insects in the Southern
Hemisphere, with Perforissidae (Fulgoroidea) and Cupedidae
(Coleoptera) from Southern Patagonia, Argentina. Cretaceous
research 51, 174-185.

Philippe M, Bamford M (2008) A key to morphogenera used for
Mesozoic conifer-like wood. Review of Paleobotany and
Palynology 148, 184-207.

Philippe M, Da Viero-Gomez V, Suteethorn V (2009) Silhouette
and palacoecology of Mesozoic trees in Thailand. In Late
Palneozoic and Mesozoic Ecosystems in SE Asia (eds Buffetaut E,
Cuny G, Le Locuft ], Suteethorn V). Geological Society of
London Special Publication, 315, 85-96.

Plint AG, Nummedal D (2000) The falling stage systems tract:
recognition and importance in sequence stratigraphic analysis. In
Sedimentary Responses to Forced Regressions (eds Hunt D,
Gawthorpe RL). Geological Society of London Special
Publication, 172, 1-17.

Poiré DG, Zamuner AB, Goin F, Iglesias A, Canessa N, Larriestra
CN, Varela AN, Calvo Marcillese L, Larriestra F (2004)
Ambientes sedimentarios relacionados a las tafofloras de las
formaciones Piedra Clavada y Mata Amarilla (Cretacico), Tres
Lagos, Cuenca Austral, Argentina. X Reunion Argentina de
Sedimentologia. San Luis, pp. 140-141.

Posamentier HW, Morris WR (2000) Aspects of the stratal
architecture of forced regressive deposits. In Sedimentary
Responses to Forced Regressions (eds Hunt D, Gawthorpe RL).
Geological Society of London Special Publication, 172, 19-46.

Quirk DG (1996) Base Profile: a unifying concept in alluvial
sequence stratigraphy. In High Resolution Sequence
Stratigraphy: Innovations and Applications (eds Howell JA,
Aiken JF). Geological Society of London Special Publication,
104, 37-49.

Retallack GJ (1988) Field recognition of paleosols. In Paleosols
and Weathering Through Geologic Time: Techniques and
Applications (eds Reinhardt J, Sigleo WR). Geological Society of
America Special Paper, 216, 1-20.

Retallack GJ (1994) The environmental factor approach to the
interpretation of paleosols. Soil Science Society of America Specinl
Publication 33, 31-64.

© 2015 John Wiley & Sons Ltd



Retallack GJ (2001) Sozls of the Past: An Introduction to
Paleopedology, 2nd edn. Blackwell Science, Oxford.

Richiano SM, Varela AN, Cereceda A, Poiré DG (2012)
Evolucion paleoambiental de la Formacién Rio Mayer,
Cretdcico Inferior, Cuenca Austral, Patagonia Argentina. Latin
American Jowrnal of Sedimentology and Basin Analysis 19, 3—
26.

Rodriguez JFE, Miller M (2005) Cuenca Austral. In Frontera
Exploratoria de ln Argentina (ed. Chebli G). Proceedings of the
6th Congreso de Exploracién y Desarrollo de Hidrocarburos,
pp. 308-323.

Royer DL (2010) Fossil soils constrain ancient climate sensitivity.
Proceedings of the National Academy of Sciences of the United
States of America 107, 517-518.

Russo A, Flores MA (1972) Patagonia austral extraandina. In
Geologin Regional Argentina (ed Leanza AF). Academia
Nacional de Ciencias de Cérdoba, Cérdoba, pp. 707-725.

Russo A, Flores MA, Di Benedetto H (1980) Patagonia austral
extraandina. In Segundo Simposio de Geologin Regional
Argentina (ed. Turner JCM). Academia Nacional de Ciencias de
Cérdoba, Cordoba, Argentina. pp. 1431-1462.

Sahni B (1931) Revisions of Indian fossil plants. Part II.
Coniferales (b. Petrifications). Geological Survey of Indin 11,
51-77.

Schultze-Motel J (1966) Gymnospermen-holzer aus
oberkretazischen Umzamba-Schichten von Ost-Pondoland (S-
Afrika). Senckenbergiana Lethaen 47, 279-337.

Schwarz E, Spalletti LA, Howell JA (2006) Sedimentary response
to a tectonically induced sea-level fall in a shallow back-arc: the
Mulichinco Formation (Lower Cretaceous), Neuquén basin,
Argentina. Sedimentology 53, 55-81.

Shanley KW, McCabe PJ (1994) Perspectives on the sequence
stratigraphy of continental strata. American Association of
Petrolenm Geologists Bulletin 78, 544-568.

Soil Survey Staff (1975) Sozl Taxonomy. United States Department
of Agriculture, Washington, DC.

Soil Survey Staff (1998) Key to Soil Taxonomy, 8th edn. United
States Department of Agriculture, Natural Resources
Conservation Service, Washington, DC.

Stoops GJ (2001) Micropedology, Methods and Applications.
International Training Centre for Post-Graduate Soil Scientists,
Universiteit Gent, Ghent, Belgium, pp. 1-77.

Takyu M, Aiba S, Kitayama K (2002) Effects of topography on
tropical lower Montane forests under different geological
conditions on Mount Kinabalu, Borneo. Plant Ecology 159,
35-49.

Tortorelli LA (1956) Maderas y Bosques Argentinos. ACME,
Buenos Aires.

Trivedi BS, Srivastava R (1989) Gymnospermous woods from
Early Tertiary of Chhindwara District, Madhya Pradesh.
Phytomorphology 39, 61-68.

Viquez Correa AM, Alcantara Vara E, Herrera Machuca MA
(2010) Wood anatomy of Colombian Podocarpaceae
(Podocarpus, Prumnopitys and Retrophyllum). Botanical Journal
of the Linnean Society 164, 293-302.

Varela AN (2015) Tectonic control of accommodation space and
sediment supply within the Mata Amarilla Formation (lower
Upper Cretaceous) Patagonia, Argentina. Sedimentology 62,
867-896.

Varela AN, Richiano S, Poiré DG (2011) Tsunami vs storm origin
for shell bed deposits in a lagoon environment : an example
from the Upper Cretaceous of Southern Patagonia, Argentina.
Latin America Journal of Sedimentology and Basin Analysis 18,
63-85.

© 2015 John Wiley & Sons Ltd

Fossil forest in sequence boundary 313

Varela AN, Veiga GD, Poiré DG (2012a) Sequence stratigraphic
analysis of Cenomanian greenhouse palacosols: a case study
from southern Patagonia, Argentina. Sedimentary Geology 271—
272, 67-82.

Varela AN, Poiré DG, Martin T, Gerdes A, Goin FJ, Gelfo JN,
Hoffmann S (2012b) U-Pb zircon constraints on the age of the
Cretaceous Mata Amarilla Formation, Southern Patagonia,
Argentina: its relationship with the evolution of the Austral
Basin. Andean Geology 39, 359-379.

Varela AN, Gomez-Peral LE, Richiano S, Poiré DG (2013)
Distinguishing similar volcanic source areas from an integrated
provenance analysis: implications for Foreland Andean Basins.
Journal of Sedimentary Resenrch 83, 258-276.

Veblen TT, Donoso C, Schlegel FM, Escobar R (1981) Forest
dynamic in south-central chile. Journal of Paleogeography 8,
211-247.

Veiga DG, Spalletti AL, Flint SS (2008) Anatomy of fluvial
lowstand wedge: the Avilé member of the Agrio Formation
(Hauterivian) in central Neuquén Basin (northwest Neuquén
Province), Argentina. In Sedimentary Processes, Environments
and Basins, A Tribute to Peter Friend (eds Nichols G, Williams
E, Paola C). International Association of Sedimentologists
Special Publication, 38, 341-365.

Vepraskas MJ (2004) Redoximorphic Features for Identifying Aquic
Conditions. Technical Bulleyin 301, North Carolina Agricultural
Research Service, Raleigh, NC, USA, pp. 33.

Vozenin-Serra C, Grant-Mackie J (1996) Les bois noriens des terrains
Murihiku-Nouvell Zélande. Palncontographica 241, 99-125.

White RE (1997) Principles and Practice of Soil Science: the Soil as
a Natural Resource, 3rd edn. Blackwell Science Ltd, Oxford.

White T, Gonzilez L, Ludvigson G, Poulsen C (2001) Middle
Cretaceous greenhouse hydrologic cycly of North America.
Geology 29, 363-365.

Whitehead D, Hall GM, Walcroft AS, Brown KJ, Landsberg JJ,
Tissue DT, Turnbull MH, Griffin KL, Schuster WS, Carswell
FE, Trotter CM, James IL, Norton DA (2002) Analysis of the
growth of rimu (Dacrydium cupressinum) in South Westland,
New Zealand, using process-based simulation models.
International Journal of Biometeorology 46, 66-75.

Whitmore TC (1984) A vegetation map of Malesia at scale 1:5
million. Journal of Paleogeography 11, 461-475.

Wiser SK, Hurst JM, Wright EF, Allen RB (2011) New Zealand’s
forest and shrubland communities: a quantitative classification
based on a nationally representative plot network. Applied
Vegetation Science 14, 506-523.

Wright VP, Marriott SB (1993) The sequence stratigraphy of
fluvial depositional system: the role of floodplain sediment
storage. Sedimentary Geology 86, 203-210.

Zamuner AB, Poiré DG, Iglesias A, Larriestra F, Varela AN
(2004) Upper cretaceous in situ petrified forest in mata amarilla
formation, Tres Lagos, Southern Patagonia, Argentina.
Proceedings of the 7th International Organization of
Paleobotany Conference, Bariloche, pp. 150.

Zamuner A, Falaschi P, Bamford M, Iglesias A, Poiré DG, Varela
AN, Larriestra F (2006) Anatomia y paleoecologia de dos
Bosques in situ de la Zona de Tres Lagos, Formacion Mata
Amarilla, Cretdcico superior, Patagonia, Argentina. Proceedings
of the XIII Simposio Argentino de Paleobotdnica y Palinologia,
Bahia Blanca, pp. 55.

Zamuner AB, Poiré DG, Iglesias A, Koefoed C, Varela AN (2008)
Albian-Cenomanian floral changes in southern Patagonia,
Argentina. Proceedings of the 12th International Palynological
Congress and 8th International Organisation of Palacobotany
Conference. Bonn, pp. 315-316.



