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ABSTRACT

‘The middle Miocene Konzentrat-Lagerstitte of the La Venta site recorded in the Honda Group con-
tains invaluable information on the biotic response to the climatic changes of the Miocene Climatic
Transition. Its fossil record has been studied for almost a century and offers one of the best windows
to the Neotropics terrestrial ecosystems during the Neogene. We have compiled all published studies
and, using graphic correlation and a recently published geological map for the region, placed them
into a composite standard section. Furthermore, we improved its chronostratigraphic control by ana-
lyzing new geochronological data (U-Pb in zircons) and developing a probabilistic age model using
a Bayesian framework. The results suggest that most of the fossil assemblage of the Honda Group
accumulated in a meandriform fluvial system (upper part of La Victoria Formation — lower part of
Villavieja Formation) that later shifted to an anastomosed system (upper part of Villavieja Forma-
tion). The ¢. 552-m-thick La Victoria Formation is younger than 16 Ma and older than 12.58 Ma,
whereas the ¢. 569-m-thick Villavieja Formation is younger than 12.58 Ma and older than 10.52 Ma.
The La Venta site is crucial for understanding Miocene paleoecological dynamics in northern South
America, but despite decades of studies, it is still in the early phase of exploration.

RESUME

Stratigraphie d'un Lagerstiitte néotropical du Miocéne moyen (site de La Venta, Colombie).

Le Konzentrat-Lagerstitte du Mioceéne moyen du site de La Venta, situé dans le Groupe Honda, en
Colombie, contient des informations inestimables sur la réponse biotique tropicale aux changements
de la transition climatique du Miocene. Son registre fossile, étudié pendant pres d’un siecle, offre 'une
des meilleures fenétres sur les écosystemes terrestres néotropicaux au cours du Néogene. Nous avons
compilé ici toutes les études publiées, puis nous les avons replacées dans une coupe synthétique stan-
dard, résultant de corrélations stratigraphiques et d’une carte géologique récente. De plus, nous avons
amélioré son contrdle chronostratigraphique en analysant de nouvelles données géochronologiques (U-Pb
dans les zircons) et en développant un modele d’age probabiliste utilisant une méthode bayésienne. Les
résultats suggerent que la plupart des assemblages fossiles du Groupe Honda se sont accumulés dans un
systtme fluvial méandriforme (partie supérieure de la Formation de La Victoria — partie inférieure de
la Formation de Villavieja) qui sest ensuite déplacé vers un systéme anastomosé (partie supérieure de la
Formation de Villavieja). La Formation de La Victoria, d’une épaisseur de 552 m, est plus récente que
16 Ma et plus ancienne que 12,58 Ma, tandis que la Formation de Villavieja, d’'une épaisseur de 569 m,
est plus récente que 12,58 Ma et et plus ancienne que 10,52 Ma. Le site de La Venta est fondamental
pour comprendre la dynamique paléoécologique du Miocene dans le nord de 'Amérique du Sud mais
malgré des décennies d’études, il en est encore dans sa phase initiale d’exploration.
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RESUMEN

Estratigrafia de un Lagerstiitte neotropical del Mioceno medio (localidad de La Venta, Colombia).

El Konzentrat-Lagerstitte del Mioceno medio de la localidad de La Venta registrado en el Grupo Honda
contiene informacién invaluable sobre la respuesta biética a los cambios climdticos de la Transicién
Climdtica del Mioceno. Su registro f6sil ha sido estudiado durante casi un siglo y ofrece una de las
mejores ventanas a los ecosistemas terrestres del Neotrépico durante el Nedgeno. Hemos compilado
todos los estudios publicados y, utilizando la correlacién gréfica y un mapa geoldgico recientemente
publicado para la regién, los pusimos en un solo marco estratigrifico. Ademds, mejoramos su con-
trol cronoestratigrafico analizando nuevos datos geocronoldgicos (U-Pb en circones) y desarrollamos
un modelo de edad probabilistico utilizando un método Bayesiano. Los resultados sugieren que la
mayor parte de la asociacién fésil del Grupo Honda se acumulé en un sistema fluvial meandriforme
(parte superior de la Formacién La Victoria — parte inferior de la Formacién Villavieja) que luego se
transformd en un sistema anastomosado (parte superior de la Formacién Villavieja). La Formacién La
Victoria de ¢. 552 m de espesor es menor a 16 Ma y mayor a 12.58 Ma, mientras que la Formacién
Villavieja de ¢. 569 m de espesor es menor a 12.58 Ma y mayor a 10.52 Ma. La localidad de La
Venta es crucial para comprender las dindmicas paleoecoldgicas del Mioceno en el norte de América

tasas de sedimentacién.

INTRODUCTION

La Venta is a middle Miocene Konzentrat-Lagerstitte accu-
mulated in the sedimentary succession of the Honda Group
in the Upper Magdalena Valley, Colombia (Fig. 1). It is one
of the most studied Neogene Neotropical vertebrate faunal
fossil assemblages (e.g., Kay & Madden 1997a, b; Madden
et al. 1997a, b; Carrillo ez al. 2015) with 166 (91.3%) pub-
lications focusing on taxonomy and systematics, 11 (6%)
on paleoecology, and 5 (2.7%) on paleobiogeography (Sup-
plementary Information, Appendix 1). The Honda Group
accumulated at La Venta mostly during a ¢. 2-million-year
span of the middle to late Miocene (c. 13.5 to ¢. 11.5 Ma,
Guerrero 1993, 1997; Flynn ef al. 1997) and therefore is an
ideal setting for examining tropical ecosystems during the
middle Miocene Climatic Transition — a time interval with a
decrease in both CO, levels and global temperatures (Flower &
Kennett 1994; Zachos et al. 2001, 2008) together with the
tectonic effects associated with the rise of the Central and
Eastern Cordilleras of Colombia (Guerrero 1997; Anderson
et al. 2016; Montes et al. 2021).

Research at La Venta region is still in its early phase, and
large unexplored areas are likely to yield an abundant fossil
record. Furthermore, paleobiological and paleoecological
studies may be able to help us track the fate of individual
clades along the timespan that is exposed at La Venta and to
understand the ecosystem as a whole. These detailed studies
require a precise stratigraphical location of all fossil-bearing
horizons and refined age determinations. We present a com-
posite standard section of the Honda Group, which includes
eleven detailed sections (i.e., bed resolution) that are pieced
together using Guerrero’s (1997) stratigraphic framework.
We also provide a paleoenvironmental interpretation of the
sedimentary succession, report four new U/Pb geochro-
nological dates and use a Bayesian analysis to build an age
model for the entire sequence. We placed all the beds with
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del Sur, pero a pesar de décadas de estudios, todavia se encuentra en la fase inicial de exploracién.

fossil occurrences, taken from all published studies of La
Venta, on the most updated geological map (Montes ez al.
2021). The stratigraphic framework presented here facilitates
the integration of past with future studies, allowing a better
stratigraphic control of the many studies that will continue
being produced at La Venta.

STRATIGRAPHIC BACKGROUND

Hettner (1892) introduced the name “Hondasandstein” refer-
ring to the tufa-like greenish-grey sandstone of the “Tertiary?”
age that outcrops on both banks of the Magdalena River near
Honda, Tolima. Royo y Gémez (1941, 1942) informally
defined the Honda Formation and identified two stratigraphic
units based on the occurrence of andesite cobbles (absent
in the lower unit while present in the upper unit). Butler
(1942) defined formally the Honda Series, using as the type
locality the “Cordillera de San Antonio” and expanded the
lower boundary to include some red layers. Stirton (1953a, b)
raised the Honda Formation rank to Group, and since then
several authors, including Fields (1959); Wellman (1970),
Takai & Setoguchi (1990); Takai er al. (1992); Villarroel
et al. (1996); and Guerrero (1997) have established different
stratigraphic nomenclatures for the sequence outcropping in
La Venta (Table 1).

TECTONIC EVOLUTION
OF THE UPPER MAGDALENA BASIN

The Upper Magdalena Valley (UMV) basin is located between
the Central and Eastern Colombian Cordilleras. After a non-
depositional and deformation interval from Middle Jurassic
to Barremian (gap of ¢. 35-40 Ma), an Aptian extensional
tectonism allowed the onset of continental to marginal deposi-
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Fic. 1. — Fossil localities, stratigraphic sections, and geochronology samples placed in the geologic map of Montes et al. (2021): A, location of La Venta Site in
South America; B, location of La Venta Site in the northern Andes; C, geologic map of La Venta Site (Montes et al. 2021).

tion that rests in angular unconformity with Middle Jurassic  in Albian to mid-Campanian time (Ramén & Rosero 2006;
volcanic rocks of the Saldana Formation (Rodriguez ez @/ Sarmiento-Rojas er al. 2006; Borrero e al. 2012; Zapata
2018), and changes up-section to shallow-marine deposition ez al. 2019; Valencia-Gémez ez al. 2020). Late Campanian
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to Paleogene strata record syn-orogenic sedimentation associ-
ated with the deformation of the present Central Cordillera
and internal segments of the Magdalena Valley (e.g., Pac-
ande high; Anderson ez a/. 2016; Sarmiento & Rangel 2004;
Bayona 2018; Horton et al. 2020). The rise of the southern
segment of the Eastern Cordillera during the late Miocene
(¢. 10 Ma) fragmented the basin and produced the onset of
intermountain basin sedimentation (Anderson ez 2/ 2016).
Sedimentary and volcanoclastic strata deposited in the UMV
during the middle Miocene were sourced mainly from exposed
rocks in the Central Cordillera (Van Houten & Travis 1968;
Anderson ez al. 2016) and the active volcanic activity from the
Cauca-Patia magmatic center (Montes ez al. 2021). Guerrero
(1997) and Anderson ez al. (2016) suggested that disconnected
basement highs from the Eastern Cordillera were also source
area during the late Miocene, but there was not a continuous
orographic barrier separating the UMV from Amazonia until
the late Miocene-Pliocene (Fig. 1B) (Anderson ez al. 2016;
Montes et al. 2021).

THE MIDDLE MIOCENE CLIMATE

The global climate during the middle Miocene is character-
ized by two phases, the middle Miocene Climate Optimum
[MMCO; ¢. 17-14.7 Ma; Holbourn et /. (2015)] and the
middle Miocene Climatic Transition [MMCT; ¢. 14.2-13.8
Ma; Hamon ez 4. (2013)]. During the MMCO, global tem-
peratures increased reaching a peak ¢. 16 Ma (Zachos ez 4l.
2001, 2008); atmospheric CO2 levels rose to 460-600 ppm
(Zachos et al. 2001, 2008; Steinthorsdottir er al. 2021),
bottom-water temperatures were 5-9°C warmer than today
(Steinthorsdottir e al. 2021), global mean annual surface
temperature reached ¢. 18.4°C (You ez al. 2009), and tropi-
cal sea-surface temperatures were 3-4°C warmer than today
(Steinthorsdottir ez a/. 2021). During the MMCT and the
remainder of the middle and late Miocene, both global tem-
peratures and CO, decreased (Steinthorsdottir e al. 2021)
and the formation of the East Antarctic Ice Sheet accelerated
(Flower & Kennett 1994).

METHODS

LITHOSTRATIGRAPHY
We measured and described eleven stratigraphic sections at
1:500 scale using the Jacob staff, tape measure, compass,
and linear traverses. Five of these stratigraphic sections are
in the La Victoria Formation (from base to top: LV 1, LV 2,
LV 4, LV 5, and LV 6) and six in the Villavieja Formation
(from base to top: Vv 1, Vv 2, Vv 3, Vv 4, Vv 5, and Vv 6)
(Figs 1; 2). Additionally, using the SDAR package (Ortiz &
Jaramillo 2020), we recorded the stratigraphic information
for all the stratigraphic columns (Supplementary material,
Appendices 2, 3, and 4).

To build a composite standard section (CS) of the La Venta
area (Fig. 2) first we located all the stratigraphic sections meas-
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ured in previous studies and in this study on the geologic map
of Montes et al. (2021) (Fig. 1). Then, we made a lithostrati-
graphic correlation between the sections measured in this study
and the sections A and B from Guerrero (1997). Correlations
were made by using: Guerrero’s (1997) StLs (i.e. 1,2, 3, 4, 5,
7,8,9,10,11,12,13, 14, 15, 16, 17, and 19), the tops of the
cartographic geological units of Montes ez a/. (2021) as reli-
able correlation horizons in continental fluvial systems (taking
into account lateral accretion sets at local scale that indicate
lateral change of lithofacies), and key fossil assemblages among
the sections applying the graphic correlation method (Shaw
1964). Moreover, we calculated the stratigraphic thickness of
intervals defined in the CS using the equation ST = Sen a x
L, where ST is the stratigraphic thickness, « is the dip angle
of the closest structural datapoint, and L is the longitude of
the section in the map. Alphas were taken from Guerrero’s
(1997) and Montes’ e al. (2021) maps. Therefore, this CS
covers the entire stratigraphic sequence outcropping in La
Venta and contains our eleven sections and sections A and B
of Guerrero (1997) (Fig. 2; extended lithological resolution at
Supplementary material Appendix 6). The description includes
bed-by-bed lithofacies following the criteria of Allen (1982),
Reineck & Singh (1986), Einsele (2000), and Miall (2006),
which include rock type, grain size, matrix content, physical
sedimentary structures, bioturbation, color, gradation, fossils,
and other allochemical particles (Supplementary material,
Appendices 6; 7). We used these lithofacies and Walther’s
Law (Middleton 1973) to determine lithofacies associations
and interpret depositional environments (Fig. 2; Tables 2, 3;
and Supplementary material, Appendices 6; 7).

GEOCHRONOLOGY

New zircon geochronology samples were collected in the
Villavieja and the La Victoria formations to complement
the available geochronological data and thus improve the
precision of our age model. We dated four samples using
U-Pb detrital zircon (44017, Lat. 3.3733, Long. —75.1497
[3°22°237N, 75°8’58” W, stratigraphic meter 63.5; 44011,
Lat. 3.3137, Long. —75.1164 [3°18’49”N, 75°6’59”W],
stratigraphic meter 218.8; TVV-04, Lat. 3.2831, Long.
-75.1937 [3°16°59”N, 75°11°37”W], stratigraphic meter
474;and TVV-01, Lat. 3.2251, Long. —75.2129 [3°13’30”N,
75°12°46”W], stratigraphic meter 932). Samples 44017,
44011, and TVV-04 corresponded to a tuffaceous sandstone
and were collected to increase the possibility of having
syn-sedimentary volcanic zircons, while sample TVV-01
was collected to improve the geochronological record
towards the top of the stratigraphic section. Zircon grains
were concentrated by using standard techniques, including
mechanical crushing, pulverization, magnetic separation, and
heavy liquids (methylene iodide, 3.30-3.33 g/cm3) follow-
ing the Zirchron® method. Samples 44017 and 44011 were
analyzed at the University of Arizona Laserchron Center.
U-Pb single grain zircon geochronology was conducted by
using a multicollector inductively coupled plasma-mass
spectrometer coupled to a 193 nm Excimer laser ablation
system following the method presented in Gehrels ez al.
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Fic. 2. — Composite standard section (CS) of the Honda Group at the La Venta site. We estimated the stratigraphic position of geochronology samples from
information reported in the literature, graphic correlations (Supplementary material, Appendix 5), and the geologic map of Montes et al. (2021). Depositional
systems, main features of the depositional settings, and lithofacies associations are on the right side of the CS. Cartographic unit: *, Cerbatana Conglomerate
Beds; Stratigraphic levels: **, 11 (Fish Bed); ***, 13 (Ferruginous Beds). Stratigraphic sections: LV1, LV2, LV4, LV5, LV6, Vv1, Vv2, Vv3, Vv4, Vv5, Vv6, this work.
Stratigraphic sections: A*, B*, Guerrero 1997. Geochronology sample references: Takemura et al. (1992): 002, 003, and 004; Takemura & Danhara (1985): LV8,
KS4 and LV13; Flynn et al. (1997): JG-R89-2, JG-R89-3, and JG-R88-2; Anderson et al. (2016): Z1, Z2, Z3, Z4, and Z5; Cadena et al. (2020): 46311(UR-01) and
46312 (UR-02); Montes et al. (2021): SEL-02; this work: 44017, 44011, TVV-04, and TVV-01. The stratigraphic position of geochronology samples was estimated

by authors’ reported information, graphic correlations, and the cartography of Montes et al. (2021).
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TaBLE 2. — Equivalence between the facies scheme proposed by Miall (2006) and the detailed lithofacies defined in the composite standard section. Symbol:
*, modified for a comprehensive description.

Sedimentary Equivalence
Basic facies Facies structures with detailed
code (sensu (sensu Miall (sensu Miall Interpretation lithofacies = Meaning detailed Interpretation detailed lithofacies
Miall 2006) 2006) 2006) (sensu Miall 2006) (this work) lithofacies (this work)
Gmg Matrix-supported Inverse to Pseudoplastic (c)S-Cms_iG  Conglomeratic sandstone to matrix Flow with high transport and deposit
gravel normal grading debris flow (low supported conglomerate with inverse  capacity, with signs of substrate
strength, viscous) gradation erosion and evidence of soil formation
processes
Gh Clast-supported - Longitudinal bed C_dBc Conglomerate with diffuse bed Longitudinal bed forms result of
crudely bedded forms contacts which lack well-defined secondary flows (non-cohesive), lag
gravel stratification deposit
SI-Gt Pebbly sandto  Low-angle Scour fills, (c)S_Cms_ Conglomeratic sandstone to matrix Conglomeratic sand to conglomerate
gravel, stratified (<15°) cross- humpback or Epsi_w-s supported conglomerate with epsilon  bars with lateral accretion evidence
beds - trough washed-out dunes, stratification and wedge-shaped
cross-beds antidunes and structures
trough cross-beds
Gp Gravel, stratified Planar cross- Transverse C_Xp Conglomerate with planar cross- Conglomerate transverse bars
beds bedforms, deltaic stratification
growths from older
bar remains
Sm-Gmm*  Sand, fine to Massive Sediment-gravity  (c)S-Cms_ma_ Conglomeratic sandstone to matrix Flow with high transport and deposit
coarse - Matrix- or faint flow deposits - Clens supported conglomerate, massive and capacity / Debris flow (viscous and with
supported gravel* lamination- Pseudo-plastic conglomeratic lenses high concentration of sediments)
Weak grading debiris flow (high-
strength, viscous)
St Sand fine to very Solitary or Sinuous-crested (c)S_ Conglomeratic sandstone (fine to Sand bar migration in channel floor
coarse, may be  grouped troughand linguoid (3-D)  Clens_w-s_Xt coarse-grained), with conglomeratic
pebbly cross-beds - dunes - Scour fill lenses, wedge-shaped structures and
Broad shallow trough cross-bedding
scours
Sp Sand fine to very Solitary or Transverse and (m)S(m)_Xp  Muddy sandstone, medium-grained  Sediment accumulation on bars of
coarse, may be grouped planar linguoid bedforms and cross stratification (planar) channel floor by very low energy
pebbly cross-beds (2-D dunes) currents
Sh-St* Sand fine to Horizontal Plane-bed flow S(m)_Ppl_Xt_ Sand medium-grained, with planar Sand bar / Upper flow regime -
coarse, may be lamination (critical flow) - Clen_Intra parallel lamination (at the base), decreasing in the flow regime
pebbly parting or Sinuous-crested planar cross-bedding (at the top), with
streaming and linguoid (3-D) conglomeratic lenses and intraclasts
lineation dunes
Sp-St Sand fine to very Solitary or Transverse and S(f-c)_Xpt Sandstone (fine to coarse grain sized, Sand bar migration in channel floor
coarse, may be grouped planar linguoid bedforms occasionally very coarse) with cross-
pebbly cross-beds (2-D dunes) - stratification (planar or through)
Sinuous-crested (c)S_Xpt Conglomeratic sandstone with cross- Sand bar migration in channel floor
and linguoid (3-D) stratification (planar or trough). Both
dunes may have conglomeratic lenses
Sr-Fm* Sand, very fine - Massive* Sand with (m)S_ma_Red-Muddy sandstone (very fine-grained), Sediments accumulated by
Silt, mud dewatering or mot_uG massive, Red, mottled and ungraded  hyperconcentrated flows with subaerial
bioturbation* exposure
— Overbank,
abandoned channel
or drape deposits
Sr Sand very fine to Ripple cross- Ripples (lower flow S(m-c)_uCr_  Sandstone (medium to coarse grained) Sand accumulated by flows with low
coarse lamination regime) uG with undulate current ripples and velocities (lower flow regime) / undulate

ungraded currents

(2006, 2008). TVV-04, and TVV-01, were analyzed at
the Radiogenic Isotope and Geochronology Lab (RIGL) at
Washington State University. The analyses were done with
a Teledyne Analyte Excite 193 nm excimer laser ablation
system coupled to a Thermo Finnigan Element2 ICPMS
following the protocol proposed by Chang ez al. (2000).
The lead isotopic ratios were corrected for common Pb,
using the measured 204Pb, assuming an initial Pb compo-
sition according to Stacey & Kramers (1975) and respec-
tive uncertainties of 1.0, 0.3, and 2.0 for 206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb. The age of standard, the
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calibration correction from standard, the composition of
the common Pb, and the constant decay uncertainty are
grouped and are known as the systematic error.

The results of our four samples were combined with the
published geochronology that includes fission tracks in
zircon ages (samples LV8, KS4, LV13, 002, 003, and 004;
Takemura & Danhara 1985; Takemura et 2/. 1992), Ar/
Ar ages on detrital plagioclase and hornblende (samples
JG-R89-2, JG-R90-1, JG-R90-3, JG-R89-1, JG-R89-3,
JG-R88-4; Flynn et al. 1997), and U-Pb detrital zircon
ages (samples Z1,722,73,74,75, 26, UR-01, UR-02, and
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Table 2. — Continuation.

Sedimentary Equivalence
Basic facies Facies structures with detailed
code (sensu (sensu Miall (sensu Miall Interpretation lithofacies Meaning detailed Interpretation detailed lithofacies
Miall 2006) 2006) 2006) (sensu Miall 2006) (this work) lithofacies (this work)
Sh* Sand very fine to Horizontal Plane-bed flow S_Ppl_uG_  Sandstone with planar parallel Sand bars in channel floor or high
coarse, may be lamination (critical flow)/or CaNod lamination, ungraded and calcareous ~ energy currents
pebbly parting or lower flow velocities nodules
streaming during the initial (m)S(f-m)_Ppl Muddy sandstone, fine to medium- Suspension-load deposits in the flood
lineation movement of a sand grained and planar parallel lamination  plain
bed S(f_nG Sandstone with fine grain-sized and ~ Sand bars in channel floor / current
normal gradation flows with energy decreasing
S(f-vc)_Ppl Very fine to coarse grained sandstone Upper flow regime / or sand bars in the
with planar parallel lamination. May channel floor
include intraclasts.
S| Sand, fine to Low-angle Scour fills, (c)S_S_ Conglomeratic sandstone /or Bar deposits (with lateral accretion) in
coarse, may (<15°) cross- humpback or Epsi_w-s sandstone with epsilon stratification the channel floor
pebbly beds washed-out dunes, and/or wedge-shaped structures
antidunes
Sm Sand, fine to Massive, or Sediment gravity- S_ma_iG Massive muddy sandstone inverse Deposits of sediment gravity-flow /
coarse faint lamination flow deposits grading hyperconcentrated flows
S_ma_uG Massive sandstone ungraded Deposits of sediment gravity-flow /
hyperconcentrated flows
(m)S_ma_uG Massive muddy sandstone ungraded  Deposits of sediment gravity-flow /
which may include calcareous nodules hyperconcentrated flows
S_ma_uG_ Massive sandstone (it may be muddy) Deposits of sediment gravity-flow /
CaNod ungraded, with calcareous nodules hyperconcentrated flow affected by soil
formation processes
Sh-FI* Sand fine Horizontal Lower flow (m)S_(Car) Muddy sandstone fine-grained gray Lower flow velocity, with intermittent
lamination velocities - Fc-s_Ppl color, with carbonaceous mudstone  supply of organic matter with signs
parting - Fine  Overbank, sheets and planar parallel lamination  of conditions related to reducing
lamination abandoned channel environments
or waning flood
deposits
Fl Sand, silt mud Fine Overbank, Fc-s_Ppl Mudstone with planar parallel Sediments accumulation by suspension
lamination, abandoned channel, lamination, it may have normal in flood plains
very small or waning flood gradation
ripples deposits
Fl Sand, silt mud Fine Overbank, (s)Fc-s_nG Mudstone with normal gradation from Sediments accumulation by suspension
lamination, abandoned channel, very fine sand to mudstone in flood plains affected by currents with
very small or waning flood energy changes
ripples deposits Fc-s_Ppl_nG Mudstone with planar parallel Sediments accumulation by suspension
lamination and normal gradation in flood plains affected by currents with
energy changes
(s)Fc-s_Ppl_  Sandy mudstone with planar parallel ~ Sediments accumulation by suspension
nG lamination and normal gradation in flood plains affected by currents with
energy changes
Fc-s_CaNod Mudstone with calcareous/ or Sediments accumulation by suspension
ferruginous nodules in flood plains / affected by soil
formation processes
Fc-s_Ppl_var Varicolored mudstone with planar Sediments accumulation by suspension
parallel lamination in flood plains affected by soil formation
processes
(s)Fc-s_Ppl_  Sandy mudstone with planar parallel ~ Sediments accumulation by suspension
var lamination and varicolored in flood plains / affected by soil
formation processes
(s)Fc-s_Ppl_  Sandy mudstone with planar parallel ~ Sediments accumulation by suspension
nG_var lamination, normal gradation (from light in flood plains, affected by variations

green sandy mudstone to varicolored
red claystone)

in the water table, which produces
developed of soil horizons

SEL-02; Montes ez al. 2021; Anderson et al. 2016; Cadena
et al. 2020; Figs 3; 4). We located all the geochronological
samples in our CS using the information provided by each
author and the map of Montes ez al. (2021) (for additional
details, see Supplementary materials Appendix 10). The
Maximum Depositional Age (MDA) of each individual
sample was determined by excluding zircon grains with
percentage errors higher than 20% and calculating the
mean average of the three youngest populations (which are

GEODIVERSITAS * 2023 * 45 (6)

overlapping in age at 2 SD; Dickinson & Gehrels 2009)
and a Mean Square Weighted Deviation < 1, which is a
statistically reliable MDA calculation (Coutts ez al. 2019;
Herriott ez al. 2019). Since zircon grains from the young-
est age population are not necessarily cogenetic, we also
present the youngest zircon age (Coutts er /. 2019). Age
populations and age peaks were extracted from the age dis-
tribution using a probability density plot (Ludwig 2012;
Supplementary material Appendix 8).
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Table 2. — Continuation.

Sedimentary
Basic facies Facies structures
code (sensu (sensu Miall (sensu Miall
Miall 2006) 2006) 2006)

Equivalence

with detailed
Interpretation lithofacies
(sensu Miall 2006) (this work)

Meaning detailed
lithofacies

Interpretation detailed lithofacies
(this work)

Fsm Sil, mud Massive Backswamp or Fc-s_ma_Fish Massive green mudstone, very Sediment accumulation by suspension
abandoned channel, fossiliferous with abundant fish in a reducing environment / back
or drape deposits remains, coprolites, and another swamp or oxbow lake
vertebrate remains
Fm Mud, silt Massive, Overbank, Fc-s_ma_Red Mudstone, massive and red-colored  Sediments accumulation by suspension
desiccation abandoned channel, in flood plains whit subaerial exposure
cracks or drape deposits  (s)Fc-s_ma Massive sandy mudstone Sediments accumulation by suspension
in flood plains
Fc-s_ma Massive mudstone Sediments accumulation by suspension
in flood plains
Fc-s_Ppl_Red Red mudstone with planar parallel Sediments accumulation by suspension
lamination in flood plains whit subaerial exposure
Fr Mud, silt Massive, roots, Root bed, incipient (s)Fc-s_ma_  Sandy mudstone massive and mottled, Sediments accumulated by suspension

bioturbation

soil Red-mot red colored

Fc-s_ma_Red- Mudstone massive Red varicolored
var

Fc-s_ma_mot Mudstone massive and mottled

Fc-s_ma_var Mudstone massive and varicolored

with subaerial exposition - soil
formation processes in flood plains
Sediments accumulated by suspension
with subaerial exposition - soil
formation processes in flood plains
Sediments accumulation by suspension
in flood plains / affected by soil
formation processes

Soil formation processes in flood plains

TasLE 3. — Definition, interpretation, and stratigraphic distribution of the lithofacies associations along the StLs of the Honda Group at the La Venta site.

Lithofacies Association

Stratigraphic level

Basic facies code (Miall 2006) Predominates

Minor proportion

A (Migratory bars and gravitational

Gh/St/SI/Sp-St/Sh/Sm/Sp 2/4/6/13/18

1/3/5/7/9/14/16/17

deposits in meandering channels)

B (Floodplains) FI/Fr/Fm/Sh-FI*

1 (upper part)/3/5/7/9/10/12/1 1 (lower part)

4/15/16/17/19
C (Crevasse-splay) Sh/Sm/St/Sr/FI/Fr - 1/3/5/9/10/12/14/16/19
D (Braided river bars) Gmg/SI-Gt*/Gp 8 -
E (Back swamp / oxbow lake) Fsm 11 -
F (Flash flood events) Sh-St/Sh - 5/7/16

G (Sediment-gravity and hyper- Sm/Sh/St/Sm-Gmm

concentrated flows)

1 (lower part)

AGE MODEL

Using the information from all the geochronological samples
(Fig. 3; Supplementary material, Appendix 8; https://github.
com/dsilvestro/agez), we constructed a Bayesian statistical
framework to produce a depositional age model with its cor-
responding credible interval for the entire stratigraphic sequence
(Table 4). It was created using available Ar-Ar, ZFT, and Zr
U-Pb ages that have been interpreted as the result of syn-
sedimentary volcanism (Takemura & Danhara 1985; Flynn
et al. 1997; Anderson et al. 2016). Despite the differences in
the closure temperatures and uncertainties of these methods, in
this geological context, these ages constrain the depositional age
of the La Victoria and the Villavieja formations, which justifies
their inclusion in the model.

Given a set of NV dated zircons from S samples, we indicated
with z = {zy, ..., z} the ages of the zircons and with x = {x, ...,
xg} the ages of the samples. The samples were ordered according
on their depth and we assumed their age strictly follows that

206

order such that x; > x,_;}. We indicated the set of zircons found
in a sample s as z5. The obtained ages (z;) were assumed to be
unknown but linked to its measured age, expressed as a mean
#;and a standard deviation ¢;. The mean ages ¢ and a standard
deviations o of all ages represent the input data of the model,
which aims to estimate the vector z and the ages of all samples
x; because the ages can be measured by different methods (e.g.,
m € {1, ..., M}, namely, in this study: Zr-U-Pb, ZFT, Ar-Ar),
the uncertainty around the true age of zircon is assumed to be
further affected by how it was measured. We compute the like-
lihood of the age of the 7#th sample based on a normal density:
P(y; |z 07, €,,) ~ N (z, 0+ €,,)
Where €,, is the bias in the estimated error of the measure-
ment method 7, the parameters z and €, are considered

unknown and jointly inferred from the data using a Markov
Chain Monte Carlo (MCMC) algorithm.

GEODIVERSITAS e 2023 e 45 (6)


https://github.com/dsilvestro/agez
https://github.com/dsilvestro/agez

Stratigraphy of La Venta Site (Colombia) <

> = Tuff Lap |Agg
c . £ 2 g |2 ®» I I NN
o O% Q <o [} . [ f m c vel|fmel|f ¢
£ 82 |g g g Dating 2v | Conglomerate . "
gl g g’gﬁ S g2 | D¢ samples 28 ! - 95% Cl interval Depositional
z O ©H . =4 Q
o5 (o g 52582 L9 (95% HDP interval -Cg 3 g 88w + 3 & MCMC model (Ma) System
S| SHh<S O52h o haw MCMC model - Ma) FE S s 3?7 | || ]
clay silt |vf f m c vc|gr pe 00'16 14 12 10
= R Il Il Il Il
Neiva Fm "W 6 |-JG-Res-4(9.03 - 10.50) - $PFo '
o
9]
2
© ~276(10.52 - 12.08)
=
C
9]
A
2
E
he]
c | o
=} -
. ~TW-01 (1052 - 12.09)
IS
T Vv 5
8
Q9
>
© ©
a_)‘ =
2 = .
K A
=
= 0| _[JG-R88-2 (1052 - 12.09) OUTIEEEEEEEL. oo ov o o
§§ ] —75(10.52 - 12.11)
So | & 5004 (11.10 - 12.43)
zé %02(111171242)
. A 003 (112 - 12.43)
HE
(>“ 3 Vv 2
o [Te]
=
”
§ =
© o
g ¢ < LVA3 (11.15 - 12.46)
g [ ¥ wi
s [oF
© s | 2 —KS4 (11.23 - 12.52)
© L ° [o e
2 —LV8 (11.41 - 12.58) to .
o) 12174Ma | © 174 (11.56 - 12.67) :
T V6 |~JG-R89-2(11.76 - 12.71)
-12.272 Ma
» ~SEL-02 (11.79 - 12.74)
°
c‘g —~TVV-04 (11.80 - 12.77)
@ | ~| A
Q
Q
8 L
© | Lvs |
|_ _
©
] A |TB(175-1284 ggg M s s e e e e e
12}
e}
@ ~JG-R90-1 (11.82 - 12.91)
© B Ge - e . .
3 ER ~ o -0
S 12474Ma| 2 Lva4 |TZ2(1181-1282)
o -12735Ma | 2
S i 50002 | 3
© 12.887 Ma O
« 13.032 Ma < | B |-JG-R89-3(12.68-1346) <O Gl il 1l 1iliTio.
o Ar | JG-RO0-3 (12.68 - 13.45)
i)
84 ~44011 (12.69 - 13.47) oo
0% | ™ ~JG-R89-1 (12.70 - 13.46)
13.183 Ma 8 F o] Lv2
el @ +UR-02 (12.70 - 13.46)
: ° UR-01 (12.72 - 13.77) o..
o] o
m =71 (13.18 - 16.00)
o
2
o M AYA
L
= = 44017 (15.94 - 16.00) on
C
I
(9]
Saldafia Fm
Litology claystone mudstone sHtstone mudstone sandstone °o o conglomerate tuff
(redbeds) O . o

Fic. 3. — Probabilistic age model of the Honda Group at the La Venta site. Reinterpretation of the magnetostratigraphy chrons is based on our age model. The
ages of the chrons are based on Hilgen et al. (2012). For information about the difference between the probabilistic age model and that of Flynn et al. (1997), see

Supplementary materials Appendix 15.

GEODIVERSITAS * 2023 * 45 (6)

207



*(2102) ‘e 10 uab|iH pue |jopow abk uno uo paseq s| suoiyd Ayejod parepdn *(L20g) Je 19 seluol jo Aydelboped ayy pue ‘suoljeje.lioo olydelb ‘uolrewloyul papodas ainjessl] AQ pajewiise sem
so|dwes ABojouoiyoosb jo uoisod oiydeibiyens 8yl “LO-AAL PUB ‘F0-AAL ‘LLOVY ‘2 LOYY BHOM SIU} 120-T3S :(L202) /& 18 SeWO (20-HN) ZLE9Y PUE (LO-HN)LLEIY (0202) /e 1o BUSPED !GZ PUB ¥Z ‘€7 ‘2Z ‘1Z (9102)
‘e 1o UOSIopUY 'g-884-DI PUE ‘S-68H-DI ‘2-684-Or (£661) & 1o UUA|4 ‘g LAT PUB ¥SH ‘BAT (G861) Bleyueq ® BINWSNEL H,00 PUB ‘€00 ‘200 (266}) 12 1o Binwexe ] :seousisjes ojdwes ABojouoyoosy) "ajdwes yoes
Jo uoisod oiydesbiesis syl pue ‘SO oy ‘ebe [opow ey} Aq pemo||o} WOROQg 8y} Uo paledo) si (L661) /e 18 uuk|4 Jo suouyd Aydeibiesisojeubew ayi Jo uonelaidieiuiey "olis BJUSA BT JO J1eserep ABojouoiyooer) — “f "Bl

GEODIVERSITAS e 2023 e 45 (6)

» Mora-Rojas L. et al.

' jun
: uonew.o m_®_>m___> uollewlo4 elio]oIA e odeBrens
' polen ' ! spag ' ' 1 ! (keoe e e
\ .cmxmﬁuc: ' spag pay uop.te) |3 spag eueleqie) ! ajelawo|buo) , spag eooeje| spag ojjnyosuny) . spag opion oleD  : spag osuoj|y ues SOIUOIN) HUN
V ElRIEIA | BUBRQUOD 4 ' \ oydesbopen
1 6L 8L VAN €LuOLl: 6 8 , L v 9 S H 2 € " 8 1S
m 0 L H i i i : i Hh p—
\ ¢E6 G9/ g8, 6'vv. WL G2l <c¢l9 085S LSS 0SS 0€S €09 Wv.iv G9€ 6¢¢ €0€ ©6vc cve 88lc S0C 999Gt vSE 0ch G'€9 uomsod
' ‘1eis
60CcL 60¢ch LLCL ebelehelerelov el ¢gcl 85¢k L9¢Ch bLCh  vlehk LL2L ¥8Ch L6Ch ¢6chk 9vEl GhEl Lyel 9vel 9ovel L€l 009+ 009t 0 W
¢G'0L 2¢S0F 2S0F OFLE LERLECHELSERE €CHE L L 9GS 9270 L 62°LE 08'bL  SZ'hL 28'LL L8'LL 89¢CH 89¢h 69¢k 0.2k 0L7¢h clLel 8L'el  ¥6'GL ]
3
8y LL 8Y'LL 8V LL C8'LL G8'LL88LLCE'LL 86'LL GOCL LLCh 62¢Ch LeChk gceek geek Oovehk Ovehk LLEh €rel eb'el  glel gerel 9cgel 0c'Sk  009L KN W
ProbL vPLE SYLE BLLE LS8THLP8TLL88LL ¥6TLL 20Ck vLCh 92¢h 8Zch 62¢ch Leeh 6e€ch 6gchk 60¢ch Oobkel Lb'el  bbelk bbel Lgel 00S+k 66'GL x M
BN YLLT) BNZIZTH BN p/yZL BNZEOEL eNEsLEl BN EOEEL =
&S
up'uyso 11°uvs0 uz'uyso uYvso IYVS0 ugvso g &
172}
B
1 02
BN ¢'cFLGE n
€A1 —“ —
BINOZ> %8'E
sor=u
BN C'0F8°E} BN C'0FLEL BN ¥'0F9°LL | Sl
BN O'LF9'E} m-om-m-on—*— 1-68-4-9r T Liovy
BN ¢'0FCcl 700 BN 8 LFL 9L BN ¢'0FS¢h = 1 ' .
—m-mw-m-_@ﬁ 1 Ayt 1 § N-mw-m-oﬁnxu.— — T H e ovgel el M 1 >
. ' i £ I | | I S A 1 9
%6 LFY’ o BINOZ> % = =t = —
Meu AN BN ZEFOYL vo-u ENOZ %ktT 1-06-H-50 e ooreel BN COFEELEN COFSEL ] 2
e p0%6'CH SRS SV WeoTsTL ﬂ@mmmﬂ LLObY (¢o-"n)  (Lo-Hn) £
- 2¢0-13S —
HO-AAL £00 P0-AAL zleor  Llegy ok
BINOZ> %S 07 -
6L=u BNOZ> %S°L
BN 9 LFOCH 08=u b
BINOZ> %92 (74 BN N.FFNHN.i |
4G eg=u
NG e BN L'LF0'EL —g
BN €¢F8Ch 174 %56 1D |
74 (ANEY |
BINOZ> %E'63 4
5L=u (@H-61d) 2v-1v ||
BN G EFVCL 1
€z waanll ]
PoyIBIN
0

208



Stratigraphy of La Venta Site (Colombia) <

TaBLE 4. — Computed ages based on the probabilistic age model of the Honda Group.

Stratigraphic Estimated age (Ma) 95% Cl interval

Sample name position (m) Mean Median Young Oold

JG-R88-4 1127 9.95 10.04 9.03 10.50
Unconformity 1126.5 10.50 10.50 10.50 10.50
76 1030.9 11.43 11.47 10.52 12.08
TVV-01 932 11.44 11.48 10.52 12.09
JG-R88-2 765 11.44 11.48 10.52 12.09
Z5 755 11.45 11.48 10.52 12.11
004 744.9 11.79 11.82 11.10 12.43
002 741.24 11.81 11.85 11.11 12.42
003 725.2 11.84 11.88 11.12 12.43
LV13 612 11.88 11.92 11.15 12.46
KS4 580 11.94 11.98 11.28 12.52
LV8 557.4 12.02 12.05 11.41 12.58
Z4 550 12.14 12.17 11.56 12.67
JG-R89-2 530 12.26 12.29 11.76 12.71
SEL-02 503 12.28 12.31 11.79 12.74
TVV-04 474 12.29 12.32 11.80 12.77
Z3 365 12.31 12.33 11.75 12.84
JG-R90-1 329 12.39 12.40 11.82 12.91
z2 303 12.39 12.40 11.81 12.92
JG-R89-3 249 13.09 13.11 12.68 13.46
JG-R90-3 242 13.10 13.13 12.68 13.45
44011 218.8 13.11 13.13 12.69 13.47
JG-R89-1 205 13.11 13.13 12.70 13.46
UR-02 156.6 13.11 13.13 12.70 13.46
UR-01 154 13.27 13.26 12.72 13.77
Z1 120 15.00 15.20 13.18 16.00
44017 63.5 15.99 16.00 15.94 16.00
Maximum age - 16.00 16.00 16 16.00

The value of X the age of the j# sample, is determined by
two latent variables (r; and 1) and constrained by sampled
values of z such thatx; > x_; for7 € {2, ..., 8}, with 7 reflecting
the relative stratigraphic order of samples from the youngest
to the oldest. Specifically, we define as:

Zj = min(z), fors € {j, ... , §}
the minimum age across all zircons included in the j# sample
and in all older samples. Thus, ; represents the upper (older)
boundary for the age of sample j, which must be younger than
all following samples (ordered by depth) and then its youngest
zircon. Under this notation, we define the age of a sample as:

e {n ). ifj =1
=1+ 1(f —x—1), ifj > 1

where r;€ (0, 1) isan estimated sample-specific latent param-
eter determining how close x; is to its lower boundary x;_;
(or to 0 if j = 1). Thus, when ;= 0, the sample’s age is close
to its younger boundary, and when r=1,itis close to its
older boundary. We also take into account that zircon can be
younger than the sample it was found in, for instance, due to
a dating error or to uncertainties associated with the dating
technique. To account for this possibility, we additionally
estimate a vector of identifiers I = {/,, ..., Iy} that define
which zircons (identified by / = 1) are older than the sample

GEODIVERSITAS * 2023 * 45 (6)

and therefore used to determine its upper age boundary and

which zircons (identified by 7 = 0) are younger than the age

of the sample. Thus, the upper boundary of a sample age is:
Zj = min (z\ I9), fors € 7Ry S

Where z\ I indicates the subset of zircons in sample s with

an indicator equal to 1, i.e. excluding zircons identified as

younger than the sample.

We can now define the prior probability of z, i.e., the ith
zircon in sample j as a function of the sample’s age (Xj) and an
estimated scale parameter s;. We model the prior distribution
of zircons in a sample using a compound-Uniform-Cauchy
distribution, defined as:

Zi,j ~ 'U(O, Z.X']),

ifZi’]' < x]
Plai; b 5) = {Zi,j ~ C(x5)),

ifz;; = x;
Where s; is the sample-specific scale parameter of the Cauchy
distribution. Under this parameterization, the age of the zir-
cons identified as younger than the sample will have a prior
uniform probability ranging from 0 to the sample’s age and
rescaled to integrate to 0.5. The other zircons will instead
follow a half-Cauchy distribution with a mode equal to the
sample’s age (detailed information in Supplementary materials,
Appendix 9B). We run the age analysis using the ages com-
piled in Supplementary material Appendix 8B. The Bayesian
age model is implemented in the open-source agez Python
library, available here: https://github.com/dsilvestro/agez.
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Fic. 5. — Computed sedimentation rates of the Honda Group throughout the La Venta site: A, boxplots of sedimentation rates every 100 stratigraphic meters
through the La Victoria and the Villavieja formations. Vertical axis is in logarithmic scale; B, boxplots of sedimentation rates for each main feature of the depo-
sitional settings recorded at the Honda Group in La Venta. Vertical axis is in logarithmic scale. Abbreviations: a, overbank deposits with incipient paleosols;
b, channel sandstone; ¢, overbank deposits without paleosols; d, overbank deposits with paleosols; e, channel fill and debris flow; and f, swamp/lake deposits.
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TaBLE 5. — Sedimentation rates determined at every 100 meters throughout the Honda Group at La Venta site and sedimentation rates determined for each
sedimentary succession interpreted as a main depositional feature of an accumulation system. Abbreviations: a, overbank deposits with incipient paleosols;
b, channel sandstone; ¢, overbank deposits without paleosols; d, overbank deposits with paleosols; e, channel fill and debris flow; and f, swamp/lake deposits.

Stratigraphic Sed. rate Depositional Stratigraphic  Sed. rate
Segment Interval (m) (m/Ma) setting Interval (m) (m/Ma)
10 970-1070 180 d 774.2-1126.5 503.4
9 870-970 2483 b 762.2-774.2 40.7
8 770-870 204.4 d 614.5-762.2 631.8
7 670-770 204.6 b 609.5-614.5 181
6 570-670 16458 f 557.2-609.5 85.7
5 470-570 251 e 523.3-557.2 233.6
4 370-470 12630 d 383.8-523.3 1483.3
3 270-370 192.5 b 364-383.8 1471
2 170-270 424.3 d 257.5-364 251.1
1 70-170 36.3 b 242.2-257.5 123.6
- - - a 173.2-242.2 5804.5
- - - b 167.6 -173.2 23.9
- - - c 139.2-167.6 19
- - - b 122.7-139.2 12.4
- - - a 63.5-122.7 363.7

SEDIMENTATION RATES

We calculated the sedimentary rates along the entire stratigraphic
sequence. We run the analysis by dividing the sequence into
segments of 100 stratigraphic meters each (Fig. 5A; Table 5).
In each segment, we selected at random an age within the
confidence envelope of the age model for the stratigraphic
level at the base and the top of the interval and proceeded
to calculate the sedimentation rate (i.e. the number of strati-
graphic meters every one million years). We repeated the same
process 300 times for each segment and calculated the mean
that was used as representative for the sedimentation rate of
the segment (Fig. 5A; Table 5). Each iteration must respect a
simple rule; the top must be younger than the base. We also
performed the same procedure for the computation of the
sedimentation rate of each main feature of the depositional

setting (Fig. 5B; Table 5).

FOSSIL LOCALITIES

We compiled all fossil localities reported in the literature and
placed each of them on the updated geological map of the
region (Montes e al. 2021; Fig. 1). Furthermore, we deter-
mined their stratigraphical position in our CS for each local-
ity, its corresponding lithofacies associations, and age model
(Supplementary materials, Appendix 10). We excluded fossil
localities that were recorded on maps but not located within
any of the Stratigraphic Levels (StLs) or lacked a sedimen-
tary column that could be correlated to (e.g., locality TW-2
reported by Watanabe ez al. 1979; or locality 94 reported
by Guerrero 1997; detailed information in Supplementary
materials, Appendix 10). Then, we placed the fossil localities
on the geological map of Montes ¢z al. (2021) by georefer-
encing the geological maps of Fields (1959), Watanabe ez 4.
(1979), Takemura (1983), Takemura & Danhara (1985),
Takai ez al. (1992, 2001), and Guerrero (1997) using QGIS
(2020, version 3.10.2; Supplementary materials Appendix 5).
We created shape files that includes locality number, source
(map’s author), locality name, and location (geographical
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coordinates). The same procedure was used to integrate the
chronostratigraphic samples (previously reported and those
studied here) and the stratigraphic sections (previously reported
and those measured by us; Fig. 1). We used the graphic cor-
relation method (Shaw 1964) to place the fossil localities
in the CS and included Guerrero’s (1997) key stratigraphic
levels (StLs; i.e., Cerro Gordo Sandstone Beds, Chunchullo
Sandstone Beds, Tatacoa Sandstone Beds, Cerbatana Con-
glomerate Beds, Monkey Beds, Fish Bed, Ferruginous Beds,
La Venta Red Beds, El Cardén Red Beds, Sand Francisco
Sandstone Beds, and Polonia Red Beds; Supplementary
material Appendix 13). This step allowed us to determine the
stratigraphic position in space (i.e., lithofacies association) and
time (i.e., meters, StLs, and geochronological samples) for all
reported fossil localities (Fig. 2 and Supplementary material
Appendix 11). Localities that lacked geographic positions
(e.g., locality V-5046 from McDonald 1997) or are beyond
the boundaries of Montes ez a/. (2021) map were excluded
from the analysis (for detailed information, please see Sup-
plementary material Appendix 10).

All the geological information including sections, cartog-
raphy, samples with geochronology, and sites with fossils are
compiled in a GIS project using an open-source product
(QGIS), that can be easily used in future projects (Supple-
mentary material Appendix 5).

RESULTS

LA VENTA COMPOSITE STANDARD SECTION

We established a CS of the Honda Group that measured
1121.5 m, 552.2 m stratigraphic meters corresponding to
the La Victoria Formation and 569.3 m to the Villavieja
Formation (Fig. 2 and Supplementary material Appendix 6).
The CS includes 19 stratigraphic levels (StLs), eight in the
La Victoria Formation and 11 in the Villavieja Formation
which correspond to those previously defined by Guerrero
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Fic. 6. — Field photographs: A, grey conglomeratic litharenite, friable, with clasts of quartzite, chert, and Saldafa's fragments; B, grey litharenite, with cross-
stratification and abundant calcareous concretions; C, red and grey varicolored mudstone with calcareous (caliche) nodules; D, panoramic view of mudstone
beds and incipient paleosols; E, Mini Desierto site, red plane parallel mudstone beds interbedded with conglomeratic lenticular beds; F, panoramic view of El
Carddn Red Beds. Abbreviations: Ccs 0, conglomerate clast-supported; (c)S, conglomeratic sandstone; S, sandstone; S(vf), sandstone with very fine grain size;
Fc-s, fine claystone - siltstone. Lines: dashed red lines, beds; dashed white lines, cross-stratification. For a detailed stratigraphic section of the Mini Desierto
site, see Supplementary materials, Appendix 12. Scale bars: A, C, 15 cm; B, 20 cm.
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Fic. 7. — Field photographs: A, grey sandstone bed, lenticular-shaped (dashed red lines) within red and grey mudstone (dashed white lines); B, soft deforma-
tion (dashed white lines), fluids supersaturated result of crevasse-splay event; C, lower boundary of Cerbatana Conglomerate Beds (dashed red line); D, very
thick medium-grained sandstone bed with pseudo lamination overlaid by massive sandstone bed; E, sandy mudstone bed (base; dashed red line) overlaid by
a medium-grained sandstone bed with abundant mud intraclasts (dashed white lines) which, at the bottom, are organized by density — the sand fraction has
sub-angular to angular particles, well-sorted but compositionally immature; F, panoramic view of Morrongo site — red mudstone interbedded with grey litharenite
channels, gently dipping to the NW. Abbreviations: Ccs 0, conglomerate clast-supported; (c)S, conglomeratic sandstone; S, sandstone; S(vf), sandstone with
very fine grain size; Fe-s, fine claystone - siltstone. Scale bars: A, 1 m; B, 40 cm; D, 50 cm; E, 15 cm.
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TaBLE 6. — Data matrix of fossil localities occurrences along the different StLs
and the determined lithofacies associations throughout the Honda Group at
the La Venta site.

Lithofacies Association

A B C D E F G NA

1] 2 2 0 0 0 0 3 0

2| 2 0 0 0 0 0 0 0

3| 8 21 0 0 0 0 0 1

4| 2 0 0 0 0 0 0 0

5/ 5 44 0 0 0 2 0 1

6| 1 0 0 0 0 0 0 0

5 71 3 14 0 0 0 0 0 0
E, 8| 0 0 0 2 0 0 0 0
o 9| 0 40 4 0 0 0 0o 11
= 10| © 8 0 0 0 0 0 0
& 1] 0 0 0 0 8 0 0 8
k=) 12| 0 6 1 0 0 0 0 0
® 13| 1 o 0o 0 0 0 0 o0
A 14| 1 2 1 0 0 0 0 0
15| 0 3 0 0 0 0 0 0

16| 3 4 0 0 0 0 0 0

17| 0 3 0 0 0 0 0 2

18| 1 0 0 0 0 0 0 0

19| 0 7 1 0 0 0 0 0

NA 0 0 0 0 0 0 0 24

(1997). The stratigraphic succession contains 39 lithofacies
(Table 2 and Supplementary materials Appendices 6; 7), in
seven lithofacies associations (A to G) along the sedimentary
succession of the Honda Group (Fig. 2; Table 3).

LITHOFACIES ANALYSIS

The most common lithofacies association is B (in 154 levels,
Table 3, Supplementary materials Appendix 10), followed by
lithofacies association A (29; Table 3; Supplementary materials,
Appendix 10), which correspond to accumulation in confined
fluvial systems and its adjacent floodplain. Lithofacies associa-
tion A is more frequent in the La Victoria Formation (76.3%)
than the Villavieja Formation (23.7%) (Table 3, Supplemen-
tary materials Appendix 10). It suggests a depositional system
driven by migratory bars and gravitational deposits in mean-
dering channels (Allen 1982; Reineck & Singh 1986; Miall
1992, 2006) (Fig. 6A, B). Lithofacies association B is close to
be equally present in the La Victoria and the Villavieja forma-
tions, 43.6% and 56.4%, respectively (Figs 6C-F; 7A; Table 3).
It reflects environmental systems where sediment accumulation
occurred by suspension in low energy floodplains (resulting
in a vertical aggradation pattern), which may include signs of
reducing conditions (mudstones with red-gray drab colors),
incipient soil formation processes (mottled and varicolored
churned textures) that indicate variations in the water table,
and well-developed paleosols resulting from oxidizing condi-
tions produced by long-term subaerial exposure and weathering
(red beds) (Einsele 2000; Miall 2006). Lithofacies association
C (unconfined sediment gravity flow) is more common in the
Villavieja than in the La Victoria Formation, 89.7 vs 10.3%,
respectively (Table 3). It may result from sediments accumu-
lated by hyper-concentrated flows (occasionally affected by
undulating currents) because of large unconfined overflows
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and crevasse-splay processes in the floodplain, where breaks
may occur showing evidence of dewatering, soft-sediment
deformation (Fig. 7B), intense bioturbation, subaerial expo-
sure, and soil formation processes (Einsele 2000; Middleton
2003; Miall 20006).

Lithofacies association D, corresponds to confined braided
fluvial systems and itis present only in the La Victoria Formation,
Cerbatana Conglomerate Beds, StL 8 (Fig. 7C; Table 3). This
association displays crossbedding, massive or crudely bedded
sediment, and clast-supported gravel (Einsele 2000). Sediments
of this lithofacies accumulated in a setting of braided rivers with
transverse bedforms, deltaic growths from older bar remains,
and clast-rich debris-flow or pseudo-plastic debris flow (Miall
20006). Lithofacies association E corresponds to a lacustrine
setting and is only found in the Villavieja Formation Fish Bed,
StL 11 (Table 3). Sedimentation occurred by suspension in a
reducing environment like back swamp or oxbow lake (Miall
2006), which preserves remains of fish, mammals, amphibians,
birds, crocodiles, snakes, and coprolites. Lithofacies association
F (volcanic-related gravity flow) is more frequent in the La Vic-
toria than in Villavieja Formation, 78.7% vs 21.3% respectively
(Fig. 7D, E; Table 3). It could be the product of ephemeral flows
related to flash flood events under upper-plane bed conditions
(Miall 2006) and the occurrence of volcanoclastic deposits
described by Guerrero (1997) and Montes ez a/. (2021). Lastly,
lithofacies association G (unconfined sediment gravity flow) is
found only in the La Victoria Formation Bed set below Cerro
Gordo, StL 1 (Table 3). It could be a product of rapid accu-
mulation by sediment-gravity flow, hyper-concentrated flows
under upper plane bed conditions (associate to unconfined flash
flows), and to a small extent plastic debris flows and occasional
channel structures (Fig. 7F) (Miall 2006; Einsele 2000).

U-PB GEOCHRONOLOGY

Sample 44017, located at meter 63.5 in the La Victoria For-
mation, is a volcanic-rich arenite and has a youngest statistical
population (YSP) of 17.6 + 0.4 and a youngest detrital zircon
(YDZ) of 17.6 £ 0.8, based upon 105 single zircon ages, includ-
ing five age populations, with significant age peaks ¢. 18 Ma,
46 Ma, 82 Ma, and 99 Ma and minor ages > 200 Ma. Sample
44011, located at meter 218.8 in the La Victoria Formation,
is a volcanic-rich arenite and hasa YSP of 13.9 £ 0.3 Maand a
YDZ 0f13.8 + 0.6 Ma based on 92 single zircon ages, including
four-age populations, with significant age peaks c. 14 Ma, 40 Ma,
84 Ma, 186 Ma, and minor ages distributed > 250 Ma. Sample
TVV-04, located at meter 474 in the La Victoria Formation, is
a lithic sandstone with reworked pyroclastic material that has
a YSP of 12.8 £ 0.1 Ma and a YDZ of 12.8 + 0.2 Ma based
on 104 single zircon ages, including six-age populations, with
significant age peaks ¢. 13 Ma, 33-40 Ma, 84 Ma, minor ages
peaks ¢. 187 Ma, 232 Ma, and 961 Ma; minor ages correspond
to ages <1000 Ma. Sample TVV-01, located at meter 932 in the
Villavieja Formation, is a quartzarenite and has a YSP of 80.9
+ 2.5 Ma and a YDZ of 12.9 + 0.4 Ma based on 104 single
zircon ages, including four-age populations, with significant age
peaks ¢. 183 Ma and 272 Ma and minor ages peaks ¢. 81 Ma
and 1521 Ma; minor ages include ages >1500 Ma.
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Histogram of lavictoria
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Fossil localities throughout Villavieja Formation
Histogram of villavieja
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AGE MODEL mentation rate of 717.4 m/Ma (Max.: 1483.3 m/Ma. Min.:

Based on the 95% credible intervals estimated by our Bayesian
framework (Table 4), our age model suggests that the Honda
Group at La Venta extends from 16-15.94 Ma at meter 63.5
in the CS (Fig. 3) to 10.62 to 10.50 Ma at meter 1120 in the
CS (Fig. 3). Specifically, the span of the La Victoria Forma-
tion is from 16-15.94 Ma to 12.58-11.41 Ma; meters 63.5
and 557.4 respectively in the CS (Fig. 3), and that of the
Villavieja Formation from 12.58-11.41 Ma to 10.62-10.50
Ma; meters 557.4 to 1120 (Fig. 3). There is an unconformity
between the Villavieja and Neiva formations at meter 1126.5
that started at 10.5 Ma (Fig. 3; Table 4).

SEDIMENTATION RATES

Mean sedimentation rate for the La Victoria Formation is
2706.8 m/Ma, with a minimum value at segment 1 (36.3 m/
Maj; 70 to 170 stratigraphic meters; Fig. 5A; Table 5) and
the maximum value at segment 4 (12630 m/Ma; 370 to
470 meters; Fig. 5A; Table 5). There is a major increase in
the sedimentation rate at the middle part of the La Victoria
Formation, from segments 1-2 (mean sedimentation rate
230.3 m/Ma) to segments 3-5 (mean sedimentation rate
4357.7 m/Ma). Mean sedimentation rate for the Villavieja
Formation is 943.1 m/Ma with a minimum at segment 10
(180 m/Ma; 970 to 1070 meters; Fig. 5A; Table 5) and a
maximum at segment 9 (2483 m/Ma; 870 to 970 meters
in the CS; Fig. 5A; Table 5). The sedimentation rates of the
upper La Victoria Formation (segments 3, 4, and 5) and the
Villavieja Formation are not significantly different (segments
6,7,8,9,and 10; £ = 0.82015, p-value = 0.5).

The depositional setting with highest sedimentation rates is
the overbank deposit with incipient paleosols, which have a
mean sedimentation rate of 3084.1 m/Ma (Max.: 5804.5 m/
Ma. Min.: 363.7 m/Ma; Fig. 5B; Table 5). Next highest rate

is overbank deposits with paleosols, which have a mean sedi-
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251.1 m/Ma; Fig. 5B, Table 5). Channel fill and debris flow
deposit at the Cerbatana Conglomerate Beds (meters 523.3
to 557.2) have a sedimentation rate of 233.6 m/Ma (Fig. 5B,
Table 5). Swamp/lake deposit (meters 557.2 to 609.5) shows
a sedimentation rate of 85.7 m/Ma (Fig. 5B, Table 5). Chan-
nel sandstone environments have a mean sedimentation rate
of 82.15 m/Ma (Max.: 181 m/Ma. Min.: 12.4 m/Ma). The
lowest sedimentation rate is in overbank deposits without
paleosols (meters 139.2 to 167.6), with a rate of 19 m/Ma
(Fig. 5B, Table 5).

FOSSIL LOCALITIES
There are 251 fossil localities reported in the literature (Supple-
mentary material, Appendix 10). We were able to geographically
locate 202 of them; 178 were also located in Montes ez 2l.’s
(2021) geological map (94 from La Victoria, 84 Villavieja;
Fig. 1 and Supplementary materials, Appendices 5, 6, 10,
11; the remaining 24 localities are beyond the boundaries of
Montes e al’s (2021) map). We established the stratigraphic
position in the CS as well as the lithofacies associations for
205 fossil localities, 111 from the La Victoria Formation and
94 from the Villavieja Formation (Fig. 8; Table 6; Supplemen-
tary material, Appendix 10) while 47 localities did not report
a stratigraphic position (e.g., locality V-5046 in McDonald
1997; details in Supplementary material Appendix 10).

The stratigraphic interval in the La Victoria Formation
with the highest number of fossil localities (60%) is between
200 to 350 meters (67 localities, Fig. 8, and Supplementary
material Appendix 10), whereas in the Villavieja Formation
is between 559 to 600 meters (70%, 66 localities, Fig. 8, and
Supplementary material Appendix 10).

The StLs with the highest number of fossil localities include
StLs 9 (55), StLs 5 (52), and StLs 3 (30) (Table 6). Seventy-five

percent of all fossil localities were found in lithofacies associa-
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tion B (81 in La Victoria and 73 in Villavieja), followed by
14% in lithofacies association A (23 in La Victoria and 6 in
Villavieja), and the remaining 10% were found in all other
lithofacies associations (22) (Table 6).

DISCUSSION

ACCUMULATION SYSTEMS
Our results suggest that the lowermost 60 stratigraphic meters
of the La Victoria Formation were dominated by sediment-
gravity and hyper-concentrated flows interbedded by river
migratory bars and floodplains (lithofacies associations G
and B; Fig. 2). This type of depositional system could be
found in the distal facies of an alluvial fan (Miall 2006;
Einsele 2000) or a “terminal fan” in the distributary zone
(Kelly & Olsen 1993; Miall 2006), associated with the scarp’s
backstepping, relief (reduction in the uplands) and progra-
dation due to uplift or subsidence in the basin (fining- and
coarsening-upward successions, respectively; Einsele 2000).
The overlying succession, from stratigraphic meters 60 to
530, is dominated by a fluvial meandering system (Fig. 2),
with sediment accumulated in migratory bars, gravitational
deposits due to bank instability, bioturbated sandstones,
and chute bars, some reflecting lateral accretion packages of
meandering belts (lithofacies association A, StLs 2, 4, and 6)
with thickness ¢. 10 to 17 m that record the basal boundaries
of Montes et al.’s (2021) cartographic units I, III, and IV
(Fig. 1 and Supplementary material, Appendix 13). Those
levels alternate with floodplains deposits (resulting in a ver-
tical aggradation pattern) with pedogenesis influenced by
crevasse-splay processes (lithofacies association B and C in
StLs 1, 3, 5, and 7) and flash-floods in upper flow regime
(lithofacies association F). Drab color paleosols of the La
Victoria Formation may suggest a poorly drained floodplain
that was seasonally flooded (Salazar-Jaramillo ez 2/. 2022) and
could indicate a shorter weathering time (Miall 2006). The
whole succession suggests a gravel-sand meandering fluvial
system (Allen 1982; Reineck & Singh 1986; Einsele 2000;
Miall 1992, 2006) influenced by volcanoclastic processes
(Guerrero 1997; Flynn ez al. 1997) that could be associated
to the Cauca-Patia magmatic center (Montes ez al. 2021).
The top level of the La Victoria Formation (level 8, the
Cerbatana conglomerate, 40 stratigraphic meters) is domi-
nated by conglomerate transverse bedforms, deltaic growths
from older bar remains, clast-rich debris flow, and pseudo-
plastic debris flow (lithofacies association D). The lithofacies
association may suggests a braided river system influenced
by debris flows and catastrophic floods events (Einsele 2000;
Miall 2006), as previously interpreted by Wellman (1970),
Takemura (1983), Takai ez al. (1992), Villarroel et al. (1996),
and Guerrero (1997). However, this unit also has polymictic
clasts, including black chert, quartz, and volcanic fragments
(Guerrero 1997, and this work Supplementary material,
Appendices 7; 14), that may suggest reworking of Paleogene
age units from nearby, intrabasinal sources (e.g., Gualanday
Group, Bayona et al. 2009). Therefore, a shift in source
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material to unconsolidated conglomerate beds could also
produce a conglomerate level without a significant change
in the fluvial system.

The lower 200 stratigraphic meters of the Villavieja Forma-
tion are dominated by sandy channel bars and fill (StLs 13
and 18, lithofacies association A), floodplains with crevasse-
splay deposits (lithofacies association B and C, respectively
in StLs 9, 10, 12, 14, and 16), conspicuous red-beds in
well-developed paleosols (StLs 15 and 17) suggesting long-
term subaerial exposition, and lake or back swamp settings
(lithofacies association E in StL 11) (Fig. 2). The accumula-
tion system could be related to a sand-bed meandering river
(Reineck & Singh 1986; Einsele 2000; Middleton 2003;
Miall 2006) as has been proposed before (Fields 1959; Vil-
larroel et al. 1996; Guerrero 1997). Above ¢. 774 m, the
stratigraphic succession in the Villavieja Formation (StL 19;
Fig. 2) is dominated by the sedimentary accumulation of
particles in suspension, hyper-concentrated flows, and intense
pedogenesis represented by reddish paleosols (lithofacies
association B), accumulated in floodplain settings (Miall
20006) that could be part of the anastomosed river system
as proposed by Guerrero (1997).

AGE MODEL AND LAVENTAN ZONE

Using the sedimentary succession described here at La
Venta (Madden ez 2/. 1997a), we define the Laventan South
American mammal zone as the span from 13.8 to 11.8 Ma.
The age model presented here supports this scheme, as most
of Villavieja/La Victoria accumulated during this interval
(Fig. 3, from meter 140 to 1040). The magnetostratigraphy
model developed by Flynn ez al. (1997) agrees with our model
age at the base and top of the sequence (chrons C5ABn to
C5An. In, respectively). However, our interpretation of
the chrons within the sequence differs from Flynn ez al.’s
(1997) interpretation, which indicates younger ages than
those derived from our age model (Supplementary materials,
Appendix 15). Therefore, we have produced a reinterpretation
of the polarity sequence described by Flynn ez /. (1997) that
agrees with the chronology of intervals C5An.1n-C5ABn
(Hilgen e al. 2012) and fits with the mean ages predicted
by our probabilistic age model (Figs 3; 4). Specifically, in
the chron C5ABn, our reinterpretation locates the StLs 1,
2, 3, and lower part of 4, which correlate to Montes’ ez 4.
(2021) cartographic units San Alfonso Beds, Cerro Gordo
Beds, and the lowermost part of Chunchullo Beds. StLs
upper parts of 4, 5, and 6 are included in chrons C5Aar,
C5AAn, C5Ar.3r, and C5Ar.2n. This interval correlates to
the cartographic units Cunchullo Beds and lower Tatacoa
Beds (Montes et al. 2021). Chrons C5Ar.2r, C5Ar.1n, and
C5Ar.1r represent StLs 7, 8, 9, 11, and 12. These corre-
late to the middle-upper part of Tatacoa Beds, Cerbatana
Conglomerate Beds, and the lower part of Cerbatana Beds
cartographic units (Montes ez al. 2021). Chrons 5An.2n,
C5An.1r, and C5An.1n include StLs 13, 14, 15, 16, 17, 18,
and 19, which correlate with upper Cerbatana Beds, La Venta
Red Beds, El Cardén Red Beds, and Villavieja Formation
Undifferentiated cartographic units (Montes ez a/. 2021).
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SEDIMENTATION RATES, TECTONICS, AND CLIMATE

There is a significant increase in the mean sedimentation rate
from the lower 150 stratigraphic meters of the La Victoria
Formation (36.3 m/Ma) to its upper part (4415.6 m/Ma).
This significantly higher mean sedimentation rate continued
into the Villavieja Formation (up to 2483 m/Ma) (Figs 3; 5A;
Table 5). This intraformational difference among sedimenta-
tion rates could be the result of a shifting tectonic regime from
non/low-subsidence to high-subsidence in the Neiva Basin
¢. 13 Ma (Montes et al. 2021). This time interval coincides
with the beginning of the southward propagation of the
southernmost tip of the Eastern Cordillera and closure of
the Serravallian trans-Andean passage (Montes e al. 2021),
which could enhance the generation of accommodation space
driven by high subsidence. Furthermore, the change between
sediment-gravity and hyper-concentrated flows interbed-
ded by river migratory bars and floodplains (lower part of
the La Victoria Formation) to a fluvial meandering system
characterized by lateral accretion alternated with floodplains
and pedogenesis (middle and upper part of the La Victoria
Formation) also supports a shifting subsidence regime.

The mean sedimentation rates of the middle-upper part
of the La Victoria Formation and the Villavieja Formation
do not differ significantly. These two segments of the Honda
Group therefore accumulated under a high-subsidence regime
in the basin until 10.5 Ma, when the angular unconformity
between the Honda Group and Neiva Formation is recorded
(Figs 2; 3).

Only the first 200 stratigraphic meters of the Villavieja For-
mation are dominated by an accumulation system homogene-
ous with the middle-upper part of the La Victoria Formation
(a sand-bed meandering river). At c. 774 m (c. 11.3 Ma), the
stratigraphic succession in Villavieja Formation changed to
an anastomosed river system dominated by floodplain set-
tings with reddish paleosols. This shift could be explained by
three alternative hypotheses: 1) an increase in the landscape
slope, which would have enhanced avulsion by a topographic
mechanism (Makaske 2001); 2) a shift in sediment source
from distal to proximal, that would allow anastomosis by
high sediment supply (Makaske 2001); and 3) a drier land-
scape, which would have enhanced anastomosis by the loss of
channel-flow capacity owing to in-channel fluvial deposition
(Makaske 2001).

The tectonic hypotheses 1 and 2 could have been structures
such as La Becerra Anticline (Montes et /. 2021) and the clo-
sure of the Serravallian trans-Andean passage (Montes ez al.
2021), respectively. The global climatic cooling trend during
the Miocene (Zachos ez al. 2001, 2008) may have enhanced
the drier conditions of the region (hypothesis 3).

FOSSIL ASSEMBLAGES

The fossil assemblage includes rodents, primates, armadillos,
bats, sloths, astrapotheres, marsupials, cetaceans, litopterns,
notoungulates, sirenians, fishes, crocodilians, turtles, squamates,
amphibians, birds, crabs, pollen, and wood (Supplementary
materials Appendices 13 and 14 for a list of all paleontological
publications using material from the La Venta region). There
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are more fossil reports from the Villavieja Formation than La
Victoria (Madden ez al. 1997a), but the difference is probably
due to a more intense exploration of the southern part of La
Venta where most of the outcrops belong to the Villavieja
Formation (e.g., Fields 1957); in contrast, the La Victoria
Formation, which outcrops mostly in the north, still remains
unexplored (Dumont & Bown 1997; Flynn ezal. 1997; Kay &
Madden 1997a, b; Guerrero 1997; Hecht & LaDuke 1997;
Walton 1997). Most fossil localities are reported from levels
StL 9 (Villavieja Formation) and StL 5 (La Victoria Forma-
tion) with 54 and 52 fossil localities, respectively, and 84 of
them were collected in overbank settings (Table 5).

Fossil records derive from several lithofacies associations,
and up to date there is no relation between lithofacies asso-
ciation and the number of fossil localities (Table 6 and Sup-
plementary material, Appendix 16). Nevertheless, many fossil
sites have been found in lithofacies associations B, A and D,
which correspond to accumulation in confined fluvial systems
and their adjacent floodplains. Fossils in association B, which
accumulated in meandering rivers probably had minimum
transport and could represent an in-situ community; of the
three lithofacies associations, B has the lowest-energy condi-
tions for sediment accumulation (Kidwell & Flessa 1996), with
minimal bioclasts transport (Behrensmeyer 1990). It includes
crocodile skulls found in life-position (Langston & Gasparini
1997) and rodent skeletons trapped in burrows (Guerrero
1997). Fossils in association A and D, which accumulated
along channel-lag and cannel-bar deposits (i.e., StLs 2, 4, 6,
8,13, and 18) could have some degree of transport given that
particles with weights under 100 grams could move from
various meters to several thousand of meters in a meandering
system (Behrensmeyer 1988; Aslan & Behrensmeyer 1996).
Besides, these fossil assemblages may also suggest a basin-wide
faunal source given that the La Venta site has an approximate
area of 380 km2 (Montes et 2/ 2021).

The overbank deposits of the La Victoria Formation have
partially mottled horizons and dark red beds, which suggests
short times of atmospheric exposure and consequently a minor
degree of pedogenesis (Miall 2006); this may have favored
the excellent bone preservation in many of the specimens
found at La Venta. However, additional studies are required
to fully understand the taphonomic processes at La Venta
and whether they changed along the stratigraphic profile,
lithofacies associations, or depositional system.

CONCLUSIONS

The La Victoria Formation is dominated by a gravel-sand
meandering fluvial system whereas the Villavieja Formation
is dominated by a sand-bed meandering river system and an
anastomosing river system. The shift in accumulation regimes
in the Villavieja Formation could have been forced by tecton-
ics and/or climate changes.

The Honda Group spans 5.5 million years, from ¢. 16 Ma
to ¢. 10.5 Ma, with most the accumulation occurring between
13.8 and 11.8 Ma.
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The La Venta site is still in the early phases of study, and
extensive areas, specially to the north, have yet to be fully
explored. Furthermore, additional paleobiological, taphonomic,
biogeographic, and population-level studies are required to
fully understand the ecosystem preserved in the strata of the
Honda Group.

Roughly 91% of all paleontological studies at La Venta have
focused on taxonomy and systematics, but little effort has been
done to understand the evolutionary tempo and mode along
the ¢. 5.5 million years that span its stratigraphic succession.
Our contribution has placed all the fossil localities studied at
La Venta into a single stratigraphical framework allowing us
to establish the space and time of every specimen collected,
and thereby opening the window to a new generation of stud-
ies at La Venta, as have been done at other lagerstitten sites

(e.g., the Bighorn Basin).
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