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ABSTRACT

Marine palynomorphs, mainly dinoflagellate cysts and acritarchs, constitute
excellent proxies for biostratigraphic and paleoceanographic studies in neritic sequences.
Neogene marine palynological studies have mostly focused on the Northern Hemisphere,
resulting in the scarcity of dinoflagellate cysts and acritarchs from tropical latitudes.
Forty samples encompassing the late Chattian—late Burgidalian time interval (~24.1—
17.3 Ma) in the Southern Caribbean were analyzed for their marine palynological
contents. A biostratigraphic scheme for the region is proposed and includes the upper
Chattian—lower Aquitanian Minisphaeridium lativictum Interval Zone (~23.9-22.0 Ma),
the upper Aquitanian Achomosphaera alcicornu Interval Zone (~22.0-20.3 Ma), and the
Burdigalian Cribroperidinium tenuitabulatum Interval Zone (~20.3-17.5 Ma). Two
peridinioid dinoflagellate cyst species, Cristadinium lucyae sp. nov., and
Trinovantedinium uitpensis sp. nov., and the acritarch Quadrina? triangulata sp. nov. are
formally described. A conspicuous shift from a peridinioid-dominated dinoflagellate cyst
assemblage to a gonyaulacoid-dominated assemblage occurs near the Aquitanian—
Burdigalian boundary (~20.7 Ma), indicating a reduction in marine primary productivity.
This paleoproductivity shift is linked to the initial constriction of the Central American
Seaway—the oceanic pathway along the tectonic boundary between the South American

plate and the Panama microplate.
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1. INTRODUCTION

Palynology is the branch of paleontology dealing with organic-walled
microfossils, also known as palynomorphs. The terrestrial palynomorphs include mainly
pollen and spores while the marine palynomorphs are mainly dinoflagellate cysts
(dinocysts) and acritarchs. This dissertation documents a comprehensive marine
palynological analysis of an early Miocene section located in the Colombian Caribbean
Margin. Due to the scarcity of marine palynological studies in the tropical Americas, the
aims of this research are to: (1) calibrate dinocyst and acritarch biostratigraphic events in
the Colombian Caribbean Margin; (2) propose a provisional biostratigraphic scheme for
the region; (3) reconstruct changes in paleoproductivity in the Southern Caribbean; and
(4) formally described three new taxa.

Two peer-reviewed scientific articles resulted from this PhD research and are
compiled in this dissertation. The paper entitled “Early Miocene marine palynology of
the Colombian Caribbean Margin: biostratigraphic and paleoceanographic implications”
was published in the journal Palaeogeography, Palaeoclimatology, Palaeoecology. The
paper entitled “New peridinioid dinoflagellate cyst and acritarch taxa from the Miocene
of Colombia, northwestern South America” has been submitted to the journal Review of

Palaeobotany and Palynology .



PAPER

I. EARLY MIOCENE MARINE PALYNOLOGY OF THE COLOMBIAN
CARIBBEAN MARGIN: BIOSTRATIGRAPHIC AND PALEOCEANOGRAPHIC
IMPLICATIONS

Damian Cardenas, Carlos Jaramillo, Francisca Oboh-Ikuenobe

Department of Geosciences and Geological and Petroleum Engineering, Missouri
University of Science and Technology, Rolla, MO 65409

ABSTRACT

Dinoflagellate cysts and acritarchs are excellent proxies for biostratigraphic and
paleoceanographic studies in neritic sequences. However, Neogene marine palynological
studies in tropical latitudes are scarce. Here, we analyzed the marine palynological
contents (dinoflagellate cysts, acritarchs, foraminiferal test linings and prasinophytes) of
40 samples from a well drilled in northernmost Colombia, southern Caribbean Sea,
spanning the late Chattian—late Burgidalian time interval (~24.1-17.3 Ma). We propose a
biostratigraphic scheme that includes an upper Chattian—lower Aquitanian
Minisphaeridium latirictum Interval Zone (~23.9-22.0 Ma), an upper Aquitanian
Achomosphaera alcicornu Interval Zone (~22.0-20.3 Ma), and a Burdigalian
Cribroperidinium tenuitabulatum Interval Zone (~20.3—17.5 Ma). Our results reveal
several biostratigraphic events that are heterochronous compared to high latitudes.
Furthermore, the conspicuous shift from a peridinioid-dominated to a gonyaulacoid-

dominated dinoflagellate cyst assemblage towards the Aquitanian—Burdigalian boundary



(~20.7 Ma) indicates a reduction in marine primary productivity. This paleoproductivity

decline was probably driven by the initial constriction of the Central American Seaway.

1. INTRODUCTION

The Caribbean Sea is an oligotrophic, semi-enclosed (Atlantic net inflow
~28 x 106 m3 s—1), tropical sea characterized by small seasonal variability in sea surface
temperature (~2.5 °C) and sea surface salinity (~0.5—1 psu) (Colon, 1963; Gordon, 1966;
Miiller-Karger et al., 1989; Johns et al., 2002). The emergence of the Panama Isthmus
during the Neogene played a major role in the formation of the Caribbean Sea. The 12—
10 Ma closure of the Central American Seaway—the oceanic pathway along the tectonic
boundary between the South American plate and the Panama microplate—completely
ceased the inflow of Pacific deep and intermediate waters into the proto-Caribbean
(Jaramillo, 2018 and references therein). Foraminifera faunas reveal a subsequent
disruption during the late Miocene (~10-7 Ma), lasting ~2.5 Ma, which appeared to have
temporarily interrupted the circulation between Pacific and Caribbean shallow waters
(Duque-Caro, 1990; Collins et al., 1996). The complete emergence of the Panama
Isthmus during the Pliocene (~4.2-3.5 Ma) completely terminated the inflow of Pacific
shallow waters into the Caribbean (Jaramillo, 2018 and references therein). Isotopic data
indicate that modern oceanographic conditions in the Caribbean Sea are apparently
driven by the full emergence of the Isthmus (Keigwin, 1982; Haug and Tiedemann, 1998;
Haug et al., 2001; Gussone et al., 2004; Steph et al., 2006; Groeneveld et al., 2008).

However, the role of (1) reduction in freshwater discharge into the Caribbean in response



to the Miocene reorganization of fluvial drainage basins in northern South America (e.g.,
proto-Amazon, proto-Orinoco), and (2) the onset of glaciations and its impact on

precipitation across the Caribbean remain unknown (Jaramillo, 2018).
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Figure 1 Location map of Well A in the Cocinetas Basin, northwestern South America,
showing major tectonic boundaries and topographic features.

Neogene marine palynomorphs (mainly dinoflagellate cysts and acritarchs) have
been widely used for biostratigraphic and paleoenvironmental studies in neritic sequences
in temperate latitudes, especially in the Northern Hemisphere (e.g., De Schepper et al.,
2017; Schreck et al., 2017). However, there is a large latitudinal sampling bias due to the
limited number of Neogene marine palynological studies in tropical latitudes (Boyd et al.,

2018). To date, only a few Neogene dinoflagellate cyst and acritarch taxa from



northwestern South America have been reported in the literature (e.g., Hoorn, 1993,
Hoorn, 1994; Helenes and Cabrera, 2003; Boonstra et al., 2015; Jaramillo et al., 2017,
2020; Parra et al., 2019; da Silva-Caminha et al., 2020), since most Neogene
palynological studies in the region have mainly focused on terrestrial palynomorphs.
Among these palynological studies, Helenes and Cabrera (2003), Jaramillo et al. (2017)
and Jaramillo et al. (2020) primarily analyzed marine palynomorph taxa for
biostratigraphic purposes. Although two detailed Neogene marine palynological studies
have been published for the Pacific region (Zegarra and Helenes, 2011; Duque-Herrera et
al., 2018), none exists for the Caribbean region. Here, we present the first detailed late
Chattian—late Burdigalian (~24.1-17.3 Ma) marine palynological study for the
Colombian Caribbean Margin, and discuss its biostratigraphic and paleoceanographic

implications for the Caribbean region.

2. GEOLOGICAL SETTING

The Colombian Caribbean Margin in northwestern South America is located
along the tectonic boundary between the Caribbean and South American tectonic plates
(Figure 1). Since the middle to late Eocene, several pull-apart sedimentary basins have
developed along the northwestern margin of South America due to east-west
displacement between these two tectonic plates (Macellari, 1995). One of these pull-apart
basins, Cocinetas, is located in the Guajira Peninsula, the northernmost geographic
feature of South America (Figure 1). The Cocinetas Basin in the southeastern Colombian

Caribbean Margin is bounded by the Cocinas, Jarara, and Macuira ranges (Renz, 1960;



Figure 1). Cocinetas records a thick Eocene—Pliocene sedimentary sequence deposited in
shallow to marginal marine to fluvial environments (Renz, 1960; Rollins, 1965; De Porta,
1974), and comprises the Eocene Macarao Formation; the Oligocene Siamana Formation;
the lower to middle Miocene Uitpa, Jimol and Castilletes formations; and the upper
Pliocene Ware Formation (Rollins, 1965; Moreno et al., 2015; Figure 2).

Well A (WA) is located in the Cocinetas Basin (11°56'38”N, 71°22'03”W)
(Figure 1). The Oligocene—-Miocene boundary is recognized in WA at 762 m (2500")
based on the last appearance datum (LAD) of the spore Cicatricosisporites dorogensis,
dated as 23.03 Ma (Jaramillo et al., 2011, 2020). Placement of the Miocene-Oligocene
boundary in WA is also supported by the LAD of the calcareous nannofossil
Helicosphaera recta at 734.6 m (2410"), the LAD of the planktonic foraminifera
Ciperoella ciperoensis at 752.9 m (2470"), and the LAD of the dinoflagellate cyst
Chiropteridium galea at 856.5 m (2810") (Jaramillo et al., 2020). In addition, strontium
isotope chronostratigraphic data was extrapolated from the La Tienda section (Locality
ID 290432), ~400 m northwest of WA (Hendy et al., 2015; Moreno et al ., 2015; Jaramillo
et al., 2020). The detailed calibration of WA can be found in Jaramillo et al. (2020). The
945-885 m (3100-2905") interval comprises the uppermost part of the Oligocene
Siamana Formation, whereas the uppermost 885 m (2905') interval corresponds to the
lower Miocene Uitpa and Jimol formations (Figure 2). The Siamana Formation in WA
(upper Chattian) consists of limestone interbedded with claystone and minor sandstone
and siltstone (Figure 2). The late Chattian—late Aquitanian (~24.2—-19.4 Ma) Uitpa
Formation consists of a 492 m (1615") thick sequence comprising mostly claystone and

mudstone with interbedded sandstone and limestone towards the base (Figure 2). Lastly,



WA encompasses the lower and middle part of the Jimol Formation (late Aquitanian-late
Burdigalian; ~19.4-17.3 Ma), which consists of a 354 m (1160") thick sequence
comprising interbedded sandstone and limestone with minor claystone interbeds towards

the upper and lower parts of the sequence (Figure 2).
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Figure 2. Chrono-lithostratigraphy for the Cocinetas Basin (after Moreno et al., 2015).
lithostratigraphic column of Well A, and stratigraphic distribution of palynological
samples.



Interpretations of depositional environments in the Cocinetas Basin indicate a
shallowing-upward siliciclastic-dominated succession during the early Miocene, ranging
from Uitpa middle and outer shelf deposits (100-200 m water-depth) (Hendy et al., 2015;
Carrillo-Bricefio et al., 2016) to Jimol shoreface and inner shelf deposits (<50 m water-

depth) (Moreno et al., 2015) (Figure 2).

3. MATERIALS AND METHODS

Forty ditch-cutting samples spanning the 94540 m (3100'-130") interval in WA
were sampled for palynology. Approximately 15 to 20 g per sample were processed
following standard acid-based palynological techniques to remove carbonates and
silicates using HCI and HF, respectively (Wood et al., 1996). Two coverslips smeared
with unoxidized and oxidized residues were mounted per slide. Marine palynomorphs—
acritarchs, dinoflagellate cysts (hereafter referred to as dinocysts), foraminiferal test
linings and prasinophytes—and subordinate freshwater/brackish algae were identified
and counted only in the unoxidized coverslip to avoid bias in the record of sensitive
dinocysts to oxidation (e.g., peridinioid dinocysts). A Nikon E100 microscope was used
for routine analysis of marine palynomorphs, while photomicrographs of selected taxa
were taken using a Nikon Eclipse S0iIPOL microscope coupled to a DS-Fi3 camera.
Dinocyst taxonomy followed the Lentin and Williams Index of fossil dinoflagellates
(Fensome et al., 2019). The stratigraphic column was done using the SDAR R package

(Ortiz et al., 2019), whereas palynostratigraphic results were plotted using the analogue R



package (Simpson and Oksanen, 2020). Slides are housed at the Smithsonian Tropical

Research Institute, Panama.

3.1. PALEOPRODUCTIVITY

The Peridinioid/Gonyaulacoid ratio, known as the P/G ratio, was calculated as the
number of peridinioid dinocysts divided by the sum of gonyaulacoid and peridinioid
dinocysts (e.g., Versteegh, 1994; Lammertsma et al., 2018). Samples with counts of <50
dinocysts were excluded from the analysis. This ratio, ranging between O and 1, was used
to estimate fluctuations in paleoproductivity, as dinoflagellates are sensitive to changes in
nutrient availability. Based on observations of the life-styles and feeding strategies of
modern thecate dinoflagellates, two extant genera are considered analogs for
gonyaulacoid and peridinioid cysts: the autotrophic genus Gonyaulax represents the
extant order Gonyaulacales, whereas the heterotrophic genus Protoperidinium represents
the extant order Peridiniales (Powell et al., 1992). Gonyaulacoid and peridinioid cysts are
thus considered to represent mostly autotrophic and heterotrophic dinoflagellates,
respectively. Consequently, P/G values that tend towards O indicate low nutrient

availability while P/G values that tend towards 1 indicate high nutrient availability.

3.2. TERRESTRIAL INPUT

The Terrestrial/Marine (T/M) index was calculated as the number of terrestrial
palynomorphs divided by the sum of terrestrial and marine palynomorphs. The proportion
of pollen and spores relative to the total palynological assemblage is a proxy for

estimating terrestrial influence in marine environments (e.g., Versteegh, 1994; Zwiep et
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al., 2018). Marine palynomorphs include acritarchs, dinocysts, foraminiferal test linings
and prasinophytes. Pollen and spore data in WA are derived from Jaramillo et al. (2020).

Samples with less than 150 total palynomorphs were excluded from the analysis.

3.3. STATISTICAL ANALYSIS

Comparisons between the means of two unpaired groups were achieved using the
two-sided Welch t-test to account for unequal variances between the compared groups
(Dalgaard, 2008); P values (p) and degrees of freedom (df) are provided. Nonparametric
correlation tests between two variables were achieved using the Spearman rank to
account for monotonic (increasing or decreasing) relationship between the compared
variables (Dalgaard, 2008); Spearman coefficients (p) and P values (p) are provided.
Non-metric multidimensional scaling (nMDS) was performed to compare species
composition between palynological assemblages among samples using the Bray-Curtis
dissimilarity; the fit of the regression between ordination-based distances and predicted
values (stress) is provided (Kruskal, 1964). The analysis of similarities (ANOSIM) was
conducted to test the statistical significance between compared palynological
assemblages (Clarke, 1993); the ANOSIM statistic (R) and significance (P) values are
provided. All statistical analyses were performed using R (R Core Team, 2017). The
nMDS and ANOSIM analyses were performed using the Vegan R package (Oksanen et

al., 2019).
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4. RESULTS

Palynological samples yielded a moderate to good recovery of well-preserved
marine palynomorphs (mean count per sample: 218.7, sd: 93.9, n: 34), except in the 399—
241 m (1310'=790") interval (mean: 45.8, sd: 11.5, n: 6). The marine palynological
assemblage consists of taxa identified as 24 peridinioid dinocysts, 23 gonyaulacoid

dinocysts, 11 acritarchs, 2 prasinophytes, and 15 reworked dinocysts (Appendix 1).

4.1. BIOSTRATIGRAPHY

Several dinocyst and acritarch biostratigraphic events were identified in WA, and
calibrated with biostratigraphy (calcareous nannofossils, palynomorphs and planktonic
foraminifera) and Sr chronostratigraphy in the Cocinetas Basin (Hendy et al., 2015;
Jaramillo et al., 2020). These biostratigraphic events include mostly last appearance
datums (LADs). We avoided using first appearance datums (FADs) as much as possible
because they may be biased by caving since ditch-cutting samples were studied.

Cristadinium sp. of De Verteuil and Norris, 1992, Echinidinium euaxum, Incertae
sedis B, Lejeunecysta marieae, Quadrina’? condita, Sumatradinium hispidum,
Sumatradinium soucouyantiae, Trinovantedinium papula, and Trinovantedinium?
xylochoporum occur consistently in the upper Chattian and Aquitanian, whereas
Cleistosphaeridium diversispinosum, Incertae sedis C and Selenopemphix nephroides
occur consistently throughout the entire sequence (upper Chattian—upper Burdigalian)
(Figure 3, Appendix 1). The LAD of Minisphaeridium latirictum occurs in the

Aquitanian at ~21.9 Ma (652.3 m; 2140"). The LAD of Achomosphaera alcicornu at
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~20.3 Ma (487.7 m; 1600") occurs near the Aquitanian-Burdigalian boundary (Figure 3,
Figure 4). The LADs of Cristadinium sp. of De Verteuil and Norris, 1992, Quadrina
“incerta” of Jaramillo et al., 2017, and Cribroperidinium tenuitabulatum occur in the
Burdigalian at ~18.9Ma (307.8 m; 1010, ~17.6Ma (85.3 m; 280"), and ~ 17.5 Ma

(67.1 m; 220", respectively (Figure 3, Figure 4).

T
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Figure 3. Proposed biostratigraphic scheme for the Colombian Caribbean Margin in
relation to the palynological zonation for the Colombian Llanos Basin (Jaramillo et al.,
2011), showing biostratigraphic events (last appearance datum [LAD]; first appearance

datum [FAD]) and ranges of selected marine palynomorphs in Well A

The stratigraphic occurrences of Quadrina “incerta” of Jaramillo et al., 2017,
Selenopemphix sp. D of Duffield and Stein, 1986 and Trinovantediniumferugnomatum
are restricted to the Burdigalian (Figure 3, Appendix 1). Reworked dinocysts are

restricted to the upper Chattian-lower Burdigalian (Figure 5, Appendix 1).
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Although first appearances in WA may be biased due to caving, we assume
minimal caving in the uppermost part of the drilled sequence. Therefore, we consider that
the FADs of (1) Quadrina “incerta” of Jaramillo et al., 2017 at ~19.0 Ma (326.1 m;
1070", (2) Trinovantediniumferugnomatum at ~18.3 Ma (204.2 m; 670"), and (3)
Selenopemphix sp. D of Duffield and Stein, 1986 at ~17.6 Ma (94.5 m; 310') to be

reliable (Figure 3, Figure 4).

Colombian Caribbean Provisional bioevents Mediterranean UPSI A.“"’I‘Br'“c Co?_sla\ SO“(QETOL\‘;':T"S% Eastern North Sea
Margin Biostratigraphic for tropical settings B\céonatmn ("’g; Vgrzlgﬂwé\\ E" (Munsterman & Biozonation (Dybkjaer
i Zevenboom, 1995 : . - i
Scheme (proposed herein) (: ) Norris, 1996) Brinkhuis, 2004) & Piasecki, 2010)
Sele ix sp. Duffield
| Cibroperdnium - PR S> SNSM4 | Cousteaudinium
Quaarina ncertal JaramilloR Hys([neﬂwuoclﬁmcma cantharellus aubryae Froc-abell
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Exochosphaeridium gy, i
oo Suthern insigne cchosphagdene
Caligodinium Nort Cordosphaeridim
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insigne Sumatrainium
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2 Sea
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Callgodirlum amiculum
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Cistacirium sp. Ce Vereult_ {ctosphaeropsis 1 phosphoritca
" Chiroptericium ‘Norris 1992 DGR
Di biff

Figure 4. Schematic comparison of lower Miocene biostratigraphic zones and marine
palynological events between the Colombian Caribbean Margin and the Northern
Hemisphere.

We correlate WA biostratigraphy with the Cenozoic palynological zonation for
the Colombian Llanos Basin (Jaramillo et al., 2011) (Figure 3). We also compare the
proposed biostratigraphic scheme to calibrated marine palynological zonations and
biostratigraphic events for the Northern Hemisphere, including the western North

Atlantic (De Verteuil and Norris, 1996), the Mediterranean (Dybkj”r and Piasecki,
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2010), and the North Sea (Munsterman and Brinkhuis, 2004; Zevenboom, 1995) (Figure

4),

4.2. PALEOPRODUCTIVITY

The nMDS analysis shows a significant difference in dinocyst community
composition (ANOSIM: R =0.60, P=0.001) between the 881-533 m (2890'-1750") and
the 524-40 m (1720'-130") intervals (Figure 6). The lower interval (881-533 m; 2890'—
1750"), late Chattian and most of the Aquitanian (~24.1-20.8 Ma), is dominated by
heterotrophic peridinioid dinocyst taxa, including Brigantedinium, Cristadininium,
Echinidinium, Lejeunecysta, Selenopemphix, Sumatradinium and Trinovantedinium
species (Figure 5). The upper interval (524-40 m; 1720'-130’), uppermost Aquitanian
and Burdigalian (~20.6-17.3 Ma), is dominated by autotrophic gonyaulacoid dinocyst
taxa, mostly Hystrichokolpoma rigaudiae, Lingulodinium machaerophorum,
Operculodinium centrocarpum and Spiniferites ramosus (Figure 5). The P/G ratio is
significantly higher (t-test: p <0.01, df: 24.98) during the lower interval (median: 0.59,
sd: 0.26, n: 20) compared to the upper interval (median: 0.11, sd: 0.09, n: 14) (Figure 5).
In addition, foraminiferal test linings are more abundant (t-test: p <0.01, df: 22.22) in the
lower interval (median: 41, sd: 20.83, n: 20) compared to the upper interval (median: 3.5,
sd: 5.15, n: 14) (Figure 5). The Terrestrial/Marine (T/M) index shows no significant
difference (t-test: p=0.11, df: 10.12) between the lower interval (median: 0.37, sd: 0.10,
n: 9) and the upper interval (median: 0.49, sd: 0.20, n: 8). There is also no significant

correlation between the T/M index and the P/G ratio (Spearman p=—0.31, p=0.23).
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Figure 5. Absolute abundances of dinocysts and foraminiferal test linings in relation to
the Peridinioid/Gonyaulacoid (P/G) ratio and the Terrestrial/Marine (T/M) index.
Gonyaulacoid (mostly autotrophic) and peridinioid (mostly heterotrophic) taxa are shown
in blue and green, respectively. Foraminiferal test linings and P/G ratio, semiquantitative
proxies to reconstruct fluctuations in paleoproductivity, are shown in gray. Reworked
dinocysts and T/M index are shown in orange and brown, respectively. The red line
denotes both the turnover from peridinioid- to gonyaulacoid-dominated dinocyst
assemblages and the sudden decrease in the abundance of foraminiferal test lining
towards the Aquitanian-Burdigalian boundary. The gray box indicates a low recovery
interval (<50 dinocysts).
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Figure 6. Non-metric multidimensional scaling (nMDS) ordination plot for the dinocyst
assemblages in Well A, based on Bray-Curtis distance matrix. Each dot on the nMDS
plot represents a palynological sample (average depth in feet/m indicated for each sample
interval). Blue dots represent gonyaulacoid-dominated dinocyst assemblages in the upper
Chattian and Aquitanian, whereas green dots represent peridinioid-dominated dinocyst
assemblages in the Burdigalian.
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S. DISCUSSION

5.1. A BIOSTRATIGRAPHIC SCHEME FOR THE COLOMBIAN CARIBBEAN
MARGIN

The assumption that the timing of temperate dinocyst biostratigraphic events (e.g.,
FADs, LADs) could be considered as coetaneous at tropical latitudes needs to consider
paleobiogeography. Biostratigraphic ranges of marine palynomorphs are often
asynchronous worldwide due to differences in paleoceanographic conditions across
latitudes (Williams et al., 2004). Previous palynological studies in the Caribbean region
have demonstrated the asynchrony of events compared to those in Oligocene—Miocene
zonations for mid- and high latitudes (Helenes and Cabrera, 2003; Jaramillo et al., 2020).
Here, we propose a biostratigraphic scheme for the lower Miocene in the Colombian
Caribbean Margin (Figure 3), which could serve as a baseline to establish a Neogene
marine palynological zonation for the tropical Americas.

The upper Chattian—upper Burdigalian interval in the Cocinetas Basin is divided,
from base to top, into three dinocyst zones that are discussed below (Figure 3).

Minisphaeridium latirictum Interval Zone. Definition: The M. latirictum biozone
is defined by the LAD of Chiropteridium galea at the base and the LAD of
Minisphaeridium latirictum at the top. Age: Late Chattian to early Aquitanian (23.9 to
22.0 Ma).Characteristic taxa: This biozone is characterized by the occurrence of
Cleistosphaeridium diversispinosum, Cristadinium sp. of De Verteuil and Norris, 1992,
Echinidinium euaxum, Echinidinium sp., Incertae sedis B, Lejeunecysta marieae,
Minisphaeridium latirictum, Selenopemphix nephroides, Sumatradinium hispidum,

Sumatradinium soucouyantiae, Trinovantedinium papula, and Trinovantedinium?
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xylochoporum Comments: The LAD of C. galea in equatorial (23.98 Ma) and temperate
(22.36 Ma) regions has been used as a key biostratigraphic marker for the placement of
the Oligocene—Miocene boundary (Williams et al., 2004) and the definition of Neogene
biozones (e.g., De Verteuil and Norris, 1996; Dybkjer and Piasecki, 2010). In WA, this
event at 23.9 Ma is consistent with previous studies (Jaramillo et al., 2020). In contrast,
although the LAD of M. latirictum in the Northern Hemisphere is constrained to the
Tortonian (De Verteuil and Norris, 1996; Dybkjer and Piasecki, 2010; Fensome et al .,
2009, Fensome et al., 2016; Schreck et al., 2012; Gresfjeld et al., 2019), its stratigraphic
range in equatorial latitudes remains unknown. The continuous occurrence of M.
latirictum in the lowermost part of WA suggests a mid-Aquitanian LAD (22.0 Ma) for
this species in the Caribbean Colombian Margin.Correlation: The M. latirictum biozone
(DN1) correlates with the uppermost part of the Cicatricosisporites dorogensis (T11)
zone and the lowermost part of Horniella lunarensis (T12) zone in the Llanos Basin,
Colombia (Jaramillo et al., 2011). Achomosphaera alcicornu Interval Zone. Definition:
The A. alcicornu biozone is defined by the LAD of Minisphaeridium latirictum at the
base and the LAD of Achomosphaera alcicornu at the top.Age: Middle to late Aquitanian
(22.0 to 20.3 Ma).Characteristic taxa: This biozone is characterized by the occurrence of
Achomosphaera alcicornu, Cleistosphaeridium diversispinosum, Cristadinium sp. of De
Verteuil and Norris, 1992, Cyclopsiella elliptica/granosa, Echinidinium euaxum,
Heteraulacacysta campanula, Lejeunecysta marieae, Quadrina? condita, Selenopemphix
brevispinosa, Selenopemphix nephroides, Trinovantedinium sp., and Trinovantedinium
variabile. Comments: The LAD of 4. alcicornu is asynchronous between equatorial

(27.0 Ma) and temperate (13.0 Ma) regions (Williams et al., 2004). Recent palynological
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studies, however, indicate a younger LAD for this species in the tropical Americas
(Pérez-Consuegra et al., 2018; Jaramillo et al., 2020). The continuous occurrence of A.
alcicornu in the lower and middle part of WA suggests an early Burdigalian LAD
(20.3 Ma) for this species in the Caribbean Colombian Margin.Correlation: The A.
alcicornu biozone (DN2) correlates with the lower to middle Horniella lunarensis (T12)
palynological zone in the Llanos Basin, Colombia (Jaramillo et al .,
2011).Cribroperidinium tenuitabulatum Interval Zone. Definition: The C. fenuitabulatum
biozone is defined by the LAD of Achomosphaera alcicornu at the base and the LAD of
Cribroperidinium tenuitabulatum at the top. Age: Burdigalian (20.3 to
17.5 Ma).Characteristic taxa: This biozone comprises the FAD of Trinovantedinium
Sferugnomatum and is characterized by the occurrence of Cleistosphaeridium
diversispinosum, Cribroperidinium tenuitabulatum, Heteraulacacysta campanula,
Paralecaniella indentata, Quadrina? condita, Quadrina “incerta” of Jaramillo et al .,
2017, Selenopemphix nephroides, Sumatradinium hamulatum, Trinovantedinium
applanatum, Trinovantedinium ferugnomatum, and Trinovantedinium
glorianum Comments: The LAD of C. tenuitabulatum in the Colombian Llanos Basin,
which is constrained to the mid-Burdigalian (17.48 Ma) based on foraminifera, carbon
isotopes and magnetostratigraphy (Jaramillo et al., 2011), is consistent with the LAD for
this species in WA at 17.5 Ma. In contrast, the stratigraphic range of 7. ferugnomatum in
the tropical Americas remains unclear, although this species was recently reported in
Tortonian and Messinian deposits in the Colombian Pacific Margin (Duque-Herrera et
al., 2018). The FAD of 7. ferugnomatum in the Northern Hemisphere is constrained to

the upper Burdigalian (Louwye et al., 2008); however, the continuous occurrence of this
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species in the uppermost part of WA suggest a mid-Burdigalian FAD (18.3 Ma) in the
Colombian Caribbean Margin, as the three sporadic occurrences of 7. ferugnomatum at
19.9 Ma, 20.2 Ma, and 23.2 Ma most likely represent caving.Correlation: The C.
tenuitabulatum biozone (DN3) correlates with the middle to upper Horniella lunarensis
(T12) zone and the lowermost part of Echitricolporites maristellae (T13) zone in the

Llanos Basin, Colombia (Jaramillo et al., 2011).

5.2. POTENTIAL KEY BIOSTRATIGRAPHIC MARKERS AND EVENTS IN
TROPICAL SETTINGS

Several biostratigraphic studies using marine palynology have been carried out on
Neogene sedimentary sequences in mid- and high latitudes, especially in the Northern
Hemisphere; however, such studies in equatorial regions are scarce (Boyd et al., 2018).
Calibration of Neogene dinocyst and acritarch events in the tropical Americas, therefore,
is critical to elucidate the stratigraphic ranges of key taxa in equatorial regions. In
addition to the biostratigraphic events discussed above (Section 5.1), the presence of
several key taxa in WA implies that future marine palynological analysis of Oligocene
and Miocene sections in the tropical Americas are needed to constrain the stratigraphic
ranges, particularly FADs, of the following species, presented in alphabetical order:

Cristadinium sp. of De Verteuil and Norris, 1992: This informal protoperidinioid
dinocyst (Figure 7D, E) has only been reported in Serravallian deposits in the western
North Atlantic (De Verteuil and Norris, 1992, Plate 2, Figures 9-12; Edwards et al.,
2018, Figure 5.4). The LAD of Cristadinium sp. of De Verteuil and Norris, 1992 in WA

at 19.0 Ma and its continuous occurrence in the lower to middle part of WA suggests that
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the stratigraphic range for this species spans at least from the Aquitanian to the lower

Burdigalian in the Colombian Caribbean Margin (Figure 3, Figure 4).

Figure 7. Photomicrographs of selected marine palynomorphs. Scale bar is 10 pm. EF:
England Finder coordinates. (A) Achomosphaera alcicornu, uncertain view, low focus on
processes. 1660-1690', EF: B37/3. (B) Cleistosphaeridium diversispinosum, apical view,

low focus on processes. 1750'-1780", EF: 039/2. (C) Cribroperidinium tenuitabulatum,

dorsal view, high focus on archaeopyle margin and wall. 1690'-1720', EF: F43/3. (D)
Cristadinium sp. of De Verteuil and Norris, 1992, dorsal view, high focus on archaeopyle
margin, cingulum and wall. 1750'-1780', EF: V43/3. (E) Cristadinium sp. of De Verteuil

and Norris, 1992, dorsal view, high focus on archaeopyle suture, cingulum and wall.

1810'-1840', EF: T33. (F) Cyclopsiella elliptica/granosa complex, uncertain view, high

focus on wall. 1900'-1930', EF. H37/3. (G) Emmetrocysta? sp., apical view, low focus

on processes and archaeopyle margin. 1510'-1540', EF: N44/2. (H) Heteraulacacysta
campanula, apical view, 2080'-2110', low focus on archaeopyle margin and wall. EF:
R30/4. (1) Hystrichokolpoma rigaudiae, apical view, low focus on processes and
archaeopyle margin. 1690'-1720', EF: V45. (J) Polysphaeridium zoharyi, uncertain view,
high focus on processes and archaeopyle margin. 130'-160', EF: X37/2. (K) Quadrina?

condita, uncertain view, mid-focus on wall and processes. 1960'-1990', EF: B28/4. (L)

Quadrina “incerta” of Jaramillo et al., 2017, uncertain view, mid-focus on wall and
processes. 280'-310", EF: R37/2.
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Echinidinium euaxum: This protoperidinioid dinocyst species of unknown affinity
(Figure 9B) was originally reported in the Gulf of Mexico as Multispinula sp. in upper
Burdigalian deposits (LeNoir and Hart, 1986, Plate 4, Figure 1) and Multispinula cf.
minuta in Burdigalian-Messinian deposits (Duffield and Stein, 1986, Plate 1, Figure 7).
The continuous occurrence of E. euaxum in the lower to middle part of WA suggests that
the FAD of this species in the Colombian Caribbean Margin may extend at least to the
Aquitanian (Figure 3, Figure 4).

Lejeunecysta marieae: The FAD of this protoperidinioid dinocyst species (Figure
9)) is constrained to the upper Burdigalian in the Northern Hemisphere (Louwye et al.,
2008). However, the continuous occurrence of L. marieae in the lower to middle part of
WA suggests that the FAD of this species in the Colombian Caribbean Margin may
extend at least to the Aquitanian (Figure 3, Figure 4).

Quadrina? condita: This fossil acritarch species (Figure 7K), questionably
assigned to the genus Quadrina Bujak in Bujak et al., 1980, was originally reported as
Incertae sedis A in upper Burdigalian—Messinian deposits in the Gulf of Mexico
(Duffield and Stein, 1986, Plate 2, Figure 4). Subsequently, De Verteuil and Norris
(1992) described Q. condita and suggested that this species may correspond to a dinocyst,
most likely protoperidiniacean (Soliman et al., 2012). Although recent palynological
analyses in northwestern South America indicate a mid-Burdigalian FAD (Jaramillo et
al., 2017), the continuous occurrence of 0. condita in WA suggests that the FAD of this
species in the tropical Americas may extend at least to the Aquitanian (Figure 3, Figure

4).



Figure 8. Photomicrographs of selected marine palynomorphs. Scale bar is 10 gm. EF:
England Finder coordinates. (A) Selenopemphix bothrion, apical view, low focus on wall
and archaeopyle margin. 2080-2110', EF: N32/4. (B) Selenopemphix sp. D of Duffield
and Stein, 1986, apical view, mid-focus on cingular processes. 280'-310', EF: J39/3. (C)
Sumatradinium hamulatum, dorsal view, mid-focus on wall, processes and archaeopyle
suture. 220-250', EF: J35/1. (D) Sumatradinium hispidum, dorsal view, mid-focus on
wall, processes and archaeopyle margin. 2500'-2530', EF: U30. (E) Sumatradinium
soucouyantiae, dorsal view, mid-focus on wall, processes and archaeopyle margin.
2140'-2170', EF: S35/3. (F) Spiniferites mirabilis, dorsal view, dorsoventral view, mid-
focus on processes. 1160-1190', EF: P26. (G) Trinovantedinium applanatum, ventral
view, low focus on processes, cingulum and archaeopyle margin. 640'-670', EF: H30/1.
(H) Trinovantedinium glorianum, ventral view, low focus on wall, processes and
cingulum. 1900'-1930', EF: 047/1. (1) Trinovantedinium glorianum, dorsal view, high
focus on wall, processes and archaeopyle margin. 1900'-1930', EF: O47/1. (J)
Trinovantedinium papula, dorsal view, dorsoventral view, mid-focus on wall and
processes. 2020'-2050', EF: E31/4 (K) Trinovantedinium? xylochoporum, ventral view,
mid-focus on wall and processes. 2140'-2170', EF: VV39/3. (L) Tuberculodinium
vancampoae, apical view, low focus on archaeopyle margin and processes. 1960'-1990',
EF: P28/1.

22
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Quadrina “incerta” of Jaramillo et al., 2017: This informal acritarch (Figure 7L)
was originally reported as Dinocyst XI in upper Burdigalian deposits in the Gulf of
Mexico (LeNoir and Hart, 1986, Plate 7, Figure 6) and subsequently recovered in mid-
Burdigalian deposits in northwestern South America (Jaramillo et al., 2017, Figure S5D).
Its continuous occurrence in the uppermost part of WA supports a middle to upper
Burdigalian stratigraphic range in the tropical Americas (Figure 3, Figure 4). However,
the FAD and LAD of this species require future calibration.

Selenopemphix sp. D of Duffield and Stein, 1986: This informal protoperidinioid
dinocyst (Figure 8B) was originally reported in upper Aquitanian deposits in the Gulf of
Mexico (Duffield and Stein, 1986, Plate 1, Figure 9). In contrast, its sporadic occurrence
in the uppermost part of WA suggests an upper Burdigalian stratigraphic range in the
Colombian Caribbean Margin (Figure 3, Figure 4). However, the FAD and LAD of this
species require future calibration.

Sumatradinium hispidum: The FAD of this fossil protoperidinioid dinocyst
species (Figure 8D) is constrained to the late Burdigalian in the Northern Hemisphere
(De Verteuil, 1996; Louwye et al., 2008). In contrast, the continuous occurrence of S.
hispidum in the lower part of WA suggests that the FAD of this species in the Colombian
Caribbean Margin may extend at least to the Aquitanian (Figure 3, Figure 4).

Sumatradinium soucouyantiae: The FAD of this fossil protoperidinioid dinocyst
species (Figure 8E) is constrained to the mid-Aquitanian in the Northern Hemisphere
(Williams et al., 2004) and west-central Africa (Willumsen et al., 2014). However, its
continuous occurrence in the lower part of WA suggest that its FAD in the Colombian

Caribbean Margin may extend at least to the early Aquitanian (Figure 3, Figure 4).
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Figure 9. Photomicrographs of selected marine palynomorphs. Scale bar is 10 pm. EF:
England Finder coordinates. (A) Brigantedinium sp., dorsal view, high focus on
archaeopyle suture and wall. 130-160', EF: L44/3. (B) Echinidinium euaxum, apical
view, low focus on processes and archaeopyle margin. 2080-2110', EF: H31/3. (C)
Echinidinium sp., apical view, low focus on processes and archaeopyle margin. 2260'-
2290', EF: G35/4. (D) Echinidinium sp., apical view, high focus on processes and
archaeopyle margin. 2500'-2530', EF: W40/4. (E) Incertae sedis A, uncertain view, mid-
focus on wall and processes. 1900'-1930', EF: U28/2. (F) Incertae sedis B, ventral? view,
low focus on wall and archaeopyle? suture. 2620'-2650', EF. G30/2. (G) Incertae sedis
B, dorsalventral? view, mid-focus on wall. 2260'-2290', EF: S38/2. (H) Incertae sedis C,
uncertain view, mid-focus on wall and processes. 2140'-2170', EF: D43/2. (1)
Komewuia? sp., dorsal view, low focus on archaeopyle margin and wall. 2020'-2050',
EF: U31/4. (J) Lejeunecysta marieae, dorsal view, mid-focus on archaeopyle suture and
wall. 2080'-2110', EF: X33/2. (K) Lingulodinium machaerophorum, apical view, high
focus on processes and archaeopyle margin. 640'-670', EF: B39/4. (L) Minisphaeridium
latirictum, apical view, low focus on processes and archaeopyle margin. 2620'-2650',
EF: L41. (M) Operculodinium centrocarpum, dorsal view, low focus on archaeopyle
margin, wall and processes. 280'-310', EF: N40. (N) Selenopemphix brevispinosa, apical
view, mid-focus on archaeopyle margin and cingular processes. 220'-250', EF: R45/3.
(O) Selenopemphix nephroides, apical view, mid-focus on archaeopyle suture and wall.
220'-250', EF: L26/1. (P) Spiniferites ramosus, dorsal view, low focus on processes and
archaeopyle margin. 130'-160', EF: W47/2. (Q) Trinovantediniumferugnomatum, dorsal
view, 220'-250', EF: J45. (R) Trinovantedinium sp., dorsal view, high focus on
archaeopyle margin and wall. 2500'-2530', EF: D38/1. (S) Trinovantedinium sp., ventral
view, low focus on wall and cingulum. 2080'-2110', EF: E42/3. (T) Trinovantedinium
variabile, uncertain view, mid-focus on processes and wall. 220'-250', EF: P32.
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Trinovantedinium papula: This fossil protoperidinioid dinocyst species (Figure
8J) was originally reported in Burdigalian—-Messinian deposits in the Gulf of Mexico as
Trinovantedinium sp. (Duffield and Stein, 1986, Plate 2, Figures 10—-11). Subsequently,
De Verteuil and Norris (1996) formally described this species and proposed a lower
Serravallian—Zanclean stratigraphic range, interpreting Burdigalian and Langhian
occurrences in the Gulf of Mexico as caving. However, the continuous occurrence of 7.
papula in the lower part of WA suggest that the FAD of this species in the Colombian

Caribbean Margin may extend at least to the Aquitanian (Figure 3, Figure 4).

5.3. PALEOPRODUCTIVITY

Differences in the P/G ratio (Figure 5), the abundance of foraminiferal test linings
(Figure 5), and the multivariate analysis (Figure 6) indicate two distinct assemblages in
WA The first assemblage, 881-533 m (2890'-1750"), is strongly dominated by
peridinioid dinocysts (mostly heterotrophic), whereas the second assemblage, 524—40 m
(1720'-130"), s strongly dominated by gonyaulacoid dinocysts (mostly autotrophic)
(Figure 5, Figure 6). The timing of the shift, 533—-524 m (1750'-1720") is near the
Aquitanian—Burdigalian boundary (~20.7 Ma) at the top of the Achomosphaera alcicornu
zone (Figure 3, Figure 5).

Did taphonomic processes produce this shift? A factor that affects peridinioid
dinocyst abundance, and thus P/G values, is water-depth. Peridinioid taxa are more
abundant in proximal environments compared to distal environments (e.g., Radi and de
Vernal, 2004; Holzwarth et al., 2007, Pospelova and Pedersen, 2008; Verleye and

Louwye, 2010). Therefore, an increase in the abundance of peridinioid dinocysts towards
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the upper part of WA would be expected due to the progradational trend in WA sequence
(Figure 2). However, WA presents the opposite pattern—peridinioids are more abundant
in the lower interval (Figure 5). Thus, we can discard water-depth as a reason for the
observed trend. A second factor that could affect P/G values is differential dinocyst
preservation. Peridinioid dinocysts and foraminiferal test linings are among the most
sensitive palynomorphs to aerobic degradation (Zonneveld et al., 2007; Mudie and
Yanko-Hombach, 2019). High values of bottom-water oxygen concentration
exponentially increase the degradation of peridinioids in relation to gonyaulacoids
(Zonneveld et al., 2007). Therefore, it is expected that the Uitpa Formation, which
accumulated in middle/outer shelf depositional environments, would have lower values
of bottom-water oxygen than the Jimol Formation, which accumulated in inner
shelf/shoreface depositional environments. Nevertheless, the shift in P/G values at

~529 m (~1735") occurs within the Uitpa Formation and not at the Uitpa/Jimol boundary
(~393 m; 1290") (Figure 5). Thus, we also can discard differential dinocyst preservation
as a viable factor.

Taphonomy, therefore, cannot explain either the shift in dinocyst communities or
the drop in P/G values in WA An alternative explanation that may explain both changes
is a decrease in marine primary productivity in the Cocinetas Basin, which may have
shifted the communities from high to low productivity and therefore increased the P/G
ratio in the upper interval of WA. Was this reduction in paleoproductivity driven by
terrestrial runoff or coastal upwelling? The P/G ratio alone cannot distinguish between
both types of marine primary productivity (Sluijs et al., 2005). Instead, the analysis of

terrestrial and marine palynomorphs can solve this dichotomy. High abundance of
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terrestrially-derived palynomorphs will be expected if marine productivity is driven by
fluvial runoff. For instance, terrestrial palynomorphs predominate in the Orinoco River
plume region where productivity is modulated by river discharge (Muller, 1959), whereas
marine palynomorphs predominate in the Cariaco Basin where productivity is modulated
by coastal upwelling (Bringué et al., 2018, Bringué et al., 2019). In WA, a larger
Terrestrial/Marine (T/M) index would be expected in the lower interval (881-533 m) in
relation to the upper interval (524-40 m) if productivity was driven by terrestrial runoff.
However, there are no significant differences between these two intervals (Figure 5). In
addition, estimates of mean annual precipitation in the Cocinetas Basin show constant
rainfall values (~2000 mm) throughout the early Miocene (~24—18 Ma) (Jaramillo et al .,
2020). Thus, we can also discard terrestrial runoff as a viable factor in the shift from a
peridinioid-dominated assemblage to a gonyaulacoid-dominated assemblage.

It is possible that the shift in WA assemblages was driven by a sharp decrease in
upwelling at the Aquitanian—Burdigalian boundary (Figure 5). Coastal upwelling is not
widespread in the modern southern Caribbean. When present, coastal upwelling is
seasonal and restricted to the western margins of coastal landforms that protrude into the
south-westward flow of the Caribbean Low-Level Jet (e.g., Guajira Peninsula, Margarita
Island) (Andrade and Barton, 2005). This upwelling system is characterized by two
strong upwelling periods of similar intensity during February—March (3.7 + 1.6 m2 s—1)
and June—July (3.5 + 1.4 m2 s—1), and lower upwelling regimes during the remaining
months (~2.1+ 0.8 m2 s—1) (Rueda-Roa et al., 2018). The system is ultimately controlled
by seasonal migration of the Intertropical Convergence Zone (ITCZ) and associated

Trade Wind intensity. The southern position of the ITCZ during January—March
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strengthens the Trade Winds, enhancing upwelling and reducing rainfall, whereas the
northern position of the ITCZ during June—July weakens the Trade Winds, diminishing
upwelling and increasing rainfall (Schneider et al., 2014). In addition, seasonal
intensification of the Caribbean Current induces the mid-year upwelling (Muller-Karger
et al., 2004; Rueda-Roa et al., 2018).

Miocene and modern oceanographic conditions in the circum-Caribbean differ.
Paleogeographic reconstructions of the region indicate a narrow (~500 km) and deep
(>500 m) Central American Seaway (CAS) during the early Miocene (Duque-Caro, 1990;
Montes et al., 2012; Farris et al., 2011; Sepulchre et al., 2014; Jaramillo, 2018). A
sensitivity study that estimated CAS throughflow under comparable paleogeographic
conditions (2700 m deep, 440 km wide, south-north oriented CAS at 8°N) yielded a net
eastward flow through CAS (~7.6 x 106 m3 s—1), as a result of westward transport of
proto-Caribbean shallow waters (~7.2 x 106 m3 s—1) and eastward transport of Pacific
intermediate and deep waters (~14.8 x 106 m3 s—1) (Sepulchre et al., 2014) (Figure 10).
This inflow of Pacific waters to the proto-Caribbean during the early Miocene, therefore,
indicates that the proto-Caribbean was cooler, less saline and more productive than the
modern Caribbean (Jaramillo, 2018 and references therein). Oceanographic simulations
with analogous parameterization (2000 m deep, 450 km wide CAS with ~10.6—

13.8 x 106 m3 s—1 CAS eastward throughflow) show similar simulated net primary
production between the North Atlantic (3.3-5.2 Gt C yr—1) and the North Pacific (2.8-
5.2 Gt C yr—1), supporting trans-equatorial transport of nutrients through CAS (Schneider
and Schmittner, 2006). Likewise, upwelling along the northern coast of South America

during the early Miocene, based on a marked contrast between the southernmost proto-
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Caribbean (~19-20 °C) and the rest of the region (>21 °C), has also been proposed (von
der Heydt and Dijkstra, 2005). Therefore, it seems possible to assume that the southern
Caribbean had more productive waters during the early Miocene compared to modern
Caribbean conditions, which may explain the higher productivity observed in the lower
interval of WA (Figure 5).

What could have produced the permanent and abrupt productivity drop and
dinocyst community shift near the Aquitanian—Burdigalian boundary (~20.7 Ma)? A first
possibility is a permanent southward migration of the ITCZ, thus reducing coastal
upwelling. However, empirical records for the Cocinetas Basin do not show major
changes in precipitation during the early or middle Miocene (Scholz et al., 2020;
Jaramillo et al., 2020). A second explanation is a local isolation of the Cocinetas Basin
from the proto-Caribbean due to tectonic processes. However, there are high average
subsidence rates (~120-360 m/m.y .; not decompacted) along the southwestern Caribbean
pull-apart system (Guajira Peninsula, Falcon Basin, Urumaco Trough, Paraguana
Peninsula) during the early Miocene (Macellari, 1995). A third explanation is a
permanent reduction of high-nutrient waters reaching the Cocinetas Basin. As most
nutrient waters reaching the southern proto-Caribbean were sourced from deep and
intermediate Pacific waters through CAS, a constriction of this source could have
decreased nutrient availability in the southern Caribbean. Tectonic collision between the
Panama microplate and the South American plate began at ~25 Ma, leading to extensive
exhumation in the northern Andes and Panama (Farris et al., 2011), and consequently,
constriction of CAS to ~200 km (Montes et al., 2012) (Figure 10). By ~21 Ma, an

extensive terrestrial landscape in central Panama with well-established tropical
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rainforests was already part of a continuous peninsula connecting Central and North
America (Jaramillo, 2018) (Figure 10B). We hypothesize that this first major constriction
of CAS produced a decrease in the rate and volume of Pacific waters delivered into the
proto-Caribbean, thus driving the pattern in the Cocinetas Basin. This early Miocene
permanent reduction in paleoproductivity along the Colombian Caribbean Margin
requires further study. Paleoproductivity reconstructions have mostly focused on the late
Miocene and Pliocene (e.g., Jain and Collins, 2007; Jain et al., 2007; O'Dea et al., 2007,
O'Dea et al., 2012; Leigh et al., 2014; Grossman et al., 2019), whereas very few studies
have been performed on the entire Neogene productivity record (e.g., Zegarra and
Helenes, 2011). Furthermore, additional sensitivity modeling studies are required to fully
understand the relationship between productivity, Trade Winds, the ITZC, and coastal

geomorphology of the southern Caribbean and the tropical eastern Pacific regions.
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Figure 10. Paleogeographic reconstruction during the late Oligocene and early Miocene,
showing a reduction in the net inflow of Pacific deep and intermediate, nutrient-rich,
waters into the proto-Caribbean in response to the constriction of the Central American
Seaway (CAS) (modified from Bloch et al., 2016; Jaramillo, 2018). CAS throughflow
based on Sepulchre et al. (2014).
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6. CONCLUSIONS

A biostratigraphic scheme is proposed for the lower Miocene succession in the
Cocinetas Basin, comprising an upper Chattian—lower Aquitanian Minisphaeridium
latirictum Interval Zone (~23.9-22.0 Ma), an upper Aquitanian Achomosphaera
alcicornu Interval Zone (~22.0-20.3 Ma), and a Burdigalian Cribroperidinium
tenuitabulatum Interval Zone (~20.3-17.5 Ma).

A sudden shift in dinocyst communities (from peridinioid-dominated to
gonyaulacoid-dominated) and the Peridinioid/Gonyaulacoid (P/G) ratio near the
Aquitanian—Burdigalian boundary (~20.7 Ma) indicate a rapid and permanent drop in
marine primary productivity in the Cocinetas Basin. This change cannot be explained by
taphonomy, local tectonics, or changes in local precipitation and terrestrial runoff.
Instead, this paleoproductivity reduction was likely the product of the initial constriction

of the Central American Seaway during the early Miocene.
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ABSTRACT

New marine palynomorph taxa recovered from an upper Oligocene—lower
Miocene (upper Chattian—upper Burdigalian; ~24—17 Ma) shallow-marine succession
drilled in northern Colombia, northwestern South America, are herein formally described.
These new taxa comprise two peridinioid dinoflagellate cyst species, Cristadinium lucyae
sp. nov., and Trinovantedinium uitpensis sp. nov., and the acritarch Quadrina?
triangulata sp. nov.. During the Aquitanian, C. lucyae sp. nov. occurs consistently,
whereas 7' uitpensis sp. nov. occurs sporadically. 0.7 friangulata sp. nov., a potential key
biostratigraphic marker in the tropical Americas, occurs during the middle and upper
Burdigalian. Cristadinium lucyae sp. nov. is characterized by having solid, distally
tapered to truncated, sutural spinules forming linear low crests. Quadrina? triangulata sp.
nov. is characterized by having conical to subconical processes. 7rinovantedinium
uitpensis sp. nov. is characterized by having verrucate to slightly baculate penitabular
processes and denticulate cingulum. In addition, Cristadinium lucyae sp. nov. and
Trinovantedinium uitpensis sp. nov. improve our understanding of protoperidiniacean

taxonomic diversity.
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1. INTRODUCTION

Organic-walled marine palynomorphs (dinoflagellate cysts and acritarchs) are
useful tools for biostratigraphic and paleoenvironmental analysis of neritic records. In
spite of their importance, marine palynomorphs have been seldom studied in
northwestern South America. A recent palynological study of an upper Chattian—upper
Burdigalian shallow-marine succession drilled in the Guajira Peninsula (Well A)
(Cardenas et al., 2020), yielded several undescribed taxa. Herein, we formally describe
two new peridinioid dinoflagellate cysts taxa, Cristadinium lucyae sp. nov. and
Trinovantedinium uitpensis sp. nov., and one acritarch species, Quadrina? triangulata sp.
nov.. Cristadinium lucyae sp. nov. was previously reported as Cristadinium? sp. in the
Serravallian of the western North Atlantic (de Verteuil and Norris, 1992; Edwards et al.,
2018). Quadrina? triangulata sp. nov. was previously reported as both Dinocyst XI in
upper Burdigalian deposits from the Gulf of Mexico (LeNoir and Hart, 1986) and
Quadrina “incerta” from the middle Burdigalian of northwestern South America
(Jaramillo et al., 2017, 2020; Cardenas et al., 2020). Trinovantedinium uitpensis sp. nov.
was previously reported as Trinovantedinium sp. from Aquitanian deposits of

northwestern South America (Cardenas et al., 2020).

2. STRATIGRAPHIC FRAMEWORK

Since the middle to late Eocene, the east-west displacement between the

Caribbean and South American tectonic plates developed a pull-apart system along the
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northwestern margin of South America that reached subsidence rates (not decompacted)
up to 360 m/m.y. and 190 m/m.y. during the Miocene and Pliocene, respectively
(Macellari, 1995). Among the pull-apart basins, namely the northern Guajira Peninsula,
Falcon Basin, Urumaco Trough, Paraguana Peninsula, and Aruba offshore, the Cocinetas
Basin in the northern Guajira Peninsula (Figure 1) has been the focus of extensive
stratigraphic (Moreno et al., 2015) and paleontological work (Jaramillo et al., 2015, 2020,

and references therein) over the last decade.
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Figure 1 Geologic map ofthe Cocinetas Basin in northern Colombia, northwestern South
America, showing the geographic location of the studied section (n°56°38”°N,
71°22°03°°W).
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The Neogene sedimentary record of this basin comprises: (1) middle and outer
shelf deposits (100-200 m water-depth) of the uppermost Oligocene—lower Burdigalian
Uitpa Formation (~24.2-19.4 Ma) (Hendy et al., 2015; Carrillo-Bricefio et al., 2016,
Jaramillo et al., 2020); (2) shoreface and inner shelf deposits (<50 m water-depth) of the
lower to upper Burdigalian Jimol Formation (~19.4-16.7 Ma) (Moreno et al., 2015,
Jaramillo et al., 2020); (3) estuarine, lagoonal, shallow subtidal and fluvio-deltaic
deposits of the upper Burdigalian—upper Langhian Castilletes Formation (~16.7-14.2
Ma) (Moreno et al., 2015); and (4) fluvio-deltaic deposits of the Piacenzian Ware

Formation (~3.5-2.8 Ma) (Moreno et al., 2015) (Figure 1).

3. MATERIAL AND METHODS

Forty cuttings samples from a high-resolution, well-calibrated, shallow-marine
succession drilled in the northern Guajira Peninsula (Well A), the northernmost
geographic feature of South America, were recently analyzed for palynology (Cardenas et
al., 2020; Jaramillo et al., 2020). This sequence comprises ~900 m of interbedded
sandstone, mudstone, limestone, siltstone and minor coal spanning the latest Oligocene
and early Miocene (~24.1-17.3 Ma) with a sampling resolution of ~0.2 Ma (Figures 2-3).
Calibration relied on calcareous nannoplankton, palynology, planktonic foraminifera, and
Sr-isotope chronostratigraphy (Jaramillo et al., 2020). Acid-based palynological
preparation was used to remove carbonates (HCI) and silicates (HF) in ~15-20 g per
sample (Wood et al., 1996). Residues were sieved between 250 um and 10 pm meshes,

cleaned with brief ultrasonic treatment (~ 5—10 seconds), concentrated by centrifugation
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(~ 7-15 minutes), mounted on a cover slide using polyvinyl alcohol solution and sealed

using Canada balsam.
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Figure 2. Lithostratigraphy of Well A showing the stratigraphic distribution of the
palynological samples and the occurrences of the new marine palynomorph taxa.
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Preservation of dinoflagellate cysts is moderate to excellent. A detailed record of
all recovered marine palynomorphs can be found in Cardenas et al. (2020).
Photomicrographs were taken using a Nikon Eclipse 50iPOL microscope coupled to a
DS-Fi3 camera. Dinoflagellate cyst taxonomic nomenclature follows the Lentin and
Williams Index of fossil dinoflagellates (Fensome et al., 2019), whereas the suprageneric
classification follows Fensome et al. (2013). Morphological terminology follows Evitt
(1978) and Williams et al. (2000). We also follow the International Code of
Nomenclature for algae, fungi, and plants (Turland et al., 2018). Holotypes and paratypes
are housed at the palynological collection of the Instituto de Investigaciones en

Estratigrafia (1IES), Universidad de Caldas, Manizales, Colombia (http://iies.edu.co/).

Colombian Caribbean Margin
Biostratigraphic Scheme
(Cardenas et al. 2020)
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Figure 3. Range chart illustrating the stratigraphic distribution of the new marine
palynomorph taxa in relation to the palynostratigraphic zones for the Colombian
Caribbean Margin.
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4. SYSTEMATIC PALEONTOLOGY

Division: DINOFLAGELLATA (Biitschli 1885) Fensome et al. 1993
Subdivision: DINOKARYOTA Fensome et al. 1993

Class: DINOPHYCEAE Pascher 1914

Subclass: PERIDINIPHYCIDAE Fensome et al. 1993

Order: PERDINIALES Haeckel 1894

Suborder: PERIDINIINEAE (Autonym)

Family: PROTOPERIDINIACEAE Balech 1988

Subfamily: PROTOPERIDINIOIDEAE Balech 1988

Genus: Cristadinium Head et al. 1989b emended Uddandam et al. 2018
Type species: Cristadinium cristatoserratum Head et al. 1989b
Species: Cristadinium lucyae sp. nov.

Figure 6, 1-16

Cristadinium? sp., de Verteuil and Norris 1992, Figure 7, 9-12; Edwards et al.

2018, Figure 5.4

Cristadinium sp., Jaramillo et al. 2020, Figure SE; Cardenas et al. 2020, Figures

Etymology: Named after Dr. Lucy Edwards who has made fundamental

contributions to the stratigraphy and marine palynology of the Atlantic and Gulf coastal

Locality: Cocinetas Basin, La Guajira, Colombia.
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Holotype: Figure 6, 1-4, Slide STRI 42198, Sample Well A 20202050,
England Finder reference K48/4.

Repository: Instituto de Investigaciones en Estratigratia, Universidad de Caldas,
Colombia. Catalogue number UC-B214-ITES-D-044-055.

Stratigraphic horizon: Uitpa Formation.

Age: Aquitanian, early Miocene.

Diagnosis: Peridinioid cyst weakly dorsoventrally compressed, proximate,
acavate. Outline pentagonal in dorsoventral view, straight to slightly convex epicyst with
reduced apical horn, straight to slightly concave hypocyst with two small antapical horns.
Autophragm smooth with scattered solid ornamentation forming interrupted low sutural
crests. Spinules tapered to truncated. Cingulum planar to slightly helicoidal bearing
continuous crests along the anterior margin. Archeopyle intercalary hexa 2a, presumably
isodeltalinteloid. Operculum free to adherent.

Description: Peridinioid cyst proximate, acavate and weakly dorsoventrally
compressed with pentagonal outline in dorsoventral view: sides of the epicyst are straight
to slightly convex, whereas sides of the hypocyst are straight to slightly concave; length
of the epicyst and the hypocyst are approximately equal. The wall is single-layered
(autophragm), ~0.4 um thick and light brown. The autophragm is smooth and sparsely
ornamented with isolated sutural spinules usually forming interrupted low crests.
Spinules are solid, generally ~2.0 um long (few up to ~3.5 pm), and with broad bases and
tapered to truncated tips. Linear crests with distinctively thickened bases incompletely
reflect tabulation. Crests are well-developed on the apex, antapical horns, cingulum and

sometimes along most of both lateral margins. The apex often bears ornamentation. The



50
apical horn is faintly developed by a thickening of the apex. Antapical horns are similar
in length, slightly divergent and up to ~6.5 um long. The antapical depression is shallow
and wide. The cingulum is planar to slightly helicoidal, indicated by two folds and
interrupted ventrally by an unornamented sulcal region. The cingular area, which is
sometimes inflated, bears ornamentation from single spinules to continuous crests. The
cingular ornamentation is evenly distributed along the anterior margin but unevenly
distributed along the posterior margin, presumably reflecting tabulation. Cysts are weakly
dorsoventrally compressed and 21 of the 57 specimens found are in polar orientation
presumably due to post-depositional compression (Figure 6, 10-16). The archeopyle is
hexagonal, formed by the release of the anterior intercalary plate 2a, and presumably
isodeltalinteloid (Figure 6, 7-9). The operculum is free and sometimes adherent on
adcingular margin.

Dimensions: Holotype: length, 52 pm; width, 56 um. Range: length, 42—63 pum;
width, 44-68 um. Fifteen specimens measured.

Comparison: Cristadinium lucyae sp. nov. is distinguished from previously
described Cristadinium species in having solid sutural spinules unevenly distributed over
the entire cyst, which may be distally tapered to truncated, forming linear low crests with
thickened bases and distally indented to serrated (Figure 4). C. cristatoserratum has a
continuous sutural crests converging towards the apex and lacking scattered spines on the
epicyst. C. diminutivum is smaller (~41 pm) and has angular outline. C. headii has
distally acicular to bifid processes, and C. striatiserratum has nontabular striations.
Single specimens reported as C. aff. cristatoserratum from the late Miocene of the

Labrador Sea (Plate VII, 12, Head et al., 1989a), Cristadinium sp. 1 (Plate VII, 9, Head et
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al., 1989a) and Cristadinium sp. 2 (Plate VII, 10, Head et al., 1989a) may belong to C.

lucyae sp. nov.

Figure 4. Schematic representation of Cristadinium taxa. 1. C. cristatoserratum. 2. C.
diminutivum. 3. C. headii. 4. C. lucyae sp. nov.. 5. C. striatiserratum.

Mertens et al. (2017) interpreted as 7rinovantedinium pallidifulvum the specimen
depicted in de Verteuil and Norris (1992; Figure 7, 9-12) as an undefined
protoperidiniacean. However, we consider that this specimen belongs to Cristadinium
lucyae sp. nov.. While 7. pallidifulvum is characterized by acuminate penitabular and
intratabular ornamentation (Matsuoka, 1987; de Verteuil and Norris 1992; Mertens et al .,
2017), de Verteuil and Norris (1992) reported sutural spinules, which are a key trait of C.
lucyae sp. nov. Furthermore, the photomicrographs in de Verteuil and Norris (1992) and
Edwards et al. (2018) show distally tapered and truncated (rarely branched)

ornamentation, which are connected proximally, forming low crests especially along the
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lateral margins and the cingulum (see de Verteuil and Norris 1992, p. 404—-405; Edwards
etal. 2018, p. 188-189).

Occurrence: Cristadinium lucyae sp. nov. was previously recorded in the
Serravallian of the western North Atlantic as an undescribed protoperidiniacean species
that may be attributable to Cristadinium (de Verteuil and Norris, 1992; Edwards et al.,
2018). This species consistently occurs throughout the Aquitanian in the Cocinetas Basin,
and an isolated occurrence was recorded in the Burdigalian (Figures 2-3).

Genus: Trinovantedinium Reid 1977 emended de Verteuil and Norris 1992

Type species: 1rinovantedinium applanatum (Bradford 1977) Bujak and Davies
1983

Species: Trinovantedinium uitpensis sp. nov.

Figure 6, 17-20; Figure 7 1-11

Trinovantedinium sp., Cardenas et al. 2020, Figures 9R, 9S

Etymology: In reference to the Uitpa Spring in La Guajira, Colombia, after which
Renz (1960) named the Uitpa Formation in the Cocinetas Basin, where this species
occurs and is first reported.

Locality: Cocinetas Basin, La Guajira, Colombia.

Holotype: Figure 7, 1-3, Slide STRI 42214, Sample Well A 2500°-2530’,
England Finder reference D38/1.

Repository: Instituto de Investigaciones en Estratigratia, Universidad de Caldas,
Colombia. Catalogue number UC-B214-ITES-D-044-060.

Stratigraphic horizon: Uitpa Formation.

Age: Aquitanian, early Miocene.
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Diagnosis: Peridinioid cyst moderately dorsoventrally compressed, proximate,
acavate. Pentagonal outline in dorsoventral view wider than long: straight to slightly
convex epicyst with rounded apex; straight to slightly concave hypocyst with two
antapical horns. Autophragm smooth with verrucate to slightly baculate penitabular
ornamentation. Cingulum planar to slightly helicoidal with denticulated margins.
Archeopyle intercalary hexa 2a, presumably isodeltalinteloid. Operculum free to
adherent.

Description: Peridinioid cyst proximate, acavate and moderately dorsoventrally
compressed with pentagonal outline in dorsoventral view: sides of the epicyst are straight
to slightly convex, whereas sides of the hypocyst are straight to slightly concave. The
cyst is wider than long, and therefore, five of the eight specimens found are in polar
orientation presumably due to post-depositional compression (Figure 7, 4-11). Lengths of
the epicyst and the hypocyst are approximately equal. The apex is rounded and the
antapex has two slightly asymmetrical horns, up to ~12.5 pm long, distally tapering into
rounded tips. The antapical depression is shallow and wide. The wall is single-layered
(autophragm), ~0.4 um thick and light brown in color. The autophragm is smooth with
verrucate to slightly baculate penitabular ornamentation. Verrucae are solid, ~1.0 um
wide and ~1.0 pm long. Baculae are solid, ~1.0 um wide and ~1.4 um long. The
cingulum is planar to slightly helicoidal, indicated by two denticulate folds and
interrupted ventrally by an unornamented sulcal region. The cingular area may be slightly
inflated. Cingular baculae are solid or hollow, usually connected proximally, ~1.0 um

wide and ~2.5 pm long. The archeopyle is formed by the release of the anterior
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intercalary plate 2a and presumably hexagonal isodeltalinteloid (Figure 7, 8-9). The

operculum is free and sometimes adherent on adcingular margin.

Figure 5. Schematic representation of 7rinovantedinium taxa. 1. T. applanatum. 2. T.
boreale. 3. T ferugnomatum. 4. T. glovianum. 5. T. harpagonium. 6. T. henrietii. 7. T.
pallidifulvum. 8. T. papula. 9. T. sterthense. 10. T. uitpensis sp. nov.. 11. T variabile. 12.
1.7 xylochoporum.
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Figure 6. Photomicrographs of new marine palynomorph taxa from the Cocinetas Basin
in northern Colombia, northwestern South America. Scale bar is 10 pm. 1-16.
Cristadinium lucyae sp. nov.. 1-4. Holotype, STRI 42198, EF: K48/4, dorsal view at
high, mid-high, mid-low and low foci. 5-6. Paratype, STRI 42191, EF: T33, dorsoventral
view at high and low foci. 7-9. Paratype, STRI 42189, EF: VV43/3 dorsal view at high,
middle and low foci. 10-12. Paratype, STRI 42208, EF: O47/1, apical view at high,
middle and low foci. 13-16. Paratype, STRI 42192, EF. N30/4, diagonal ventroapical
view at high, mid-high, mid-low and low foci. 17-20. Trinovantedinium uitpensis sp.
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nov., paratype, STRI 42200, EF: E42/3, ventral view at high, mid-high, mid-low and low
foci.

Figure 7. Photomicrographs of new marine palynomorph taxa from the Cocinetas Basin
in northern Colombia, northwestern South America. Scale bar is 10 pm. 1-11.
Trinovantedinium uitpensis sp. nov..1-3. Holotype, STRI 42214, EF: D38/1, dorsal view
at high, middle and low foci. 4-7. Paratype, STRI 42198, EF. O41/2, antapical view at
high, mid-high, mid-low and low foci. 8-9. Paratype, STRI 42212, EF. M40/1, diagonal
dorsoapical view at high and low foci. 10-11. Paratype, STRI 42216, EF: L39, antapical?
view at high and low foci. 12-16. Quadrina? triangulata sp. nov.. 12-13. Paratype, STRI
42157, EF: H31/2, uncertain view, at high and low foci. 14-16. Holotype, STRI 42142,
EF: R37/2, uncertain view at high, middle and low foci.
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Dimensions: Holotype: length, 48 pm; width, 53 um. Range: length, 38—48 pum;
width, 51-73 um. Three specimens measured.

Comparison: Trinovantedinium uitpensis sp. nov. differs from other species in the
genus by having denticulate cingulum and verrucate to slightly baculate ornamentation
elsewhere (Figure 5). Ornamentation in species of 7rinovantedinium vary as follows: 7.
applanatum: acuminate and slightly capitate; 7. boreale: capitate; T ferugnomatum:
acuminate, capitate and bifid; 7. glorianum: acuminate, truncated and occasionally bifid,;
T harpagonium: taeniate and flared to infundibular; 7. henrietii: flared; 7. pallidifulvum:
acuminate; 7. papula: acuminate, capitate and rarely distally bifurcate; 7. sterthense:
capitate; 7. variabile: considerable variation but mostly flared and aculeate, occasionally
irregularly branched (see Bujak 1984, p. 194, Text-Figure 3); 7.7 xylochoporum:
tubiform and tapering, distally ramified.

Occurrence: Trinovantedinium uitpensis sp. nov. sporadically occurs in the
Aquitanian in the Cocinetas Basin (Figures 2-3).

Group ACRITARCHA Evitt 1963

Genus: Quadrina Bujak in Bujak et al. 1980

Type species: Quadrina pallida Bujak in Bujak et al. 1980

Species: Quadrina? triangulata sp. nov.

Figure 7, 12-16

Dinocyst X1, LeNoir and Hart 1986, Plate VIL, 6

Quadrina “incerta”, Jaramillo et al. 2017, Figure S5D; Jaramillo et al. 2020,

Figure 50; Cardenas et al. 2020, Figure 7L
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Etymology: From the Latin word friangulatus, in reference to the triangular
profile of the processes.

Locality: Cocinetas Basin, La Guajira, Colombia.

Holotype: Figure 7, 14-16, Slide STRI 42142, Sample Well A 280°-310’,
England Finder reference R37/2.

Repository: Instituto de Investigaciones en Estratigratia, Universidad de Caldas,
Colombia. Catalogue number UC-B214-ITES-D-044-065.

Stratigraphic horizon: Jimol Formation.

Age: Burdigalian, early Miocene.

Diagnosis: Organic-walled microfossil with rectangular to cruciform outline. The
wall is single-layered, smooth and light brown to pale. Conical to subconical processes
predominantly distributed at the four corners. Polygonal pylome with free operculum.

Description: Single-layered acritarch with subrectangular to cruciform outline.
The wall is smooth, ~0.4 um thick and pale in the central body, ~0.5 um and light brown
in the processes. Processes are distinctively thickened, conical to subconical, hollow,
distally closed, often with slightly ovoidal bases, ~4.0-8.5 um long and ~3.5-8.5 pm
wide at the base. Approximately 8—15 processes per corner. The pylome is polygonal,
sometimes discernible and usually with a free operculum (Figure 7, 12—13; Figure S5D,
Jaramillo et al., 2017). However, the position, extent and shape of the pylome are
uncertain.

Dimensions: Holotype: length, 63 pm; width, 67 um. Range: length, 56—68 pum;

width, 59-73 um. Three specimens measured.
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Comparison: Quadrina? triangulata sp. nov. differs from previously described
Quadrina taxa in process shape: acuminate or capitate in (.? condita and acuminate in Q.

pallida.

Figure 8. Schematic representation of Quadrina taxa. 1. Q.7 condita. 2. Q. pallida. 3. Q.7
triangulata sp. nov..

The fossil genus Quadrina was erected by Bujak (in Bujak et al. 1980) to
accommodate compressed acritarchs with subrectangular outline bearing groups of
tapered processes at the four corners of the cyst. Bujak described a single species,
Quadrina pallida, from Eocene deposits in England. Subsequently, de Verteuil and
Norris (1992) described Quadrina? condita from the Miocene of the United States east
coast. De Verteuil and Norris noted that Q.7 condita was probably a dinoflagellate cyst
and thus provisionally assigned this species to the acritarch genus Quadrina. Although
0.? condita lacks discernible tabulation, its morphological features suggest that this
species is likely a protoperidiniacean dinoflagellate cyst (de Verteuil and Norris, 1992;
Soliman et al., 2012).

We assign 0.7 triangulata sp. nov. to the genus Quadrina due to its overall
morphological resemblance to previously described taxa in this fossil acritarch genus.

However, our assignment is provisional because this new species may represent a
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protoperidiniacean dinoflagellate cyst mostly due to its thin brown-colored walled, size
and morphology. The absence of discernible tabulation under light microscopy requires
further examination of morphological characters using scanning electron microscopy,
specifically the excystment structure. Consequently, while beyond the scope of this work,
detailed morphological analysis of Quadrina? condita and Quadrina? triangulata sp.
nov. is necessary to better understand its taxonomy.

Occurrence: Quadrina? triangulata sp. nov. was previously recorded as Dinocyst
XI from the late Burdigalian of the Gulf of Mexico (LeNoir and Hart, 1986), and the mid-
Burdigalian of northwestern South America as Quadrina “incerta” (Jaramillo et al .,
2017). This species occurs sporadically throughout the middle and late Burdigalian in the

Cocinetas Basin (Figures 2-3).

S. CONCLUSIONS

Three new marine palynomorph taxa, namely two peridinioid dinoflagellate cysts,
Cristadinium lucyae sp. nov. and Trinovantedinium uitpensis sp. nov., and the acritarch
Quadrina? triangulata sp. nov. are formally described.

Cristadinium lucyae sp. nov. and Trinovantedinium uitpensis sp. nov. occur
during the Aquitanian in northwesternmost South America. C. lucyae sp. nov.is more
abundant and has also been recorded in the Serravallian of the western North Atlantic.
These two new dinoflagellate cyst taxa improve our understanding of protoperidiniacean

taxonomic diversity.
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The acritarch Quadrina? triangulata sp. nov. occurs sporadically during the
middle and late Burdigalian in northwestern South America, and represents a potential
key biostratigraphic marker for the Burdigalian in the tropical Americas.

Future studies are needed not only to further constrain the distribution of these
three new taxa through space and time but also to decipher their paleoenvironmental

significance.
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SECTION

2. CONCLUSIONS

A biostratigraphic scheme is proposed for the early Miocene in the Colombian
Caribbean Margin, comprising an upper Chattian—lower Aquitanian Minisphaeridium
latirictum Interval Zone (~23.9-22.0 Ma), an upper Aquitanian Achomosphaera
alcicornu Interval Zone (~22.0-20.3 Ma), and a Burdigalian Cribroperidinium
tenuitabulatum Interval Zone (~20.3-17.5 Ma).

A sudden shift from peridinioid-dominated to gonyaulacoid-dominated
dinoflagellate cyst assemblages near the Aquitanian—Burdigalian boundary (~20.7 Ma),
which indicates a rapid and permanent drop in marine primary productivity in the
Colombian Caribbean Margin, was likely related to the initial constriction of the Central
American Seaway during the early Miocene.

Two peridinioid dinoflagellate cysts, Cristadinium lucyae sp. nov. and
Trinovantedinium uitpensis sp. nov., and the acritarch Quadrina? triangulata sp. nov. are
formally described.

Quadrina? triangulata sp. nov. representens a potential key biostratigraphic

marker for the Burdigalian in the tropical Americas.
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