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ABSTRACT

It has long been known that economically exploitable phosphates in Colombia are contained within the Upper Cretaceous marine
sedimentary successions (Cathcart and Zambrano, 1967; Mojica, 1987; Zambrano and Mojica, 1990). In the western region of the
Neiva subbasin, which lies within the Upper Magdalena Valley (UMV), these layers are restricted to the Santonian-Maastrichtian
interval, which is represented by the Lidita Inferior, Lidita Superior and Yaguara formations. The phosphates are laterally dis-
continuous and exhibit variations in the facies over short distances. The facies analysis and the stratigraphic correlations allowed
us to infer that the facies in these units represent a very shallow marine environment that occurred at the transition between the
offshore zones and the upper shoreface and included the lagoonal conditions identified within the Aico Formation. It is possible
that paleotopographic variability and differential subsidence affected the lateral continuity and thickness of the Santonian-Maas-
trichtian lithostratigraphic units. Furthermore, subsequent tectonic events may have modified the spatial distribution of the phos-
phate deposits. The La Plata (Chusma) fault divides the study area into two structural domains. One is located in the west, in the
hanging wall, where the oldest rocks of the pre-Cretaceous basement crop out, and the other domain is located in the east, within
the footwall. This footwall is where the outcrops of the Cretaceous-Quaternary sedimentary sequences characteristic of the Neiva
subbasin are found. In the footwall there are important folds, such as the Media Luna syncline and the San Francisco anticline to
the north, the La Guagua anticline in the central area, and the La Hocha anticline and the El Vego6n syncline to the south. Some of
these folds are truncated by regional reverse faults with a dextral-strike component, such as the La Plata (Chusma), San Francisco
and Betania faults.
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RESUMEN

De tiempo atras se conoce que los fosfatos econdmicamente explotables en Colombia se encuentran en sucesiones sedimentarias
marinas del Cretacico Superior (Cathcart y Zambrano, 1967; Mojica, 1987; Zambrano y Mojica, 1990). En el occidente de la sub-
cuenca de Neiva del Valle Superior del Magdalena (VSM), estos niveles estan restringidos al intervalo Santoniano-Maastrichtiano,
representado en las formaciones Lidita Inferior, Lidita Superior y Yaguara. Los fosfatos son lateralmente discontinuos y presentan
variaciones faciales en distancias cortas. El analisis facial y las correlaciones estratigraficas permitieron inferir que las facies pre-
sentes en estas unidades representan un ambiente marino muy somero desde la zona de transicion con el offshore hasta el shoreface
superior, incluyendo condiciones de laggon para la Formacion Aico. Posiblemente, la paleotopografia y la subsidencia diferencial
han afectado la continuidad lateral y el espesor de las unidades litoestratigraficas del intervalo Santoniano-Maastrichtiano, y los
eventos tectonicos posteriores han modificado la distribucion espacial de los depdsitos de fosfatos. La falla de La Plata (Chusma)
divide la zona en cuestién en dos dominios estructurales: uno localizado en el occidente, en el bloque levantado, donde afloran
las rocas mas antiguas del basamento pre-Cretécico, y otro dominio localizado en el oriente, en el bloque hundido, donde aflora
la secuencia sedimentaria cretdcica-cuaternaria caracteristica de la subcuenca de Neiva. En el bloque hundido se encuentran plie-
gues importantes, como el Sinclinal de Media Luna y el Anticlinal de San Francisco en el norte, el Anticlinal de La Guagua en la
parte central, y el Anticlinal de La Hocha y el Sinclinal de El Vegén en el sur. Algunos de estos pliegues estan truncados por fallas

regionales inversas con componente de rumbo dextral, como las fallas de La Plata (Chusma), San Francisco y Betania.

Palabras clave: Fosfatos, subcuenca de Neiva, Valle Superior del Magdalena, Cretacico Superior, facies, estratigrafia.

1.

The essential chemical elements for the development of living
organisms (e.g., plants and animals) are carbon, hydrogen, ni-
trogen, potassium, sulfur and phosphorus, being the last one
used in fertilizer by the agroindustry. However, the availability
of phosphorus, unlike calcium, nitrogen and potassium, is de-
pendent solely on its extraction from rocks that contain phos-
phate (Soudry et al., 2006), which makes necessary its explo-
ration. The main economically exploitable phosphate deposits
worldwide were originated between the Upper Cretaceous and
Eocene in the South Tethyan Phosphogenic Province (STPP),
which extends from Colombia to Venezuela and from the nor-
thern and northwestern regions of Africa into the Middle East
(Notholt, 1985; Follmi et al., 1992, Pufahl et al., 2003). These
deposits are characteristic of an epicontinental sea on a carbo-
nate dominated platform that extended along the margin of the
STPP (Follmi et al., 1992) and constitute the largest known ac-
cumulation of sedimentary phosphorites, which is host of the
66% of the global phosphate reserves (Grimm, 1997; USGS,
2000; Pufahl et al., 2003).

In Colombia, the STPP consists of phosphate deposits that
extend through the Eastern Cordillera and the southeastern
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end of the Central Cordillera and involves rocks from the Ca-
tatumbo, Middle and Upper Magdalena Valley, Eastern Cor-
dillera and Caguan-Putumayo basins. Furthermore, these de-
posits are located in the departments of Norte de Santander,
Santander, Boyacd, Cundinamarca, Tolima, Huila and part of
the departments of Putumayo and Cauca (Zambrano and Mo-
jica, 1990; Mojica, 1987; Terraza et al., 2016, 2019).

Phosphate deposits are found in the Cretaceous sedimen-
tary successions, which initially (ie., the Early Cretaceous)
accumulated in a rift-type basin with an extensional tectonic
regime inherited from the Jurassic (Julivert, 1970; Bayona et
al., 1994; Sarmiento, 2019). Later, at the end of the Late Creta-
ceous, this regime transitioned to a compressional regime and
the basin was fully closed (Bayona, 2018; Zapata et al., 2019;
Sarmiento, 2019).

In the western part of the Neiva subbasin in the Upper
Magdalena Valley (UMV), potentially exploitable phosphate
levels appear in the Lidita Inferior, Aico, Aipe, Lidita Superior
and Yaguara formations (sensu Terraza et al., 2019) which were
deposited between the Santonian and the Maastrichtian. Most
of these deposits have not been characterized in detail. Howe-
ver, considering their economic importance for the country’s

agroindustry, the national government issued Conpes 3577 do-
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cument in 2009, which instructed the Servicio Geoldgico Co-
lombiano (SGC) to identify new potential mineral sources for
the production of fertilizers, which phosphates are essential.
The objective is that, in the medium term, the country will be
able to manufacture and market phosphorous-based agroche-
micals at more affordable prices for Colombian farmers.

For this purpose, the results of the geological exploration
carried out in the western sector of the Neiva subbasin are pre-
sented, which included geological mapping at 1:25000 scale
and detailed stratigraphic descriptions of eleven stratigraphic
sections. These works allowed us a better understanding of the
phosphate-bearing lithostratigraphic units and to better un-
derstand the accumulation processes. Additionally, based on
the comparison of those stratigraphic sections, as well as on the
facies analyses and sedimentary environment analyses, we pro-
pose an outline of the possible basin paleotopography during
the Santonian-Maastrichtian interval.

2,

The UMV basin corresponds to a structural depression that
is oriented along the SSW-NNE direction and is bounded on
its eastern and western sides by compressive and transpressive
faults (Roncancio and Martinez, 2010). In the Mesozoic, exten-
sional tectonic events were predominant, and compressional
events dominated in the Cenozoic (Mojica and Franco, 1990;
Horton et al., 2010). The Cretaceous sedimentary succession
was deposited in a retroarc basin that formed in the Jurassic
(Bayona et al., 1994), which at the end of the Early Cretaceous
transitioned from an extensional tectonic regime to a com-
pressional regime due to the oblique subduction and accretion
of oceanic crust along the continental margin (Horton et al,,
2010; Bayona, 2018; Zapata et al., 2019). Subsequent tectonic
events gave rise to new structures, geometric changes occurred
in the preexisting structures, and some of these structures were
eroded or further deformed (Roncancio and Martinez, 2010;
Jiménez et al., 2012).

The Natagaima Arch, or Alto de Patd, divides the UMV in
two parts: the Neiva subbasin, located in the southern part, and
the Girardot subbasin, located in the northern part (Beltran
and Gallo, 1968). In the case of the Neiva subbasin, the Gar-
z6n-Suaza fault together with the western foothills of the Gar-
zOn Massif mark the eastern limit, and the La Plata (Chusma)
fault together with the eastern foothills of the Central Cordille-
ra delimit the western limit (Figure 1). The paleotopography of

the basement affected the geometric configuration of the sur-
face structures, which is reflected in the curvilinear outline of
the major fold axes, such as by the Tesalia syncline and the La
Hocha anticline (Jiménez et al., 2012).

The study area is comprised of Jurassic, plutonic and vol-
canic igneous rocks, whose compositions vary from felsic to
intermediate (i.e., Saldafia Formation, Ibagué Batholith and re-
lated igneous bodies) (Bustamante et al., 2016; Rodriguez et al.,
2018; Hernandez and Urueiia, 2017; Villamizar et al., 2021).
Unconformably on the basement, sedimentary rocks from the
basal Cretaceous crop out, composed of siliciclastic sediments
that range in size from sand to gravel, accumulated in a depo-
sitional environment likely consisted of alluvial fans and fluvial
systems (i.e., Yavi and Alpujarra formations) (Flérez and Ca-
rrillo, 1994; Etayo, 1994).

The remaining Cretaceous sequence, deposited in transi-
tional and shallow marine environments (Etayo, 1994), corres-
ponds to mixed sedimentary rocks or fine texture calcareous
rocks and is enriched with organic matter and planktonic or
benthic foraminifera. This sequence is contained within the El
Ocal, Tetuan, Bambucd, Hondita, Loma Gorda, Lidita Inferior,
Aico, Lidita Superior and Yaguard formations (sensu Terraza
et al.,, 2019).

The Cretaceous sequence is unconformably covered by a
thick succession of Paleogene and Neogene sedimentary roc-
ks that are predominantly fluvial in origin and are dominated
by conglomerates and sandstones (from the upper part of the
Seca Formation, Chicoral and Doima Formations and Honda
Group), with mudstone and claystone intercalations (found in
the lower part of the Seca, Potrerillo and Barzalosa formations)
(Terraza et al., 2019; Villamizar et al., 2021).

3.

The topography used as the basis for the geological map was
compiled from digital and analog sources provided by the Ins-
tituto Geografico Agustin Codazzi (IGAC) at a 1:25000 scale.
Field trips were carried out transversally to the geological struc-
tures with four or more control points for each linear kilometer.
This allowed for the different outcropping units to be described
in greater detail, for the lateral variations in facies to be more
accurately assessed, and for a more reliable interpretation of the
geological structures. For the systematic monitoring of regional
structures (faults and folds) and competent and incompetent li-
thostratigraphic levels or units, a 30 m resolution digital terrain
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Figure 1. Regional geology of the study area

Numbers 1 to 13 show the locations of the stratigraphic sections referenced in this article: 1 = Bambucd creek, 2 = Aipe River, 3 = La Honda creek, 4 = La Tribuna,
5 = Yaya River, 6 = El Boquerdn creek, 7 = Yaguara River, 8 = Iquira River, 9 = Yaguaracito River, 10 = El Caney creek, 11 = La Juanita, 12 = Divino Nifio, 13 =
Itaibe creek. Letters A to H: A = Media Luna Syncline, B = San Franciso Anticline, C = La Guagua Anticline, D = La Hocha Anticline, E = El Vegon Syncline, F =
La Plata (Chusma) Fault, G = San Francisco Fault, H = Betania Fault
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model was used, as were aerial photographs at a scale between
approximately 1:22 000 and 1:43 000, which were acquired along
NS-oriented flight paths, and from Google Earth imagery.

Stratigraphic columns were measured with a “Jacob’s staff”
The main rock features (color, texture, composition, layer sha-
pes, sedimentary structures, fossils and degree of bioturbation)
were recorded at 1:100 or 1:200 scales consistent with the pre-
viously discussed field formats. Field lithological descriptions
were complemented by microscopic analyses of thin sections.
Strike and dip data were taken with a structural type Brunton
compass. Control points and sampling locations were geore-
ferenced with a Garmin GPSmap 62s. To visualize very thin
lithostratigraphic units on the geological map, such as from
the Lidita Inferior and Lidita Superior formations of the Olini
Group, it was necessary to exaggerate their thicknesses.

For the lithological description of the rock outcrops, by
either hand samples or thin sections, the following proto-
cols were used: 1) to determine the thickness of layers and
sheets, the methods established by Ingram (1954) and Cam-
pbell (1967) and adapted by Reineck and Singh (1980) were
followed; 2) to determine the type of contact between layers
(sharp or gradational), geometry (tabular or wedge-shaped)
and partition, the methods from Wilkins (2011) were used; 3)
diagrams proposed by Krumbein and Sloss (1969) were used to
identify sedimentary particle shape; 4) diagrams proposed by
Compton (1985) were used to identify particles in sediments
or clastic sedimentary rocks; 5) the classification of calcareous
rocks was done according to Dunham (1962) and Folk (1962);
6) in order to classify terrigenous rocks according to their tex-
ture and composition, the methods described by Folk (1951,
1954, 1959, 1962, 1974) were followed; 6) the degree of biotur-
bation was assessed with Moore and Scruton (1957) systema-
tics; 7) the roundness of sedimentary particles was determined
by following the Powers (1953) diagram; 8) Reineck and Wun-
derlich (1968) diagrams were used to distinguish between len-
ticular and flasser stratification; 9) rock colors (for either wet
or dry samples) were determined according to the color chart
provided by The Geological Society of America (1995); 10)
“mixed” rocks (i.e., rocks with a mixture of terrigens and au-
thigenic siliceous and calcareous components) were identified
in accordance with the general classification of sedimentary
rocks established by Williams et al. (1954); 11) the macrosco-
pic description of siliceous rocks (i.e., with > 50% diagenetic
or primary silica, such as cherts and porcelanites, or impure
cherts) was supported by the Dunham (1962) textural classi-

fication system, e.g., chert with 10-50% of benthic foramini-
fera is described as fossiliferous chert of benthic foraminifera
with wackestone texture; 12) phosphate rocks and phospho-
rites were classified according to the systematics proposed by
Ptacek (2016) and Cook et al. (1986) (in Cook and Shergold,
1986), which was based on Dunham’s (1962) classification of
calcareous rocks but modified for phosphorites, e.g., a phos-
phorite composed of peloids and fish remains with a packsto-
ne texture would represent a rock with peloids and fish frag-
ments in a proportion >50%, whose texture resembles that of
a packstone texture limestone; 13) for the identification of the
phosphorus element in the samples, a qualitative chemical test
was carried out with 30% HNO, and ammonium molybdate
in excess (Swanson, 1981); if phosphorus is present, a yellow
precipitate of ammonium phosphomolybdate is produced, the
color intensity indicated that either a low, medium or high
concentration of this element is present.

Lithological and facies comparison (lithocorrelation) was
performed on the Upper Cretaceous stratigraphic sections of
interest for the identification of phosphates. A total of eleven
stratigraphic sections were developed, and the stratigraphic
sections from the Itaibe creek studied by Mendivelso (1982,
1993) and the Bambuca creek described during the SGC-
UNAL Agreement (2018) were included, which allowed es-
tablishing the chronostratigraphic positions of the phosphate
intervals. Additionally, we relied on the advice of Professor
Fernando Etayo Serna, both in the laboratory and in the field,
who assisted in determining the stratigraphic positions of the
different mapped lithostratigraphic units. Sections were all
drawn at the same scale, and a common reference stratigraphic
level was taken (e.g., the contact between the Yaguard or La Ta-
bla formations and Seca Formation [see Figures 8, 10 and 11])
to a better analysis of the spatial distribution (lateral and ver-
tical) of phosphate levels and visualize their relationships with
other regional structures (faults and folds) and the basement.
The locations of these sections are shown in Figure 1.

For the interpretation of the sedimentary environments,
petrographic analyses and the main features of the layers were
considered. Additionally, the grain size and composition, geo-
metry, thickness, type of contact, sedimentary structures, fossil
content, degree of bioturbation, and some paleoenvironmental
indicators, such as glauconite or siderite, were also considered.
The methods and techniques followed can be found in Reineck
and Singh (1980), Van Wagoner et al. (1990), Kamola and Van
Wagoner (1995) and Hampson and Storms (2003).
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4.

4.1. Description of the main folds and faults

The most important structures are the Media Luna syncline,
the San Francisco anticline and the San Francisco fault in the
north; the La Guagua anticline in the central part; and the La
Hocha anticline and the El Vegén syncline to the south. Finally,
the La Plata (Chusma) fault and the Betania fault are regional
structures that cross the study area from south to north (see
Figure 1 for their locations).

Media Luna syncline. This syncline is a fold isolated by faulting
and surrounded by the pre-Cretaceous basement located in the
hanging wall of the La Plata (Chusma) fault. It is a subvertical
and open fold whose axial plane presents a dip greater than 80°
to the west and a moderate dip to the SW. It follows an elongated
“S” shape and ends to the north against the Jurassic basement
of the Saldafia Formation and to the SW against the La Plata
(Chusma) fault. At the core are rocks from the Seca Formation
and on its flanks Cretaceous rocks are outcropping, from the Al-
pujarra Formation to La Tabla Formation (Figures 2a, 2b).

San Francisco anticline. Is a complex fold that varies from
subvertical and open to sloping and asymmetric, with modera-
te dipping in both the NE and southy; its axis is slightly sinuous
and curved along a NE and SE direction. It is truncated by
some thrust faults with a dextral-strike component that produ-
ce axial displacement. The Baché fault abruptly cuts the eastern
flank and the southern end of the fold, and the western flank
is cut by the San Francisco fault (Figure 2c). Rocks from the
Loma Gorda Formation crop out in the core and rocks from
the Olini Group and Yaguard Formation crop out on the flanks.

La Guagua anticline. This anticline consists of a smooth verti-
cal fold, dipping weakly to the NNE and a general NNE orien-
tation. Geographically, the anticline is confined between the
Upar and Baché faults to the west and La Boa fault to the east.
Jurassic plutonscrop out in the center of the structure and the
entire Cretaceous succession and part of the Paleogene succes-
sion overlay those plutons.

La Hocha anticline. This anticline consists of a vertical fold
with structural closures to the south and is slightly more open
to the north. It dips weakly to both the north and to the sou-
th. It extends 21 km with N-S to SSW-NNE orientation and is
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confined between the La Hocha and Betania faults. To the nor-
th, it is cut by an unnamed reverse fault that follows a NE-SW
direction, and to the south, it is cut by the Betania fault. The
Saldafa Formation is located at its core, and the entire Creta-
ceous succession outcrops on its west flank, including the Oli-
ni Group and the Yaguard Formation, which have important
phosphate layers (Figure 2e).

El Vegon syncline. This structure is smooth and has a vertical
fold that dips weakly to both the SSW and to the north. The
axis, both to the south and to the NNE, is cut by the Pacarni
fault. Rocks from the Yaguara Formation comprise the outcrop
in the core, and on the flanks, rocks from the Loma Gorda
Formation and the Olini Group have a significant amount of
phosphate levels.

La Plata (Chusma) fault. This is a high-angle reverse regio-
nal fault with SE tectonic transport. The hanging wall contains
rocks from the Saldafa Formation and Jurassic plutons (e.g.,
Ibagué Batholith); this tectonic block rises over the Cretaceous
and Paleogene sedimentary units (Figure 2f). The fault has 113
km length and is NE (29° + 12°) oriented, with an average incli-
nation of 40°-60° to the west and presents reverse-dextral-stri-
ke movement. This fault truncates important folds, such as the
Nataga anticline to the south and the Media Luna syncline to
the north. It is recognized as the geological boundary between
the Central Cordillera and the Neiva subbasin in the UMV
(Butler and Schammel, 1988).

San Francisco fault. It is a low- to moderate-angle regional rever-
se fault (<45° W), with a general NE orientation (10°-50°). The
initial section brings into contact the Paleogene rocks of the Seca
Formation and the Olini Group (in the hanging wall) with rocks
from the Potrerillo Formation (in the footwall). To the north of
the study area, the fault consists of fossilized Neogene rocks from
the Honda Group. In the San Francisco fault, Cretaceous rocks of
the Hondita Formation (in the hanging wall) are in contact with
the rocks of the Yaguard Formation (in the footwall).

Betania fault. This regional reverse fault has a high dip angle
(> 45° NW), and its main line follows a NE direction of 40° +
10°. It extends for approximately 53 km, truncates the La Ho-
cha anticline, and brings into contact rocks from the Saldana
Formation with Cretaceous and Paleogene-Neogene sedimen-
tary rocks (Figure 2d).
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a) Structural of the Media Luna syncline; rocks from the Hondita (K2h), Loma Gorda (K2Ig) and Olini Group (K20) formations are observed. b) La Plata (Chus-
ma) fault, which truncates the continuity of the Media Luna syncline to the SSW and connects the Yaguard (K2ya) and Seca (K2E1s) formations to the Chicoral
Formation (E2E3ch). ¢) San Francisco fault; which is where the Seca-Member Teruel formations (K2E1st) and Chicoral Formation (E2E3ch) connect with the
Olini Group (K20). d) Betania fault, which correspond to the contact between the Yaguard (K2ya) and Seca-Member San Francisco (K2E1ss) formations against
the Chicoral Formation (E2E3ch). E) La Hocha anticline; rocks from the Saldafia Formation (T3]1s) crop out at the center of the structure and is covered by the
basal Cretaceous succession (K). f) La Plata (Chusma) fault; is the tectonic contact between rocks from the Jurassic Ibagué Batholith (Ji) with rocks from the Seca
(K2E1s) and Chicoral (E2E3ch) formations and is in the vicinity of the municipality of La Plata. Source: Terraza et al. (2019).

4.2. Phosphate-bearing Upper Cretaceous
lithostratigraphic units

The potential phosphate deposits are associated with the Lidita

Inferior, Lidita Superior and Yaguard formations (sensu Terra-

za et al.,, 2019). Mapping these units is difficult due to the over-

lapping of tectonic events that caused strong deformation and

impacted their geographic distribution and lateral continuity.

Olini Group (K20): Early Santonian-Campanian. This group
is widely distributed across the study area. Morphologically it
stands out from the underlying Loma Gorda Formation, in the

sites where the overlying unit is the Yaguard Formation this
stands out over the Olini Group (Figure 3). These features faci-
litated the geological mapping of this feature. The Olini Group
was mapped along the Yaguaracito River (which lies on the
eastern flank of the Nataga anticline), from the north of Ya-
guara to Palermo (on both flanks of the La Hocha anticline), at
the NE termination of the La Guagua anticline and to the SW
of its eastern flank, in the center of the Nazareth syncline, on
the western flank of the Media Luna syncline, and on its eas-
tern flank, along the Aipe-Rio Patd road. There is an outcrop
associated with this group to the north and east of Paicol, in
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the vicinity of the Paéz River. Additional outcrops are visible
in narrow strips that follow a NE and NW direction located to
the west and NW of Neiva, and in NNE-SSW direction from
near Neiva and extending to the Aipe River, in the vicinity of
the municipality of Aipe.

From bottom to top, the Olini Group consists of the Lidita
Inferior Formation, the Aipe or Aico formations (sensu Terraza
et al., 2019) and the Lidita Superior Formation.

In general, the Olini Group overlies the Loma Gorda for-
mation and underlies the Yaguard formations with a sharp
and conformable contact. The upper and lower contacts of the
constituent formations (Lidita Inferior, Aipe or Aico and Lidita
Superior) are also conformable and sharp.

Yaguara Formation (K2ya): late Campanian-early Maas-
trichtian. Outcrops of this formation are present on the eas-
tern flank of the Nataga anticline (Yaguaracito riverbed) and
extends to the south toward the municipality of El Pital. This
formation is also apparent in the center of the Itaibe syncline,
which is located on the flanks of the La Hocha anticline and
at the NE termination of the La Guagua anticline (which runs
from the north of Yaguara to Palermo) where it continues to
the SW of its eastern flank. It also crops out to the north and
east of Paicol (in the vicinity of the Paéz River), to the west of
Yaguard, to the west and NW of Neiva, and from the NW of
Neiva to the Aipe River.

The Yaguard Formation was described in the stratigraphic
section from the Yaguard River, where it presents an excellent
exposure. Lithologically, it is composed of quartz-arenites that
vary in texture from fine to very fine, and in color between
brown, gray and yellow, with intercalations of mudstones,

Kyls

Figure 3. Typical escarpments of the Yaguara Formation (K2ya) that overlie
the Lidita Superior (K2ls) and Aico (K2ai) formations that comprise the Olini
Group and underlie the Seca Formation

Source: Terraza et al. (2019).
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phosphates, porcelanites or quartz siltstones with glauconite,
phosphate remains and dissolved calcareous concretions.

The Yaguard Formation underlies the Seca Formation,
overlies the Lidita Superior Formation in sharp and concor-
dant contact, and generates a prominent escarpment between
these two units (see Figure 3). The Yaguara-Seca contact is
considered a paraconformity (sensu Howe, 1997).

Buscavida (K2b) and La Tabla (K2It) formations: late Cam-
panian-early Maastrichtian. These formations emerge to the
east of the La Plata (Chusma) fault in the area of the Media
Luna syncline, which includes the Bambuca creek, where they
have been previously described (SGC-UNAL Agreement,
2018). The morphological expression of the Buscavida For-
mation is of a narrow valley between the Lidita Superior and
the La Tabla Formation, while the La Tabla Formation forms
strong escarpments that are accentuated by the smooth land-
forms and topographic depressions generated by the mudsto-
nes and claystones of the overlying Seca formation.

To the south of the Bambuca creek, the exposed facies of
the Buscavida (sensu Guerrero et al., 2000) and La Tabla for-
mations change to the predominantly quartz-sandstone terri-
genous lithofacies of the Yaguara Formation.

The Buscavida Formation overlies the Lidita Superior For-
mation and is in conformable sharp contact. Similarly, The
Seca Formation overlies in concordant and sharp (paraconfor-
mable) contact the La Tabla Formation.

4.3. Phosphate-bearing Upper Cretaceous lithofacies
Table 1 shows the different facies in the Upper Cretaceous li-
thostratigraphic units that contain phosphates and correspond
to the Santonian-Maastrichtian stratigraphic interval.

5. DiscussioN

5.1. Facies characterization of the Santonian-
Maastrichtian interval that contains phosphates

Lidita Inferior Formation. There is a predominance of chert
facies to the north (Bambuca creek), where chert comprises
48% of the unit (Figure 4a). Toward the south, 35% of the unit
consists of porcelanites with mudstone texture and phosphori-
tes with peloids with packstone texture, while 12% of the unit
consists of fish remains and phosphate clasts (Figure 4b). The
phosphorite deposits are located toward the top of the unit.
These phosphorite intervals can reach up to 90 cm in thick-
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Table 1. Facies in the lithostratigraphic units that contain phosphates from the Upper Cretaceous (Santonian-Maastrichtian)

Unit Facies and lamination Stratification Remarks Associated Ichnofacies
Very fine - fine %ﬁ;gg?aiigd’ homogeneous Thick and very thick, Even nonparallel Phosphates Teredolites, Thalassinoides
Very fine - fine grained sandstone, . : .
discontinuous wavy nonparallel Thick and very thick. Even nonparallel Calcareous Skolithos
Fossiliferous sands of medium grain, ; : Calcareous with strong P
homogeneous appearance Thick and very thick Curved, nonparallel dissolution Thalassinoids
Very coarse-grained sandstone slightly
conglomerate, cross-laminated, tangential Thick and very thick Curved, nonparallel
- to the base
.g Quartz siltstones, Even parallel lamination Medium and coarse, even parallel Silicified Planolites
] A -
£ Pocelanite with Wackestone - mudstone . : - | . -
3 texture, even parallel lamination Thin and medium, even parallel Fossiliferous-benthic foraminifera
w
o Cherts with mudstone - wackestone texture ; Diagenetic Fossiliferous-Foraminifera
H , even parallel lamination Thin, even parallel Benthic Chert
El
20 Phosphorites with packstone and Pellets, peloids, fish remains, phosphate
> wackestone texture, homogeneous Thick and very thick, even nonparallel intraclasts, benthic and planktonic
appearance foraminifera
Biosparites with grainstone-packstone : : Thick-shelled bivalves (ostreids),
texture, homogeneous appearance Thick and very thick, curved parallel orientation of bioclasts
Biomicrites with packstone texture,
discontinuous, even Medium and coarse, even nonparallel Benthic foraminifera, bioclasts, peloids
nonparallel lamination
Sandy biosparites with wackestone texture, Coarse to very coarse, discontinuous, curved Remains of thick-shelled bivalves
Discontinuous, even nonparallel (ostreidae)
nonparallel lamination
Fine-grained sands, cross-laminated, .
o S tangential to the base Very thick, even parallel Clayey
g : : :
© © Medium-grained sands, cross-laminated,
: g tangential to the base Coarse to very coarse, Curved, nonparallel
-1 O i
w Coarse to very coarse-grained sands, cross-
laminated, tangential to the base Coarse to very coarse, Curved, nonparallel
Terrigenous Mudstones, Even parallel . :
m C 7 Pyl
S8 lamination Thin and medium, Even parallel
S
o T Fossiliferous sandy lodolites, Wavy, . . .
§ g nonparallel amination Thin to medium Even parallel Calcareous Planolites
(=]
-y

Siltstones, Wavy, nonparallel lamination

Thin to medium, Even parallel

Thalassinoids

Cherts with mudstone- wackestone texture,

Thin, Even parallel

Diagenetic chert, benthic foraminifera

g Even parallel lamination
= Phosphorites with packstone and Pellets, peloids, fish remains, phosphate
o Coarse to very coarse, Wavy, parallel to PV g : . f
= wackestone texture, homogeneous discontinuous, curved, nonparallel |ntraclasts,fbenthjc_?nd planktonic
s appearance ‘oraminifera
5 e Porcelanite with wackestone - mudstone . :
v = . o
g. + texture, Even parallel lamination Thin and medium, Even parallel
a . .
g Quartz s1ltstonelsa,r$]<i):;1tri1éjr?us Even parallel Thin, even parallel Silicified, calcareous
] Wackestone biomicrites, Wavy, parallel : Benthic and planktonic foraminifera,
lamination Thick, Wavy. parallel fish remains and peloids
< Clayst?]r;i;/alﬁglll?;lslc:mn%r:;ﬁ)uns, wavy, Thin and medium Discontinuous, even parallel Pyritized Radiolaria
[<]
k=l Terrigenous Mudstones with wavy .
g nonparal%el and discontinuous lamination Thin even parallel
¢'5 Porcelanite with wackestone texture,
L Discontinuous, even Medium, even parallel Phosphates
S parallel lamination
P P .
Fine g:f;ﬂ;grsaalﬂﬂslg%ﬁ?géw Wavy, Medium, even parallel Calcareous Palaeophycus
° g c Very f'”igﬂsaﬁ:ﬁéﬂ:mfﬁaﬁfonnd5' Wavy, Thick and very thick, Even nonparallel Locally lithic
=3 ]
A e .
< o % Quartz siltstones, . e
w Even parallel [amination Thin Even parallel Silicified-calcareous
Porcelanite with mudstone texture, . .
. continuous parallel flat laminations Continuous parallel plane, medium
o . R N .
c € Chert with mudstone -wackestone texture . Diagenetic chert, planktonic
= ) ,
2 -g even parallel lamination Thin even parallel foraminifera
c - - e .
™ E Phosphorites with wackestone and Pellets, peloids, fish remains, phosphate
5 packstone texture, homogeneous Medium and coarse, even parallel intraclasts, benthic and planktonic
o appearance foraminifera
-

Terrigenous Mudstones, even parallel
lamination

Thin and medium even parallel

Silicified

ness. In the southern part, they can be up to 30 cm thick (e.g.,
sections of El Caney, Rio Iquira and Rio Yaguaracito). The Li-
dita Inferior Formation in the Itaibe creek was correlated with

tely 3 m.

the upper middle part of the layer N-14 described by Mendi-
velso (1982, 1993, Figure 3) and has a thickness of approxima-

Servicio Geolégico Colombiano

83



Martin Rincén / Terraza Melo / Rojas Parra / Martinez Aparicio / Rojas Jiménez / Herndndez Gonzdlez

a b
.
.
------ .,
——— .,
— ———— PR
B - Tm==- 7
~
e T m—— e ~< e
R . T ,
~o ’
———— - ~< v, .
e ————— -~ ~. - .
~o .- Re
~o - .
- s .
s ’
e Pid
- =~ ———— e P
Ne=m . . e
. .
’ PR
’
.
R4 .
.
e f
-
e
.
Pl
e
-
-
-
-
-
-
o~
-
-
-
-
-
. -
-
’ -~ -7
/ Lo .-
B -
P -~
. -
. .-
. -
. . -
’ _-
-
4 -
7 .-
’ -
’ -
’ -
’

Figure 4. Characteristics of the Olini Group in some stratigraphic sections

a) Lidita Inferior Formation in the Yaya River stratigraphic section; porcelanites and cherts with phosphorite intercalations (P). b) Lidita Inferior Formation in
the Iquira River stratigraphic section; thin layers of tabular porcelanite with a thin tabular layer of phosphorite (P) at the base. c) Aipe Formation in the Aipe
River stratigraphic section comprised of very thick layers of quartz-arenites. d) Aico formation in the El Caney creek stratigraphic section, with fissile mudstones
arranged in thin layers. e) Lidita Superior Formation in the Aipe River stratigraphic section; thin and medium subtabular layers of porcelanite with a thick wedge-
shaped layer of phosphorite (P) interbedded. f) Lidita Superior Formation in the quira River stratigraphic section; medium layers of cherts with layers of phos-

phorite (P) on top. Source: Terraza et al. (2019).
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Aipe Formation. The dominant facies of this formation (94%
of the unit) consist of very thick layers of sandstone compri-
sed of terrigenous sand (Figure 4c). However, the unit does
not contain representative phosphate deposits. The thickness
of the Aipe Formation in the Yaguaracito River is 26.3 m, and
in the Aipe River, it is 76.6 m, displaying a thickening trend
toward the north.

Aico formation. Typical clay facies represent 87% of this unit.
However, fissile mudstones appear to a lesser extent, and oc-
casionally hard levels of phosphatic porcelanite, very fine-gra-
ined sandstones and massive sandy limestone with packstone
texture (Figure 4d). The Aico Formation is 20 m thick in the
Caney creek, and 46.3 m thick in the Iquira River. Outcrops are
mainly located in the southern part of the study area and in the
east of the San Francisco fault. This unit was described in the
stratigraphic sections from El Caney, Rio Iquira, and partially
in the Yaguara River. This unit represents a facial change for
the Aipe Formation where these units are considered contem-
porary and heterotopic. The outcrops of the Aico Formation
are 50 m thick in the Itaibe creek and correlate with the top of
layer N14 described by Mendivelso (1982, 1993, Figure 3). The
unit shows a tendency to thickening toward the SE (Figure 7).

Lidita Superior Formation. Chert facies with wackestone
texture represent 38% of the unit, followed by peloidal phos-
phorites, which represent 29%, with packstone texture and
wackestone, fish remains, planktonic and benthic foramini-
fera, layered with subtabular and canaliform shapes (Figures
4e and 4f). These facies do not exhibit internal laminations
except at the base of the layers, where continuous nonparallel
wavy laminations are seen. These have elongated and imbrica-
ted micritic intraclasts and decimetric chert nodules, spherical
and ellipsoidal in size. Porcelanites, quartz-siltstones and some
limestones compose 22% of the unit. The porcelanites are sli-
ghtly calcareous, have wackestone and mudstone textures, and
contain benthic and planktonic foraminifera arranged in very
thin sheets. Additionally, phosphatic porcelanite with wackes-
tone texture with benthic and planktonic foraminifera-bea-
ring, peloids and fish remains are also found.

These beds are recurrent and are especially associated with
phosphate levels. The laminations are interrupted by spheri-
cal chert nodules a centimeter in diameter and decimeter-scale
ellipsoidal micritic concretions. Toward the top, it is common to
observe phosphorite layers up to 70 cm thick with wackestone
and packstone textures and wavy bases, which represent the most
important accumulations of phosphates at the regional setting.

This unit shows a NE to SW thinning trend and has 31.6
m in thickness in the Bambuca creek and 9.4 m in the El Ca-
ney creek. In general, all the Upper Cretaceous units show this
tendency; however, there is no correlation with the phosphate
facies, as they are thicker toward the SW, possibly due to the
proximity of the source area of the phosphate material.

Yaguara Formation. A total of 68.9% of the terrigenous facies
are composed of quartz arenites; phosphatic quartz-arenites
with peloids, phosphate clasts, glauconite and hydrocarbon
inclusions; and fossiliferous friable quartz-arenites with cen-
timeter-scale gastropod and bivalve remains and peloids (Fi-
gures 5a and 5b). Up to 24% of the terrigenous facies consist
of phosphatic porcelain and porcelanites with a mudstone and
packestone texture, chert with a wackestone texture (with ben-
thic and planktonic foraminifera) and siliceous siltstone (con-
taining planktonic foraminifera and disseminated pyrite). Ad-
ditionally, these units contain phosphatic siltstones that grade
to very fine-textured phosphatic quartz-arenites, with siliceous
cement, peloids and muscovite (Figure 5c). Regarding the rele-
vant phosphate deposits, in the Divino Nifo section to the NE
of Paicol, there is a layer more than 2 m thick, which contains
sandy phosphorite with a packstone texture (Figure 5d).

On the road between Hobo and Paicol, near the La Juani-
ta phosphate mine, the La Juanita Member crops out, which is
composed of calcareous facies likely deposited in a high ener-
gy environment. These facies consist of bivalve grainstone and
fossilized sandy packstone, with sparitic cement, bivalve massif
grainstone with articulated ostreid shells and sandy wackestone
with weathered pale yellowish orange sparitic cement. Further-
more, all the beds in these facies are either conformable or orien-
ted obliquely to the stratigraphy. These facies represent approxi-
mately 20% of the unit in this section (Figures 5e and 5f).
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Figure 5. Main characteristics of the Yaguard Formation in some stratigraphic sections

a) Aipe River stratigraphic section; thick and very thick layers of quartz-arenites in which cavities are observed due to the dissolution of calcareous concretions. b)
The Yaguara River stratigraphic section; thick and very thick layers of phosphatic quartz-arenites in which cavities were formed due to dissolution of calcareous
concretions and interspersed with thin layers of porcelanite and siltstones. c) Iquira River stratigraphic section; very fine-textured quartz-arenites overlaid by
siliceous siltstones. d) Divino Nifo stratigraphic section; phosphorites (P) with packstone texture. e) La Juanita stratigraphic section; bivalve grainstones in thick
and solid layers in the middle part of the La Juanita Member. f) La Juanita stratigraphic section; grainstone to packstone containing ostreidae shown in detail at the

bottom of the La Juanita Member. Source: Terraza et al. (2019).

Thickness of the Yaguara Formation is variable. This for-
mation is thicker to the east of the study area. It is 134 m thick
in the El Boquerén creek (Palermo municipality), 99 m in the
typical section of the Yaguara River and 78 m in the Iquira Ri-
ver. The narrowest parts of the formation were registered in
the Yaguaracito River, where it was on 19 m wide. In the Itai-
be creek, the Yaguard Formation is approximately 150 m thick
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and is correlated with the N-12 to N-5 layers of the Campanian
and N-4 to N-1 of the Maastrichtian, as designated by Mendi-
velso (1982, 1993, Figure 3) for the Guadalupe Group.

The Yaguard Formation represents the facies change of the
Buscavida and La Tabla formations, and for this reason it is
assigned an equivalent age to these two units, which varies be-
tween the late Campanian and the early Maastrichtian.
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5.2. Facies analysis of the Santonian-Maastrichtian
interval that contains phosphates

Based on the interpretation of the facies and the lithocorrela-
tions that have been carried out, the possible hydrodynamic
conditions that prevailed on the sea floor during the accumu-
lation of the phosphate-rich sediments in the Santonian-Maas-
trichtian period are inferred. For this interpretation, a generic
morphological profile of a modern ramp-type coastal deposi-
tional system was taken as a reference, compiled from the pu-
blished specialized literature (Figure 6).

The sediments observed in the facies from the Lidita Infe-
rior and Lidita Superior formations accumulated on very low
sloping sea floors, which is reflected in the parallel flat stratifi-
cation of these units, and under low-energy and dysoxic con-
ditions. This conclusion is suggested by the predominance of
thinly laminated fine-granular facies arranged in a parallel and
flat sequence and the absence of any bioturbation. Thus, the-
se sediments belonged to a medium carbonate ramp environ-
ment, and were below the fair-weather wave action but above
the baseline of storm-driven waves.

In the Lidita Inferior and Lidita Superior formations, se-
dimentation was influenced by waves and bottom currents,

which is expressed within the phosphate lithofacies. These li-
thofacies present slightly wavy stratification and lamination,
parallel and nonparallel, canaliform layers, decreases in grain
size, a low to moderate degree of bioturbation, and rounded
and imbricated particles. The observed lithofacial characteris-
tics support reworking processes by unidirectional marine cu-
rrents induced by tides, normal waves and the energetic action
of storm waves. In the case of the Lidita Inferior Formation, an
enrichment in organic matter is observed (>1%), which sug-
gests that accumulation occurred with minimal benthic oxy-
gen levels (e.g., at the sediment-water interface, or a few cen-
timeters below), which would have prevented oxidation and
subsequent bacterial destruction. The appearance of benthic
foraminifera is an indication of shallower conditions in the se-
dimentary environment, possibly toward the upper part of the
middle ramp (upper offshore).

The Aipe and La Tabla formations, represented by clayey
to silty sandstone, with grain sizes that vary from very fine to
granule, correspond to moderate to high energy environments.
Additionally, these environments contained active benthic orga-
nisms (with high degrees of bioturbation), had wavy to sloped
laminations, and thick to very thick layers. These characteristics
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| \ |
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Figure 6. Interpreted sedimentary environment corresponding to the different Upper Cretaceous facies
Based on Fliigel and Munnecke (2010), Reineck and Singh (1980); Walker and Plint (1992); Evoy and Moslow (1995); Zelazny et al. (2018).
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indicate an upper to lower shoreface depositional environment
on an oxygenated bottom along the internal ramp.

The Buscavida Formation is characterized by facies that
indicate environments with moderate to low energies, possi-
bly indicative of hydrodynamic conditions along an internal
ramp environment in the lower shoreface (Reineck and Singh,
1980). This interpretation is based on heterolytic laminations,
the abundance of benthic foraminifera and the presence of bu-
rrows. Furthermore, it is common for sandstones and muds-
tones to be associated with calcareous deposits during periods
of low terrigenous contribution. The hydrodynamic conditions
inferred from the facies of the Aico Formation are similar, al-
beit shallower, to those of the Lidita Superior and Lidita In-
ferior formations, as evidenced by the benthic fauna and the
sedimentary structures observed, probably associated with a
lagoonal environment.

Finally, the Yaguard Formation presents facial variations
that indicate variable hydrodynamic energy. With a predomi-
nance of sandstone facies with grain sizes that vary from very
fine to fine, wavy laminations, layers with textural variations
between coarse and very coarse, and evidence of high degrees
of bioturbation (indicating locally complete disturbance) by
the vigorous action of benthic organisms within the substrate.
The energy of this environment ranged from moderate to high
and likely represents a lower to upper shoreface configuration
on an oxygenated bottom on the internal ramp. The fine-gra-
nular facies were thinly laminated, in parallel, and interspersed
with siltstones, which suggests accumulation occurred in the
middle ramp on a sea floor with low levels of hydrodynamic
energy and below the action of the waves during good weather.

The La Juanita Member of the Yaguara Formation contains
large accumulations of bioclastic carbonates (grainstone and
packstone) and canaliform layers of disarticulated ostreids,
with its long axis parallel to the stratification, which suggests
that accumulation occurred in high energy areas with intense
biological activity that were subjected to waves and unidirec-
tional currents. This area was possibly a well oxygenated in-
tertidal and subtidal zone that was located between the upper
shoreface and the foreshore (Reineck and Singh, 1980).

5.3. Basin paleotopography for the phosphate-
bearing Santonian-Maastrichtian interval

Based on the lithocorrelation of the Upper Cretaceous strati-

graphic sections (Figures 7 and 8), for which a baseline was

taken at the contact between the Yaguard and Seca formations,
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the possible paleotopography of the basin in the western sector
of the Neiva subbasin of the UMV that corresponds to the San-
tonian and Maastrichtiano periods, is inferred.

The distribution, shape and thickness of the observed fa-
cies, as well as the lithostratigraphic units involved, allow us to
suggest that tectonism conditioned the landforms of the basin
floor. This tectonic activity was probably related to the uplift
pulses of the ancient Central Cordillera during the Campanian
and Maastrichtian periods (Salazar, 1992; Villamil, 1998; Velo-
za et al., 2008; Roncancio and Martinez, 2010; Bayona, 2018;
Villamizar et al., 2021).

The uplift triggered a subsidence deformation mechanics
that led to the creation of foreland basins (Jordan, 1995; Fle-
mings and Jordan, 1990, Horton et al., 2010) and facilitated
deposition within a tectonic post-graben environment (F6llmi
et al,, 1992, Horton et al., 2010). This dynamic tectonic fra-
mework allowed certain faults to control the accommodation
space and the sediment accumulation conditions along the
bottoms as well as the paleotopographic configuration of the
sedimentary environments of the units studied here. This re-
sulted in zones with differential subsidence essentially contro-
lled by regional tectonics. As a product of this tectonism, there
are synchronous and heterotopic lithostratigraphic units that
show marked variability in terms of thickness and facies, as is
the case of the Aipe vs. Aico and the Yaguara vs. Buscavida and
La Tabla formations.

Depending on the intensity and periodicity of the tectonic
uplift, there were periods in which the sedimentation was rela-
tively more stable, which added to the relative eustatic sea level
conditions and allowed the Lidita Inferior and Lidita Superior
formations to be deposited in less dynamic environments.
These units present facies associated with a relative rise in sea
level with low rates of sharp accumulation of sediments un-
der low energy conditions, as evidenced by their sedimentary
structures.

Concomitantly, physicochemical mechanisms were devel-
oped that favored the supply and mobilization of nutrients,
which led to the increase in bioproductivity that was necessary
for phosphogenesis. Subsequently, the pristine phosphate gen-
erated was remobilized and concentrated by waves and bot-
tom currents in layers of “granular” phosphates (sensu Glenn
etal., 1994) or “allochthonous” phosphates (sensu Follmi et al.,
1992; Follmi, 1996) in the Lidita Superior and Lidita Inferior
Formations. The most likely accumulation mechanism would
have occurred through storm-induced gravity sediment
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flows. These flows were generated between the base level of
the waves in both calm and stormy weather. Then, the flows
amalgamated successively to form the layers of granular or
allochthonous phosphate, which are the thickest and most
economically interesting phosphate deposits in Colombia and
worldwide (Grimm, 2000; Pufahl et al., 2003).

The accumulation mechanism of phosphorites associated
with quartz-arenite rocks, such as those found in the Yaguara
Formation (e.g., in the Divino Nifio stratigraphic section, in
NE Paicol, see Figure 4d), was possibly similar; the differen-
ce is in the hydrodynamic and depth conditions. To explain
these coastal phosphorites, a rapid accumulation of granular
phosphates is inferred in littoral areas due to storms, a pro-
cess analogous to that described by Brenner and Davis (1973)
to explain underdeveloped sand bars in intertidal plains. This
type of deposit shows little lateral continuity, as confirmed
by the geological mapping carried out in the surroundings of
the El Divino Nifio phosphate mine to the NE of Paicol. Fur-
thermore, these deposits were specifically conditioned by the
morphology of the bottom and the dynamics of the flow that
mobilized them.

By comparing the thicknesses of the Upper Cretaceous li-
thostratigraphic units in the SN direction in the west of the
study area (Figure 7), a thickening is observed oriented along
the NE direction, which varies from slightly more than 60 m
in the Yaguaracito River section to more than 200 m in the
Bambuca creek section. This thickening trend is evident throu-
ghout the entire UMYV basin, as reported by Vergara (1997) and
Mora (2003), who affirm that the increase in accommodation
space in the units to the north of the basin is notable, which
allows for a greater accumulation of sediment.

It is feasible to consider that the sea floor on which these
units were deposited did not present a continuous form but
instead showed landforms, or a paleotopography, that would
have controlled the thickness and distribution of the sedi-
ments, as well as the hydrodynamic conditions that impacted
the sediments and the sedimentary environments. These inter-
pretations can be inferred from the lithocorrelation that was
carried out in the study area along the east to west orientation,
(Figure 8).

It is inferred that toward the end of the Maastrichtian, there
was a paraconformity (sensu Howe, 1997) between the deposits
within the Yaguard or La Tabla formations and the Seca Forma-
tion. This is evidenced by the marked change from the fluvial
environments in the Seca Formation to the reddish mudstones

and claystones of the marine facies from the upper shoreface as
shown by the Yaguara or La Tabla Formations. Geological ma-
pping shows that the Yaguara Formation, on the western flank
of the La Hocha anticline, is gradually losing thickness along
the north-south direction because the uppermost layers of the
unit are progressively eroding, which confirms the proposed
hypothesis. Roncancio and Martinez (2010) related this event
to the first uplift pulses of the Central Cordillera, which initia-
ted the folding of the sedimentary sequence in the UMV basin.

6.

The detailed geological mapping and stratigraphic descrip-
tions made it possible to specify that the Upper Cretaceous
Lidita Inferior, Lidita Superior and Yaguara formations con-
tain the phosphate layers of major economic interest, which
correspond to phosphorites with packstone texture. The verti-
cal and lateral distribution of these layers is conditioned by the
compressive and transpressive structural style with dominant
tectonic transport toward the east. This gave rise to the folding
of the lithostratigraphic units of the Santonian-Maastrichtian
interval where the phosphates are hosted. Furthermore, the
deposits are truncated by regional faults, such as the La Plata
(Chusma) and San Francisco faults, which complicate the mo-
deling of these deposits.

The La Plata (Chusma) fault is considered the geological
limit between the Central Cordillera and the Neiva subbasin in
the UMV. The San Francisco fault is another important struc-
ture that truncates folds and the lithostratigraphic units where
the phosphate deposits are found. Some of the main fold axes
are curvilinear (e.g., the Tesalia syncline and La Hocha anticli-
ne) because the pre-Cretaceous basement affects the geomor-
phology of the structures.

The sedimentary components, textures and structures ob-
served in the phosphorites suggest that sediment transport
and accumulation was influenced by bottom currents and
storm-induced waves through gravity flows or rapid accu-
mulation of sediments in littoral sand bars in medium to very
shallow marine environments. Likewise, the Upper Cretaceous
facies (Santonian-Maastrichtian period) represented in the Li-
dita Inferior, Aipe, Aico, Lidita Superior, Yaguard, Buscavida
and La Tabla formations suggest a shallow, ramp-like marine
environment, with the seabed less than 40 m below the surface.
Additionally, accumulation occurred from the transition zone
to the upper shoreface to the middle ramp offshore. High ener-
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gy storms, such as hurricanes and typhoons, syndepositionally
reworked the pristine phosphate lithofacies, which later accu-
mulated as allochthonous phosphorites (Follmi et al., 1992; Fo-
llmi, 1996) or granular phosphorites (Glenn et al., 1994).

The successive amalgamation of granular, or allochtho-
nous, phosphate layers produced thicker deposits of greater
economic interest (Grimm, 2000; Pufahl et al., 2003). These
types of layers are the ones that appear in the study area and
must have formed during the periods of maximum storm acti-
vity, thus generating phosphorites with packstone texture.

The distribution, shape and thickness of the facies obser-
ved in the Upper Cretaceous units that correspond to the San-
tonian-Maastrichtian interval, which appear as outcrops in the
western regions of the Neiva subbasin, allow us to infer tec-
tonism and exhumation of the source areas concomitant with
sedimentation. This type of dynamic environment allowed
certain faults to control the sediment accommodation space,
the hydrodynamic conditions of the seafloor and the paleoto-
pography of the basin, which resulted in zones with differential
subsidence essentially controlled by regional tectonics.
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