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Detrital U-Pb Provenance, Mineralogy, and
Geochemistry of the Cretaceous Colombian
Back-Arc Basin
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Abstract The geology of the Cretaceous Colombian back-arc basin is reviewed con-
sidering detrital U-Pb provenance ages, mineralogy, and geochemistry of samples
collected from outcrop sections and wells at several localities in the core of the Eastern
Cordillera, Middle Magdalena Valley, and Catatumbo areas. The data set supports previ-
ous studies indicating a basin with main grabens in the present-day Eastern Cordillera
between the Guaicaramo/Pajarito and Bituima/La Salina border faults, which operated
as normal faults during the Cretaceous. Limestones are common on the western and
northern sides of the basin, whereas terrigenous strata predominate on the eastern
and southern sides. After the Berriasian, grabens were connected by marine flooding
during the Valanginian, with two main source areas documented by distinct element
and mineral contents, one in the Central Cordillera magmatic arc and the other in the
Guiana Shield. Some elements present in Lower Cretaceous shales, including scan-
dium, vanadium, and beryllium, are not related to the sediment supply areas for the
basin but instead are linked to Valanginian to Cenomanian hydrothermal activity and
dikes of gabbro, diorite, and tonalite emplaced during the main phase of extension
in the basin.
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Resumen La geologia de la Cuenca Cretacica Colombiana de back-arc se revisa con-
siderando edades de procedencia U-Pb, mineralogia y geoquimica de muestras co-
lectadas en secciones de afloramientos y pozos de varias localidades en el nicleo de
la cordillera Oriental, Valle Medio del Magdalena y Catatumbo. El conjunto de datos
respalda estudios previos que indican una cuenca cuyos principales grabenes se en-
contraban en la cordillera Oriental actual, entre las fallas de Guaicaramo/Pajarito y
Bituima/La Salina, que durante el Cretacico fueron fallas normales. Las calizas son
comunes en los lados occidental y norte de la cuenca, mientras que los estratos terri-
genos predominan en el lado este y sur de la misma. Después que los grabenes be-
rriasianos de la cuenca se conectaron por inundacion marina durante el Valanginiano,
se pueden documentar dos areas fuente con elementos y minerales distintivos, una
en el arco magmatico de la cordillera Central y otra en el Escudo de Guayana. Algunos
elementos presentes en los shales del Cretacico Inferior, incluidos escandio, vanadio y
berilio, no estan relacionados con las areas de aporte de los sedimentos de la cuenca,
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sino que estan ligados con la actividad hidrotermal relacionada a los diques de gabro,
diorita y tonalita, emplazados durante la extension principal de la cuenca desde el
Valanginiano hasta el Cenomaniano.

Palabras clave: Cretacico, back-arc, Colombia, procedencia U-Pb, geoquimica.

1. Introduction

The main depocenter of the Cretaceous Colombian back—arc
basin is located in the present—day Eastern Cordillera, includ-
ing the Cundinamarca, Boyacd, and Santander Departments,
where several stratigraphic wells, oil wells, and field sections
were studied (Figure 1). These areas include the Eastern Emer-
ald Belt (Cintur6n Esmeraldifero Oriental “CEOR”), Western
Emerald Belt (Cinturén Esmeraldifero Occidental “CEOC”),
Villeta, and Barichara/Bucaramanga. Three localities outside
the main depocenter were also studied, including the Catatumbo
area on the NE side of the basin and the Infantas oil well and
Aguachica area (Middle Magdalena Valle “MMV”’) on the NW
side of the basin.

The paleogeography and tectonic setting of the basin were
initially documented using field-measured sections, sedimentary
petrography, grain size distribution, and sequence stratigraphy
(Guerrero, 2002a, 2002b; Guerrero et al., 2000). The presence
of a magmatic arc delineating the western border of the basin
during the entire Cretaceous Period is demonstrated using pe-
trographic evidence that documents volcanic and metamorphic
particles sourced from the Central Cordillera (Guerrero et al.,
2000). Sandstones and biosparites have coarser grain sizes (very
coarse to conglomeratic) along the eastern and western margins
of the basin, where the thicknesses of coarse—grained units may
reach hundreds of meters; these facies change gradually to fin-
er—grained strata toward the center of the basin (Figures 2—4).
Offshore biomicrites, marls, and shales are thicker toward the
basin center, where they reach thicknesses of hundreds of meters.

Terrigenous sandstones and sandy biosparites on the western
margin are volcanic and metamorphic litharenites sourced from
the Central Cordillera; sandstones on the eastern basin margin
are quartz arenites sourced mostly from recycled Paleozoic and
older strata from the Guiana Shield. In fact, most Cretaceous
sections rest in angular unconformity on Paleozoic strata along
the eastern basin margin, whereas on the opposite, western mar-
gin of the basin, they rest in angular unconformity on Jurassic
rocks. There is no sedimentological or structural continuity be-
tween Upper Jurassic and Lower Cretaceous strata in any place
throughout the present—day Eastern Cordillera, so that there is
not a continuous “Mesozoic basin”. The basal sandstones of the
Cretaceous system exposed near Girén and Zapatoca, which rest
in angular unconformity on older basement and are transition-
ally covered by genetically related marine strata, were original-
ly included in the Girdn strata by Hettner (1892). Later, these
beds were erroneously assigned to the Jurassic, based only on
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stratigraphic position, but in fact, they correspond to fluvial and
shoreface transgressive sandstones of Berriasian and Valangin-
ian age, which are now included in the Tambor, Tibasosa, Arca-
buco, Buenavista, and Batd Formations (e.g., Etayo—Serna et al.,
2003). There is no temporal or structural relationship between
the basin and the Jurassic separation of Pangea, which affect-
ed parts of Brasil and Venezuela in northern South America.
Actually, the Jurassic strata and igneous rocks, parallel to the
Central Cordillera, are associated with a magmatic arc related
to subduction along the western border of the continent (e.g.,
Bustamante et al., 2010; Zapata et al., 2016). The Cretaceous
back-arc and forearc basins are also related to subduction of
the Pacific Oceanic Plate beneath the western margin of South
America. The Cretaceous succession from the Eastern Cordil-
lera of Colombia was deposited in a back—arc basin related to
subduction instead of a Mesozoic rift related to the breakup of
Pangea. The Cretaceous strata that rest in angular unconformity
on previously accreted oceanic crust in the Western Cordillera
and on the western side of the Central Cordillera are assigned to
the forearc basin and are not included in this study.

The main back—arc basin rift exposed in the Eastern
Cordillera was controlled by NNE—striking normal faults
that were active throughout the Cretaceous, as indicated by
the great thickness (5000 m) and wide age range (Berria-
sian to Maastrichtian) of strata W of the Guaicdramo Fault
compared to the reduced thickness (500 m) and restricted
age range (only Turonian to Maastrichtian) of strata E of
the fault (Guerrero, 2002b). After the Berriasian to Ceno-
manian synrift stage, subsidence continued to be greater in
the central rift than in areas E of the Guaicaramo Fault, as
indicated by the reduced thickness (ca. 500 m) of Turonian
to Maastrichtian strata in the present—day Llanos Foothills
and Putumayo areas compared to the approximately 1500 m
of equivalent strata (Chipaque Formation, Guadalupe Group,
and Guaduas Formation) W of the fault (Guerrero, 2002b;
Guerrero & Sarmiento, 1996). Other evidence that supports
the age of synrift subsidence is the presence of Valanginian
to Cenomanian dikes of gabbro, diorite, and tonalite (Gémez

—_—

Figure 1. Study area in part of the Cretaceous Colombian back-
arc basin, including the locations of wells and field sections from
the CEOR (GA, MSP), Villeta (QP, RC), CEOC (BB, 0), Barichara (QLP,
QAD), Aguachica (CAB, CES), and Catatumbo (QLL, RR). The highest
contents of zirconium (average percentages per locality) are in the
SE part of the basin.
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Figure 2. Units studied in the N sector of the basin, including the MMV, Barichara/Bucaramanga, and Catatumbo areas. Locations pro-
jected to line AA’ of Figure 1 are: (CAB) Cafio Agua Blanca; (CES) Cafio El Salto; (QAD) Aguadulce Creek; (QS) La Sorda Creek; (QLL) La Leche
Creek; (RR) Riecito River; (QLP) La Paja Creek. Oil wells are (INFA) Infantas; (RIO) Rio de Oro; (SAR) Sardinata. Cross section modified from

Guerrero (2002a).

et al., 2015; Vdasquez et al., 2005, 2010), which intruded
Lower Cretaceous strata during the main extensional phase
of the basin. Subsequently, during the Turonian to Maas-
trichtian thermal subsidence of the basin, magmatic and hy-
drothermal activity stopped in the central rift.

The main rift was initially subdivided into grabens separat-
ed during the Berriasian but connected by the late Valanginian
when the present—day Santander, Floresta, and Quetame Mas-
sifs were completely flooded by offshore marine strata. The
role of Cretaceous normal faults and their Cenozoic inversion
was initially discussed by Cooper et al. (1995) and has been
recognized by Sarmiento—Rojas et al. (2006), Horton et al.
(2010), and Mora et al. (2010), and among others. Teson et al.
(2013) documented several grabens, including Guatiquia, Pisba,
Cocuy, and Tablazo, which were bounded by the Guaicdramo,
Pajarito, Pesca, Servitd, Lengup4, Soapaga, Boyacd, Bituima,
and La Salina normal faults.

The purposes of this chapter are to better document the two
source areas and the evolution of the Cretaceous Colombian
back—arc basin and to characterize the rock types from succes-
sions at several localities. We present new results on XRD min-
eralogy and ICP-MS/OES geochemistry mainly from shales
and biomicrites, along with U-Pb ages of zircon grains con-
tained in sandstones from both sides of the basin.
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2. Materials and Methods

Fine—grained strata including biomicrites, marls, and shales, as
well as coarse—grained strata including sandstones and biospar-
ites, were collected mainly from 9 wells and 35 field sections of
key localities within the basin (Figures 1-4; Tables 1-3). Table
1 contains the initial and final coordinates of stratigraphic sec-
tions exposed along creeks, rivers, and roads. Table 2 displays
the coordinates of sampled oil and stratigraphic wells, with the
depth information in feet for each unit. Table 3 contains the
stratigraphic information and the coordinates of sandstone sam-
ples collected outside the main stratigraphic sections.

Selected samples of sandstone, volcanic tuff, and limestone
were processed for detrital zircon U-Pb dating with a single
collector quadrupole LA-ICP-MS Agilent 7700x instrument
at the laboratories of Apatite to Zircon, Inc., in Viola, Idaho,
USA. Details of the procedures, statistics, and standards em-
ployed are presented by Chew & Donelick (2012), Moore
(2014), and Moore et al. (2015). According to the report pro-
vided by Apatite to Zircon, Inc., the approach was the modeling
of background—corrected signal intensities for each isotope in
each scan. U-Pb age standards for which independently ac-
cepted ages are published were designated primary, second-
ary, and tertiary for purposes of age calibration. A minimum of
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Figure 3. Units studied in the S sector of the basin. Locations projected to line BB’ of Figure 1. Sections are from (R) rivers; (Q) creeks;
and road cuts, including (MSP) San Pedro Mine; (C) Cachipay; (GA) Gachala; (RT) Tobia River; (QBB) Buriburi Creek; (RS) Samaca River; (QN)
Negra Creek; (V) Caiquero; (QED) El Datil Creek; (QLM) Los Monos Creek; (QSA) San Antonio Creek; (RC) Contador River; (QP) Pifal Creek;
(0) otanche; (RN) Negro River; (QC) Cobre Creek; (RCA) Cafas River; (QG) Guate Creek. Stratigraphic Agencia Nacional de Hidrocarburos

(ANH) wells are COS-14, COS—15, CON-8, CON-7, CON-6, and COS-5. Cross-section modified from Guerrero (2002a).

two primary and two secondary standard spots were analyzed
prior to and following each group of ca. 2540 tertiary stan-
dards and/or unknown sample spots. Tertiary standards were
also analyzed with the primary and secondary standards. For a
particular isotopic ratio (e.g., 2°°Pb/?*®U), the fractionation fac-
tor equals the accepted isotopic ratio divided by the measured
ratio (radiogenic Pb only). For zircon U-Pb standards, common
Pb was assumed to be negligible, and fractionation factors and
their absolute errors were determined directly for the isotopes
of interest. Fractionation factors and their errors for each spot
were smoothed to yield session—wide spot fractionation factors
and their errors. Fractionation factors were calculated based
on the following assumptions: (a) 2°U values were calculat-
ed from measured 2*#U values (Steiger & Jéger, 1977) and (b)
zero fractionation was assumed between 2°Pb and *Pb. For
common Pb correction, the Stacey & Kramers (1975) common
Pb model for the Earth was used. Ages and common Pb ratios
were determined iteratively using an arbitrary, session—wide
minimum common Pb age value (the default minimum com-
mon Pb age was arbitrarily set equal to the age of the oldest
age standard in the current session). For each scan, U-Pb ages
and their asymmetrical errors were calculated. For a sum of N
scans, the U-Pb age and its error were calculated from the sum

of the respective isotopes and a fractionation factor calculated
as a weighted sum of N fractionation factors, one fractionation
factor for each scan, and each fractionation factor was weighted
by the amount of uranium or thorium for the scan.

In total, 110 inclusion—free zircon grains were processed
from most samples, obtaining an average of 100 dates per sam-
ple. The reported results consist of a single date for each ana-
lyzed zircon grain. Data are plotted as age histograms and age
probability distribution functions. Detailed data are presented
in Tables 1 and 2 of the Supplementary Information.

Heavy minerals were processed by HM Research Associates
in St. Ishmaels, Pembrokeshire, UK. Elemental analyses were
conducted at ACME Analytical Laboratories in Bogotd, Co-
lombia, using a Thermo 6500 DUO equipment for ICP—OES of
major elements and an Agilent 7500cx system for ICP-MS of
minor elements and REE. Samples were previously fused with
lithium borate salts using a Claisse M4 Fluxer.

3. Results

The results from U-Pb provenance analyses are displayed in
Table 4 and Tables 1, 2 of the Supplementary Information. The
youngest ages are in the interval of 50 to 150 Ma and corre-
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Figure 4. Location of the Cretaceous Colombian back-arc basin between the Central Cordillera and the Guiana Shield. The studied sections
include the CEOR (SL, VI); Villeta (VILL); CEOC/Villa de Leyva (VL); Barichara/Bucaramanga (BU); Aguachica (MMV); Catatumbo (CA). Referenced
sections include: (PU) Putumayo; (UMV) Upper Magdalena Valley; (LL) Llanos; (BO) Bogota; (CO) Cocuy; (PE) Périja; (ME) Mérida. La Guajira Pen-
insula (GU) was aligned with the Santa Marta Massif and the Central Cordillera. Modified from Guerrero (2002a) and Guerrero et al. (2000).

spond to coeval Cretaceous particles present in strata from the
Magdalena Valley and W side of the Eastern Cordillera. Im-
portant age peaks of 150 to 200 Ma (Jurassic) and 200 to 250
(Triassic) are also present on the W side of the basin.

Older peaks, present in samples from both the E and W sides
of the study area, are centered around 250 to 550 Ma (Paleozoic)
and 900 to 1200 Ma (late Mesoproterozoic to early Neoprotero-
zoic); however, these ages are more common in samples from
the E side of the Eastern Cordillera. Other important provenance
ages are around 1500 Ma (early Mesoproterozoic) and 1800 Ma
(late Paleoproterozoic), which are also more common on the E
side of the Eastern Cordillera. The oldest grains, 3250 to 3950
Ma (Paleoarchean and Eoarchean), are present in very minor
amounts, usually 1 or 2 particles per sample.

XRD mineralogical results from selected units are displayed
in Table 5. The highest contents of kaolinite and montmorillon-
ite correspond mainly to the Llanos Foothills, CEOR, Villa de
Leyva, and Barichara areas. The highest contents of illite and
chlorite are mainly from the CEOC, Villeta, and Magdalena
Valley areas. The percentages displayed are averages per for-
mation in a particular section. The majority are field sections,
except for wells COS-5, COS-14, COS-15, CON-6, CON-7,
CON-8, SAR 3K, and INFA-1613. Most samples were pro-
cessed from shales, but there are also marlstones, biomicrites,
and cherts. The lowest clay mineral contents (1 to 5 %) are
from biomicrites and cherts of La Luna Formation; the highest
contents (69%) are from the Chipaque Formation shales. The
last column reports the sum of phyllosilicates, including illite,
pyrophyllite, kaolinite, chlorite, and montmorillonite.

ICP-OES major element percentages of selected shale beds
are displayed in Table 6. Samples with the highest A1,O, con-
tents are mainly from units with high amounts of mudstone
and clay shale, including the Paja, San Gil, Chipaque, Conejo,
Fémeque, and Macanal Formations. In these units, most clay—
sized particles correspond to clay minerals, as indicated by
XRD analyses. Samples with the highest contents of titanium
(COS-15-2054 Paja Formation), chromium (O-75 Hilo Forma-
tion), and scandium (C-12 Macanal Formation) are included.

The ICP-OES major element percentages of limestone and
chert units (with less than 5% Al O,) are displayed in Table 7.
Samples with the highest CaO contents include mainly examples
from La Luna Formation biomicrites. The highest SiO, contents
correspond to diagenetic cherts of the Lidita Inferior, Lidita Su-
perior, Hilo, and La Luna Formations. The samples with the high-
est contents of nickel (SAR-7443) and phosphorus (QLL-55) in
the study are from La Luna Formation in the Catatumbo area.

Minor elements of selected biomicrite and shale units are
presented in ppm in Table 8. The highest contents of vanadium
are from shale samples (QP—440 and O-05) of the Hilo Forma-
tion from the Villeta and CEOC areas. The highest contents of
uranium (SAR-7443) and strontium (QLL-55) are from bio-
micrite samples of La Luna Formation in the Catatumbo area.
The highest values of scandium are from the Macanal (C-12
and MSP-25), Villa de Leyva (COS14-459), and Fémeque
(QED-35) Formations. The highest zirconium value is from
a sample (COS15-2054) of the Paja Formation in the Villa de
Leyva area. The regional distribution of zirconium is also pre-
sented in Figure 1.

Table 9 presents the REE in ppm. The highest cerium con-
tent is present in a sample (COS14-1575) from the Arcabuco
Formation in the Villa de Leyva area. High cerium values are
present mostly in the Paja and San Gil Shales from the Villa de
Leyva area, along with the Aguacaliente and Une Formations
from the Llanos Foothills. The highest content of yttrium is
from a sample (RT—10) of the Murca Formation in the Villeta
area. The heavy REE are generally associated with the Murca,
Trincheras, and Pacho Formations from the Villeta area.

4, Discussion

4.1. Provenance and Paleogeography of the
Basin from Detrital Zircon U-Pb Ages

Zircon U-Pb dates obtained from samples collected at sever-
al stratigraphic positions and various localities (Figures 1-4)
confirm previous paleogeographic reconstructions based on pe-
trography and sandstone distribution (Guerrero, 2002a, 2002b;
Guerrero et al., 2000), indicating a back—arc basin sourced
from the magmatic arc in the W and the Guiana Shield in the
E during the entire Cretaceous time span. Samples are mainly
sandstones, but finer—grained strata, including a few siltstones,
shales, and biomicrites, are included. Most formations were
sampled several times, so a few representative examples are
presented here to illustrate the source areas.

4.1.1. Llanos Foothills and CEOR

In the SE sector of the basin, along the periphery of Bogota,
Villavicencio, and San Luis, the Cretaceous succession and Pa-
leozoic sedimentary basement were sampled. The youngest zir-
con particles in Paleozoic strata are 300 to 350 Ma (Figure 5),
which confirms the Carboniferous age of the Farallones Group.
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Table 1. Location of field sections.

Sample
BB-00
BB-10
C-00
C-48
CAB-00
CAB-128
CAB-130
CES-00
CES-82
CES1-00
CES1-20
GA-00
GA-62
MSP-00
MSP-36
0-00
0-96
QAD-00
QAD-77
QADI-00
QADI1-60
QBB-00
QBB-12
QC-00
QC-50
QCI1-00
QCl1-54
QED-00
QED-36
QG-00
QG-137
QG-251
QG-292
QLL-00
QLL-02
QLL-04
QLL-63
QLM-00
QLM-53
QLP-00
QLP-66
QN-00
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Section
Buriburi
Buriburi
Cachipay
Cachipay
Agua Blanca Creek
Agua Blanca Creek
Agua Blanca Creek
El Salto Creek
El Salto Creek
El Salto Creek
El Salto Creek
Gachal4
Gachala
M. San Pedro
M. San Pedro
Otanche
Otanche
Aguadulce Creek
Aguadulce Creek
Aguadulce Creek 1
Aguadulce Creek 1
Buriburi Creek
Buriburi Creek
Cobre Creek
Cobre Creek
Cobre Creek 1
Cobre Creek 1
El Détil Creek
El Ditil Creek
Guate Creek
Guate Creek
Guate Creek
Guate Creek
La Leche Creek
La Leche Creek
La Leche Creek
La Leche Creek
Los Micos Creek
Los Micos Creek
La Paja Creek
La Paja Creek

Negra Creek

Area
CEOC
CEOC
CEOR
CEOR
Aguachica
Aguachica
Aguachica
Aguachica
Aguachica
Aguachica
Aguachica
CEOR
CEOR
CEOR
CEOR
CEOC
CEOC
Barichara
Barichara
Barichara
Barichara
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOR
CEOR
Villeta
Villeta
Villeta
Villeta
Catatumbo
Catatumbo
Catatumbo
Catatumbo
CEOR
CEOR
Barichara
Barichara

CEOC

Formation
Furatena (Lower)
Furatena (Lower)
Macanal
Macanal
La Luna (Upper)
La Luna (Upper)
Umir (Lower)
La Luna
La Luna
La Luna
La Luna
Macanal
Macanal
Macanal
Macanal
Hilo
Hilo
La Luna
La Luna
La Luna
La Luna
Furatena (Lower)
Furatena (Lower)
Lidita Inferior
Lidita Inferior
Lomagorda
Lomagorda
Fomeque
Fomeque
Lidita Inf.

Lidita Inf.
Lidita Sup.
Lidita Sup.
Guayacan
Guayacan
La Luna
La Luna
Fomeque
Foémeque
Paja

Paja

Villa de Leyva

Age
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Coniacian to Santonian
Coniacian to Santonian
Early Campanian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Middle and late Albian
Middle and late Albian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Berriasian — early Hauterivian
Berriasian — early Hauterivian
Late Santonian
Late Santonian
Turonian to Santonian
Turonian to Santonian
Barremian and Aptian
Barremian and Aptian
Late Santonian
Late Santonian
Late Campanian
Late Campanian
Cenomanian
Cenomanian
Turonian to Santonian
Turonian to Santonian
Barremian and Aptian
Barremian and Aptian
Barremian and Aptian
Barremian and Aptian

Late Hauterivian

Latitude N
5°40°28.931”
5°40°27.833”
4°52°24.791”
4° 527 23.458”
8° 137 28.226”
8°13725.764”
8°13725.725”
8°12°08.312”
8° 12 05.444”
8°12°08.911”
8°12°08.853”
4° 41’44 4167
4° 41’ 45.454”
4°51°23.858”
4°51°24.804”
5°42’50.420”
5°42°49.222”
7°11°06.173”
7° 11’ 06.670”
7° 117 18.134”
7° 11’ 18.037”
5° 40’ 36.746”
5°40°36.717”
5°41°41.386”
5°41°39.970”
5°42’04.020”
5°42’02.266”
5°01° 54.296”
5°01°55.929”
4° 53°59.292”
4°54°01.026”
4° 54’ 00.408”
4° 54’ 00.354”
8° 08’ 56.797”
8°08°57.311”
8° 08’ 57.822”
8°09°09.873”
5°04°22.882”
5°04’20.588”
7°01°26.468”
7°01°25.114”
5°3540.402”

Longitude W
74° 03’ 54.439”
74° 03’ 53.743”
73° 14’ 18.525”
73° 14’ 16.868”
73°32°07.428”
73°32°11.248”
73° 32’ 11.306”
73° 31’ 18.000”
73°31°20.457”
73°31°13.229”
73°31°13.827”
73°29’43.044”
73°2946.375”
73°22°28.851”
73°2230.268”
74° 11° 54.956”
74° 11’ 51.865”
73° 17’ 40.617”
73° 17’ 43.550”
73° 17’ 32.182”
73° 17’ 34.405”
74° 03’ 41.176”
74° 03’ 40.604”
74° 12’ 27.255”
74° 12 26.572”
74° 12’ 27.205”
74°12°25.176”
73°20°25.292”
73°20°24.462”
74°32°03.307”
74°32°08.472”
74° 32 13.807”
74° 32’ 15.777”
72°41°31.315”
72° 41°30.412”
72° 41°29.509”
72° 41’ 14.692”
73° 24’ 53.983”
73° 24’ 57.524”
73°20°04.444”
73°20°08.359”
73°30’02.088”



Table 1. Location of field sections (continued).
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Sample
QN-10
QNP-00
QNP-34
QP-00
QP-465
QS-00
QS-16
QS1-02
QS1-36
QS2-00
QS2-20
QS2-22
QS2-52
QSA-00
QSA-100
QSAC-00
QSAC—48
QSACH-00
QSACH-30
QSAU-00
QSAU-18
RC-00
RC-44
RCA-00
RCA-80
RN-00
RN-112
RR-02
RR-20
RR1-00
RR1-10
RR1-18
RR1-60
RSP-00
RSP-32
RSR-00
RSR-34
RT-00
RT-62
VV-00
VV-89

Section
Negra Creek
Negra Creek
Negra Creek
Pifial Creek
Pifal Creek
La Sorda Creek
La Sorda Creek
La Sorda Creek 1
La Sorda Creek 1
La Sorda Creek 2
La Sorda Creek 2
La Sorda Creek 2
La Sorda Creek 2

San Antonio Creek
San Antonio Creek
S. Antonio Creek C
S. Antonio Creek C
S. Antonio Creek Ch
S. Antonio Creek Ch
S. Antonio Creek U
S. Antonio Creek U

Contador River
Contador River
Caiias River
Caiias River
Negro River
Negro River
Riecito River
Riecito River
Riecito River 1
Riecito River 1
Riecito River 1
Riecito River 1
Samacd River
Samacd River
Samacé River
Samacé River
Tobia River
Tobia River
Caiquero

Caiquero

Area
CEOC
CEOC
CEOC
Villeta
Villeta
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
CEOR
CEOR
CEOR
CEOR
CEOR
CEOR
CEOR
CEOR
Villeta
Villeta
Villeta
Villeta
CEOC
CEOC
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo
CEOC
CEOC
CEOC
CEOC
Villeta
Villeta
Villeta
Villeta

Formation
Villa de Leyva
Paja
Paja
Hilo
Hilo
El Salto
El Salto
La Luna (Lower)
La Luna (Lower)
El Salto
El Salto
La Luna (Lower)
La Luna (Lower)
Aguacaliente
Aguacaliente
Chipaque
Chipaque
Chipaque
Chipaque
Une (Upper)
Une (Upper)
Hilo (Lower)
Hilo (Lower)
Conejo
Conejo
Pacho
Pacho
Capacho
Capacho
Guayacan
Guayacan
La Luna
La Luna
Villa de Leyva
Villa de Leyva
Ritoque
Ritoque
Murca (Lower)
Murca (Lower)
Trincheras

Trincheras

Age
Late Hauterivian
Barremian and Aptian
Barremian and Aptian
Middle and late Albian
Middle and late Albian
Cenomanian
Cenomanian
Turonian
Turonian
Cenomanian
Cenomanian
Turonian
Turonian
Late Campanian
Late Campanian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Turonian to Santonian
Late Cenomanian
Late Cenomanian
Middle Albian
Middle Albian
Turonian to Santonian
Turonian to Santonian
Cenomanian
Cenomanian
Middle and late Albian
Middle and late Albian
Cenomanian
Cenomanian
Turonian to Santonian
Turonian to Santonian
Late Hauterivian

Late Hauterivian

Late Valanginian — early Hauterivian
Late Valanginian — early Hauterivian
Berriasian — early Hauterivian

Berriasian — early Hauterivian

Barremian and Aptian

Barremian and Aptian

Latitude N
5°35739.696”
5°3538.593”
5°35°37.967”
4°52°25.191”
4°52°06.673”
7° 09’ 38.294”
7° 09’ 38.753”
7°09°50.411”
7° 09’ 48.200”
7° 09’ 57.080”
7°09°58.418”
7° 09’ 58.552”
7°10°00.565”
4°50° 15.031”
4°50°11.838”
4° 507 34.658”
4°50°33.001”
4°50°27.921”
4°50°26.784”
4°51°13.7147
4°51°13.752”
4°52°59.887”
4° 52 59.100”
4°56°31.704”
4° 56’ 28.080”
5° 177 35.949”
5°17°33.238”
8° 03’ 02.089”
8°03’05.512”
8°03’30.022”
8°03730.158”
8°03°30.265”
8°03°30.834”
5°35°19.005”
5°35’17.562”
5°35730.385”
5°35°31.205”
5°04°16.218”
5°04°14.781”
5°03’51.475”
5°03’47.484”

Longitude W
73°30°02.193”
73°2956.222”
73°29°54.923”
74°30°09.671”
74° 29’ 55.123”
73°18°05.373”
73° 18’ 05.597”
73°18°04.775”
73°18°06.301”
73°18°00.931”
73° 18’ 01.340”
73°18°01.379”
73°18°01.991”
73°12°25.203”
73°12°25.178”
73° 12’ 23.685”
73°12°23.408”
73° 12’ 24.635”
73°12°24.231”
73° 12’ 14.776”
73°12°14.292”
74°31°09.813”
74°31°08.615”
74° 16’ 10.733”
74° 16’ 02.777”
74° 04 43.213”
74° 04’ 52.281”
72° 48 26.230”
72° 48’ 26.056”
72° 48’ 26.355”
72° 48’ 27.350”
72° 48’ 28.150”
72° 48 32.337”
73° 30’ 44.572”
73° 30’ 43.650”
73° 30’ 54.584”
73°30°51.049”
74° 26’ 44287
74° 26’ 40.134”
74° 24’ 41.054”
74° 24’ 32.936”
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Table 2. Location of wells.

Sample and
depth in feet

CON-06-360
CON-06-1470
CON-07-134
CON-07-240
CON-07-485
CON-07-1810
CON-07-1880
CON-07-2420
CON-08-287
CON-08-1310
CON-08-1376
CON-08-2575
COS-05-261
COS-05-1059
COS-14-370
COS-14-650
COS-14-678
COS-14-1506
COS-15-893
COS-15-1323
COS-15-1330
COS-15-2220
INFA-4727
INFA-6243
INFA-6396
INFA-6472
INFA-6480
INFA-8840
INFA-8650
INFA-9358
INFA-9364
RIO-3496
RIO-4220
RIO-4780
RIO-5392
RIO-5768
RIO-5775
RIO-6259
SAR-7336
SAR-7460

Well

ANH-CON-06
ANH-CON-06
ANH-CON-07
ANH-CON-07
ANH-CON-07
ANH-CON-07
ANH-CON-07
ANH-CON-07
ANH-CON-08
ANH-CON-08
ANH-CON-08
ANH-CON-08
ANH-COS-05
ANH-COS-05
ANH-COS-14
ANH-COS-14
ANH-COS-14
ANH-COS-14
ANH-COS-15
ANH-COS-15
ANH-COS-15
ANH-COS-15
Infantas—1613
Infantas-1613
Infantas—1613
Infantas—1613
Infantas—1613
Infantas—1613
Infantas-1613
Infantas—1613
Infantas—1613
Rio de oro-14
Rio de oro-14
Rio de oro-14
Rio de oro-14
Rio de oro-14
Rio de oro-14
Rio de oro-14
Sardinata—n2

Sardinata—n2

Area

CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
CEOC
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
MMV
MMV
MMV
MMV
MMV
MMV
MMV
MMV
MMV
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo
Catatumbo

Catatumbo

Formation

Churuvita
Churuvita
Churuvita
Churuvita
San Gil Shale
San Gil Shale
San Gil Sandstone
San Gil Sandstone
San Gil Sandstone
San Gil Sandstone
Paja
Paja
Conejo
Conejo
Villa de Leyva
Villa de Leyva
Ritoque
Ritoque
San Gil Sandstone
San Gil Sandstone
Paja
Paja
LaLuna
La Luna
El Salto
El Salto
Simit{
Simit{
Tablazo
Paja
Paja
Mito Juan
Mito Juan
Colén (Lower)
Col6n (Lower)
La Luna
La Luna
Capacho
La Luna

La Luna

Age

Cenomanian
Cenomanian
Cenomanian
Cenomanian
Middle and late Albian
Middle and late Albian
Early Albian
Early Albian
Early Albian
Early Albian
Barremian and Aptian
Barremian and Aptian
Turonian to Santonian
Turonian to Santonian
Late Hauterivian

Late Hauterivian

Late Valanginian — early Hauterivian

Late Valanginian — early Hauterivian

Early Albian
Early Albian
Barremian and Aptian
Barremian and Aptian
Turonian to Santonian
Turonian to Santonian
Cenomanian
Cenomanian
Middle and late Albian
Middle and late Albian
Early Albian
Barremian and Aptian
Barremian and Aptian
Early Maastrichtian
Early Maastrichtian
Early Campanian
Early Campanian
Turonian to Santonian
Turonian to Santonian
Middle and late Albian
Turonian to Santonian

Turonian to Santonian

Latitude N

5°44°26.202”
5°44°26.202”
5°49°30.758”
5°49°30.758”
5°49°30.758”
5°49°30.758”
5°49°30.758”
5°49°30.758”
5°57°12.630”
5°57°12.630”
5°57°12.630”
5°57°12.630”
5°31°54.705”
5°31°54.705”
5°35°01.356”
5°35°01.356”
5°35°01.356”
5°35°01.356”
5°32°37.037”
5°3237.037”
5°3237.037”
5°3237.037”
6° 55°38.423”
6° 55 38.423”
6° 55°38.423”
6° 557 38.423”
6° 55°38.423”
6° 557 38.423”
6° 55 38.423”
6° 55°38.423”
6° 557 38.423”
9° 05’ 37.499”
9° 05’ 37.499”
9° 05’ 37.499”
9° 05’ 37.499”
9° 05’ 37.499”
9° 05’ 37.499”
9° 05’ 37.499”
8°30°15.474”
8° 30’ 15.474”

Longitude W

73° 44’ 14 .826”
73° 44’ 14 8267
73° 41’ 47.587”
73° 41’ 47.587”
73° 41’ 47.587”
73° 41’ 47.587”
73° 41’ 47.587”
73° 41’ 47.587”
73°36°31.512”
73°36°31.512”
73°36°31.512”
73°36°31.512”
73° 49’ 49.929”
73° 49’ 49 .929”
73° 31’ 30.586”
73°31°30.586”
73° 31’ 30.586”
73°31°30.586”
73° 38’ 06.689”
73° 38° 06.689”
73° 38° 06.689”
73° 38° 06.689”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
73° 46’ 43.388”
72° 54’ 04.926”
72° 54’ 04.926”
72° 54’ 04.926”
72° 54’ 04.926”
72° 54’ 04.926”
72° 54’ 04.926”
72° 54’ 04.926”
72° 39’ 04.879”
72° 39’ 04.879”
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Table 3. Sandstone samples located outside of main sections.

Sample Area Formation Age Latitude N Longitude W
GPS-89 Barichara Tablazo Early Albian 7°10°51.343” 73°16”47.387”
GPS-270 Aguachica Aguachica Late Aptian 8°13°01.122” 73°31°10.134”
GPS-500 Llanos Foothills San Luis Early Maastrichtian 4° 50 00.469” 73° 127 28.233”
GPS-501 Llanos Foothills San Antonio Early Campanian 4°50°11.561” 73° 127 50.548”
GPS-502 Llanos Foothills Chipaque Turonian to Santonian 4°50°31.771” 73° 127 59.524”
GPS-506 Llanos Foothills Alto de Caqueza Late Hauterivian 4°51°51.308” 73° 14’ 02.402”
GPS-510 Llanos Foothills Bata Berriasian 4°51°42.523” 73°16°07.012”
GPS-511 Llanos Foothills Farallones Carboniferous 4° 52’ 55.098” 73° 16’ 15.635”
GPS-518 Llanos Foothills Fémeque Barremian and Aptian 5°00’ 14.466” 73°30’ 14.414
GPS-520 Llanos Foothills Une (Middle) Middle and late Albian 5°03°09.896” 73°31°38.813”
GPS-526 Llanos Foothills Une (Upper) Cenomanian 5°04’52.142” 73°37°09.574”
GPS-540 Barichara Tambor Berriasian to Valanginian 6°31°31.234” 73° 02’ 37.969”
GPS-541 Barichara Tambor Berriasian to Valanginian 6° 36’ 23.379” 73° 02’ 47.256”
GPS-543 Barichara Rosablanca (Upper) Late Hauterivian 6°25°11.723” 73°09°31.939”
GPS-549 Barichara Tambor Berriasian to Valanginian 6° 537 59.656” 73° 20’ 58.413”
GPS-551 Barichara Tambor Berriasian to Valanginian 6° 53’ 54.205” 73°21°50.441”
GPS-553 Barichara Tablazo Early Albian 6° 56°30.482” 73° 227 40.936”
GPS-555 Barichara Simit{ Middle and late Albian 7° 08’ 32.549” 73°17°56.712”
GPS-556 Aguachica Aguachica Late Aptian 8°14°00.073” 73° 31’ 56.083”
GPS-564 Catatumbo Aguardiente Early Albian 7°57° 38.309” 72° 49’ 36.168”
GPS-568 Catatumbo Guayacdn Cenomanian 7°53°32915” 72° 42°04.787”
GPS-571 Barichara Tambor Berriasian to Valanginian 6° 52’ 00.669” 73°03’21.267”
GPS-572 Barichara Tambor Berriasian to Valanginian 6° 54’ 579117 73°01° 53.909”
GPS-579 Villeta La Naveta Late Hauterivian 4° 30’ 23.637” 74° 34’ 11.221”
GPS-599 Villeta Socota Early Albian 5°01°03.675” 74° 317 02.152”
GPS-602 Villeta Utica Late Hauterivian 5° 11’ 14.769” 74° 277 57.707”
GPS-619 Villeta Murca Berriasian to Hauterivian 5°04°07.443” 74° 26’ 00.059”
GPS-1210 Villa de Leyva San Gil Shale Middle and late Albian 5°3430.881” 73°30°19.854”
GPS-1211 Villa de Leyva Villa de Leyva Late Hauterivian 5°3506.535” 73° 30’ 52.170”
GPS-1220 Llanos Foothills Macanal (Middle) Early Valanginian 4°45°07.809” 73°33°38.372”
GPS-1238 Llanos Foothills Une (Lower) Early Albian 4°25°03.396” 73° 59 13.992”
ou CEOC La Tabla Early Maastrichtian 5°41°00.988” 74° 11’ 15.624”

Other important ages present in both Paleozoic and Cretaceous
strata (Figures 5-7; Table 4) are in the ranges of 450 to 650 Ma
(Ediacaran to Ordovician) and 900 to 1100 Ma, which corre-
spond with the late Mesoproterozoic to early Neoproterozoic
Grenvillian Orogeny. Middle and early Mesoproterozoic parti-
cles around 1300 and 1500 Ma and a few Paleoproterozoic and
Archean particles are also present, clearly indicating a cratonic
source area to the E. There are no particles of Jurassic or Cre-
taceous age. The lower part of the Cretaceous section contains
more abundant Paleozoic particles than the upper part because
Proterozoic particles became dominant as the Paleozoic sedi-
mentary basement was eroded. These results are similar to those

reported from the E side of the Eastern Cordillera by Horton et
al. (2010), who indicated that Paleozoic grains in the range of
500 to 400 Ma are more common in the lower part of the Cre-
taceous section, whereas Paleoproterozoic and Mesoproterozoic
grains of 2000 to 950 Ma become dominant in the upper part.

4.1.2. Villeta area, CEOC, and MMV

Along the W margin of the basin, the source areas of the Cre-
taceous strata were quite different from those for the Llanos
Foothills on the E basin margin. Mesoproterozoic and Paleozoic
particles were also present in the Central Cordillera but in lower
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Table 4. Detrital zircon U-Pb provenance ages (Ma).

Sample

GPS-500
QSA-92
GPS-501
GPS-502
GPS-526
GPS-520
GPS-1238
GPS-518
GPS-506
GPS-1220
GPS-510
GPS-511

CON6-1322
GPS-1210
CONB8-1181
GPS-1211
COS14-1550

QAD-15
QS-14.8

GPS-555
GPS-553
GPS-89

GPS-543
GPS-540
GPS-541
GPS-571
GPS-572
GPS-551
GPS-549

RR1-15
GPS-568
RR-00
GPS-564

GPS-556
GPS-270

(6]9)

GPS-599
GPS-602
GPS-579
GPS-619

Number of
particules

108
73
103
102
96
95
99
79
108
105
108
98

87
99
76
83
102

84
84
83
92
9]
103
109
94
104
104
104
100

100
99
82
106

89
106

28
99
102
64
98

Formation

San Luis
Aguacaliente
San Antonio
Chipaque
Une (Upper)
Une (Middle)
Une (Lower)
Fémeque
Céqueza Sandstone
Macanal
Batd

Farallones

Churuvita

San Gil Shale

San Gil Sandstone
Villa de Leyva

Arcabuco

La Luna
El Salto
Simiti
Tablazo
Tablazo
Rosablanca
Tambor
Tambor
Tambor
Tambor
Tambor

Tambor

La Luna
Guayacan
Capacho

Aguardiente

Aguachica

Aguachica

La Tabla
Socotd
Utica

La Naveta

Murca

Area

Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills
Llanos Foothills

Llanos Foothills

Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva
Villa de Leyva

Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara
Barichara

Barichara

Catatumbo
Catatumbo
Catatumbo

Catatumbo

Aguachica (MMV)
Aguachica (MMYV)

CEOC
Villeta
Villeta
Villeta

Villeta

Youngest
ages

477 £22
462 +22
548 +28
435 +26
410+ 18
463 £ 12
304 + 26
335+ 12
480 + 54
282 +26
312+ 10
311+ 12

445+ 17
525+24
332+30
428 + 14
401 =12

86+5

536 +30
473 £25
401 £ 17
361 +13
269 + 19
373+ 18
139+9
287+ 13
158 +8
256 + 11
145+6

90 + 4

487 £ 77
442 £ 18
420+ 16

145+ 8
164+6

78 +6

142 + 10
138+7
128 £ 13
135+£6

Youngest
ages group

450-500
450-500
450-550
400-450
400-450
450-500
300-350
300-350
450-500
250-300
300-350
300-350

400450
500-550
300-350
400-450
400450

50-100

500-550
450-500
400-450
600-650
400-450
350400
100-150
350400
150-200
250-300
150-200

50-100

450-600
400-450
500-550

100-150
170-186

50-100

100-150
100-150
100-150
100-150

Important age groups

1000-1050
1000-1050
900-950
1000-1050
1000-1050
950-1000
550-600
600-650
950-1000
400-450
400-450
500-550

1000-1050
1250-1300
550-600
850-900
900-950

200-250
1300-1350
950-1000
450-500
900-1000
500-550
450-550
150-200
500-550
200-250
400-450
200-250

100-150
1300-1350
1300-1350
950-1000

150-200
150-200

100-150
150-200
150-200
150-200
150-200

1550-1600
1200-1250
1300-1350
1150-1200
1300-1350
1250-1300
950-1000
900-950
1150-1200
900-950
900-950
1000-1050

1450-1500
1500-1550
850-900
950-1000
950-1000

1000-1100
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proportions than in the E sources. The age of zircon particles
(Figures 8, 9; Table 4) is dominated by Lower Cretaceous rocks
derived from magmatic and volcanic activity in the Central Cor-
dillera and by abundant Jurassic rocks exhumed before and during
the development of the Cretaceous basin. Sample GPS—619 from
the Murca Formation contains 27 particles that cluster at 135 + 6
Ma, which is within the Berriasian to Hauterivian biostratigraph-
ic age range of the unit. The highest frequency includes 37 parti-
cles in the 150 to 200 Ma Jurassic age range. Sample GPS-579
from La Naveta Formation contains 11 particles concentrated at
128 + 13 Ma and 35 particles (highest frequency) in the 150 to
200 Ma Jurassic age range. The Utica Formation (GPS—602) con-
tains 12 grains focused at 138 + 7 Ma and the highest frequency
(35 grains) in the 150 to 200 Ma Jurassic age range. The upper
sandstone/conglomerate members of the Murca, La Naveta, and
Utica Formations are contemporaneous regressive units of late
Hauterivian age, which include shoreface and fluvial deposits
sourced from the Central Cordillera magmatic arc. The names
have been inconsistently used to include upper Hauterivian re-
gressive conglomerates and sandstones of fluvial and shoreface
origin and Berriasian to lower Hauterivian mudstones with minor
sandstone interbeds of marine origin. The ages of zircon grains
presented here are consistent with the Berriasian to Hauterivian
biostratigraphic range of the units. The sedimentary petrography
and the grain size paleogeography of the sandstones (Guerrero,
2002a; Moreno, 1990, 1991) also indicate provenance from the
Central Cordillera.

The lower Albian sandstones of the Socotd Formation show
the same pattern of Jurassic to Early Cretaceous grains. Sample
GPS-599 includes 5 particles centered at 142 + 10 Ma and 12
particles in the 150 to 200 Ma Jurassic age interval. Interest-
ingly, it also includes a number of Proterozoic dates at approx-
imately 1150 + 29 Ma, which could be interpreted as derived
from the Guiana Shield, but Jurassic and Cretaceous sources
are not represented there, so the source area should not have
been the shield. The unit was deposited in a regressive shore-
face dominated by storms, with sediments sourced from rivers
draining the Central Cordillera.

The lower Maastrichtian La Tabla Formation from the CEOC
(sample OU) contains 3 zircon grains at 78 + 6 Ma (Campan-
ian) and 139 + 5 Ma (Berriasian to Valanginian), along with 2—4
grains around 1200 Ma and 1500 to 1900 Ma (Figure 9).

The western provenance of zircon particles from the Cen-
tral Cordillera is also observed for samples from the Magdale-
na Valley. The basal sandstones in the Aguachica area, which
are outside the central rift of the basin, are of late Aptian age.
Older Cretaceous strata of Berriasian to early Aptian age from
the main rift of the basin (present—day Eastern Cordillera) are
nonexistent in the Aguachica area. The stratigraphy is sim-
ilar to that exposed in the Upper Magdalena Valley (UMV),
where the oldest Cretaceous strata of the Yavi Formation and
the Lower and Middle Members of the Caballos Formation are
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of Aptian age (Guerrero, 2002b; Guerrero et al., 2000). These
Aptian units also rest unconformably on Jurassic igneous and
volcaniclastic rocks: the Saldafia Formation in the UMV and
the Noredn Formation in the northern sector of the MMV. The
oldest ammonites collected from the marine beds transitionally
overlying the conglomerates and sandstones of the Aguachica
section are of late Aptian age, so that the section is definitely
younger than the succession from the western foothills of the
Eastern Cordillera near Bucaramanga. The Aguachica section
was deposited on the W side of the basin, unlike the Baricha-
ra—Bucaramanga section, which was supplied from the E side
of the basin. Consequently, the Tambor, Rosablanca, Paja, and
Tablazo Formations are not present. A different stratigraphic
nomenclature should be used for those areas of the Magdalena
Valley west of the Early Cretaceous border faults. We propose
the name Aguachica Formation for the transgressive upward—
fining fluvial succession of conglomerates, sandstones, and red
mudstones of Aptian age, which rest unconformably on the
Noredn Formation and are overlain transitionally by marine
strata of late Aptian to Maastrichtian age. The Aguachica For-
mation name is applied only to the fluvial strata; the overlying
marine beds should receive formal names different from those
of rocks in the Barichara—Bucaramanga.

The youngest zircon grains from the Aguachica Formation
(Figure 9; Table 4) at the base of the Cretaceous section near
Aguachica in the Cesar Department (GPS-556) are in the range
of 145 + 8 Ma; the highest age frequency of the sample (70
grains) is in the Jurassic interval from 150-200 Ma. Of these,
37 grains are clustered at 174 + 8 Ma. A few grains with Triassic
and older ages are also present.

Sample GPS-270 contains 102 grains in the 150-200 Ju-
rassic interval; of these, 84 grains are within the age of 178 + 8
Ma. The youngest grain has an age of 164 +£ 6 Ma, and only 4
grains are older than Jurassic.

The provenance ages of the basal Cretaceous section from
the MMV coincide with the ages reported by Horton et al.
(2015) from the Cocuyo, Guane, and Cagui wells. They recog-
nized peaks at 170 to 185 Ma for the coarse—grained nonmarine
section (Aguachica Formation) and 175 to 190 Ma for the fin-
er—grained marine deposits.

Proterozoic U-Pb ages have been reported from several lo-
calities on the E flank of the Central Cordillera; for instance,
Villagémez et al. (2011) reported zircon crystals from La Miel
Orthogneiss with ages of 1700 to 450 Ma and a major peak at
approximately 1200 Ma. They also reported zircon crystals from
a quartzite in the Cajamarca Complex with a peak age of approx-
imately 240 Ma and 500 to 600 Ma and 1000 to 1200 Ma pop-
ulations. Ordéfiez—Carmona et al. (2006) reported Sm/Nd TDM
ages of approximately 1710 and 1790 Ma from EI Vapor Gnesiss,
which also has a metamorphic Rb/Sr age of 894 + 36 Ma. The
Tierradentro amphibolite has a K/Ar age of 1360 + 270 Ma (Ves-
ga & Barrero, 1978). El Higado Amphibolite has an Ar/Ar age
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Figure 8. Detrital zircon U-Pb ages of Berriasian to lower Albian units from the Villeta Area.

of 911 + 2 Ma (Restrepo—Pace et al., 1997). Granulites from the
San Lucas Gneiss yield a U-Pb age of 1124 + 22 Ma and a Sm/
Nd TDM age of 1600 Ma, as reported by Clavijo et al. (2008).

It is evident that Proterozoic ages are not exclusive to east-
ern sources in the Guiana Shield but are also present in western
sources today along the E flank of the Central Cordillera, which
was the uplifted magmatic/metamorphic arc and constituted the
western margin of the Cretaceous Colombian back—arc basin.
The Central Cordillera as the source of Proterozoic particles was
also indicated by Horton et al. (2015), but they concluded that the
Cretaceous strata at the MMV were supplied from both E and W
sources, including the Central Cordillera serrania de San Lucas,
the Eastern Cordillera Santander Massif, and the Guiana Shield.

We postulate that although the Proterozoic particles could
have been derived either from the Guiana Shield or from the
Central Cordillera, there is certainly a notable difference in the
frequency of the Proterozoic particles, which are far more abun-
dant when the source area is the Guiana Shield. However, what is
markedly different and unique in the western source area (Central
Cordillera) is the presence of Jurassic and Cretaceous particles,
which are not present to the E in the Guiana Shield. Therefore,
we prefer to interpret our data from the Villeta and MMV areas
as indicating a single source area in the Central Cordillera.

The possibility of units derived from both the E and W
flanks of the basin would only be conceivable for a trunk fluvial
system along the basin axis during the early rifting (Berriasian
to Valanginian) stage, as discussed below for the Tambor For-
mation. However, the units studied are shoreface marine sand-
stones with younger ages that could not possibly be sourced
from both sides of the basin because the E and W shorefaces of
the basin had already been separated since the late Valangin-
ian by the deeper offshore muds and marls in the center of the
basin. It is impossible for particles to cross from one side of
the basin to the deepest axis of the seaway and subsequently
reach the opposite shoreface. Eastern Cordillera sources in ex-

posed horsts are impossible because the present—day massifs
(Santander, Floresta, and Quetame) were already covered by
marine strata during the late Valanginian. The crystalline base-
ment of those massifs was covered by Lower Cretaceous to
middle Miocene strata and was only exposed again during the
late Miocene to the present due to uplift of the Eastern Cordil-
lera. Since late Valanginian times, the only possible sources for
the Cretaceous back—arc basin were the Guiana Shield and the
Central Cordillera, supplying the opposite E and W shorelines.

4.1.3.Villa de Leyva Area

The central portions of the Eastern Cordillera repeat the pattern
from the SE of the basin in the Bogotd—Villavicencio—San Luis
area and show provenance from the Guiana Shield.

Samples from the ANH stratigraphic wells CON and COS
were collected, along with outcrop samples, from the proximities
of Villa de Leyva in Boyacd Department. The samples processed
include the Arcabuco, Villa de Leyva, Paja, San Gil Inferior
Sandstone, and Churuvita Formations (Figure 10; Table 4). The
Villa de Leyva area is dominated by zircon particles of Paleozoic,
Proterozoic, and Neoarchean ages, from 300 to 2700 Ma. There
are neither Jurassic nor Cretaceous particles. The samples include
peaks at 1000 Ma, 1500 Ma, and 1700 Ma, related to rocks from
the late Mesoproterozoic to early Neoproterozoic Grenvillian
Orogeny, and particles from the late Paleoproterozoic to early
Mesoproterozoic Rio Negro—Juruena Province.

4.1.4. Barichara Area

Cretaceous samples from Santander Department (Figures 11—
13) were collected on both flanks of Los Cobardes Anticline
and on both margins of the Sogamoso River valley near the
type section of the units. The Cretaceous succession, which
begins with a cobble to pebble conglomerate included in the
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Figure 9. Detrital zircon U-Pb ages of units from the CEOC
(Otanche) and MMV (Aguachica).

fluvial strata of the lower part of the Tambor Formation, rests
unconformably on older igneous, metamorphic, and sedimen-
tary units. Prior to the back—arc subsidence that originated
the Cretaceous basin, older units were faulted and exhumed
through the Late Jurassic Andean orogeny. During early rift
development of the Cretaceous back—arc system, rivers from
both the E and W sides of the basin fed a trunk river that drained
northward toward the Caribbean.

Samples GPS-549 and GPS-551 collected along the road
from Zapatoca to San Vicente indicate both a source from
the Central Cordillera and a source from the Guiana Shield
(Figure 11). The sample with the lower stratigraphic position
(GPS-549) was derived from the Central Cordillera because it
contains 23 Jurassic grains from 150 to 200 Ma and 9 Triassic
grains from 200 to 250 Ma. The youngest particle has an age of
145 + 6 Ma in the Tithonian to Berriasian time span. An Early
Jurassic age peak is placed at 190 + 9 Ma, and an Early De-
vonian peak is placed at 410 + 12 Ma, which are the main age
populations of the sample. The stratigraphically higher sample
(GPS-551) contains Proterozoic particles with 1000 to 1500
Ma age peaks along with a few Paleozoic but no Jurassic parti-
cles, suggesting derivation from the Guiana Shield.

Samples GPS-571 and 5 GPS-572 were collected from
Mesa de Los Santos, which exhibits a good reference section
of the Tambor Formation. Sample GPS-571 contains Protero-
zoic and Paleozoic age peaks but no Jurassic grains, consistent
with derivation from the Guiana Shield. Sample GPS—-572 has
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Figure 10. Detrital zircon U-Pb ages of Berriasian to Cenomanian
units from the Villa de Leyva area.

a mixture of Jurassic, Paleozoic, and Proterozoic ages, so it
was sourced from the Central Cordillera. The particle with the
youngest age is Late Jurassic (158 + 8 Ma). In total, 13 Triassic
and Jurassic particles are present, with a peak at approximately
196 + 6 Ma. The highest frequency, with a total of 21 grains,
occurs in the range of 400 to 450 Ma (Silurian and Early De-
vonian).

Samples GPS-540 and GPS—541 were collected from a
monocline structure near Curiti, on the San Gil to Mogotes
road, from strata of the Tambor Formation resting unconform-
ably over the early Paleozoic Silgara Schist and Mogotes Ba-
tholith. The sample (GPS—-540) was sourced from the Guiana
Shield; it contains Proterozoic particles, mainly 900 to 1000
Ma, and early Paleozoic particles but no Jurassic or Creta-
ceous particles (Figure 12). The Curiti sample (GPS-541)
was sourced from the Central Cordillera and contains 3 Early
Cretaceous grains with a central age of 139 + 9 Ma, consistent
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with the Berriasian to Valanginian age range of the unit. The
highest frequency (33 grains) is in the Triassic to Jurassic age
interval, with a peak at 202 + 13 Ma.

The Tambor Formation is transitionally covered by offshore
marine strata of the lower part of the Rosablanca Formation,
which includes marlstones and biomicrites deposited during
late Valanginian to early Hauterivian progressive flooding of
the basin. The shoreline and the rivers definitely migrated to
the W because the overlying units contain particles derived
only from the Guiana Shield. Sample GPS—543 from the upper
Hauterivian regressive shoreface sandstones and sandy biospar-
ites of the upper part of the Rosablanca Formation includes
Proterozoic grains in the 900—1000 Ma age interval (highest
frequency), along with a few Paleozoic grains with a youngest
age of 269 + 19 Ma (Figure 12; Table 4). Since there are no
Mesozoic particles, we conclude that the unit was sourced from
the Guiana Shield.

During the Barremian and Aptian, the basin was again exten-
sively flooded, reaching farther to the E and W and also to the S,
covering a larger area of Colombia and parts of Venezuela and
Ecuador. Shale and marlstone beds (Fémeque, Paja, and Yuru-
ma Formations) reach thicknesses of 600 m in the basin center.
Basal conglomerates and sandstones were deposited along the
basin margins in the present—day Magdalena Valley (Yavi and
Aguachica Formations) and Llanos Foothills. Strata overlying
the Paja Formation, including the Tablazo, Simit{, and EI Salto
Formations, contain particles derived from the Guiana Shield.

Sample GPS—89 of the lower Albian Tablazo Formation con-
tains age populations of approximately 400—450 Ma, 900-1000
Ma, and 1500-1550 Ma; the youngest particle is 361 + 13 Ma
(Figure 12; Table 4). Sample GPS-553 from the same unit has
age populations of 450-500 Ma, 1500-1550 Ma, and 1750-1800
Ma; the youngest particle is 401 + 17 Ma (Figure 13).

Sample GPS-555 from a very fine sandstone within the
middle and upper Albian Simiti shale has age peaks of ap-
proximately 450-500 Ma, 950—-1000 Ma, 1500-1550 Ma, and
1750-1800 Ma (Figure 13; Table 4). The youngest particle has
an age of 473 + 25 Ma. The ages from El Salto Formation have
peak populations at 1750-1800 Ma and 1900-1950 Ma, with
a youngest age of 536 = 30 Ma. None of the samples from
the Tablazo, Simiti, and El Salto Formations contain Mesozoic
particles, so these units were sourced from the Guiana Shield.

Sample QAD-15 from the upper part of La Luna Formation
is a pale gray bentonite claystone that contains 69 zircon particles
with a central age of 86 + 5 Ma (Figure 13; Table 4), which we
interpret as volcanic ash falls transported by wind from the Cen-
tral Cordillera magmatic arc during a time close to the Coniacian/
Santonian boundary. The sample also includes a few Proterozoic
particles (12 in total) that we believe were derived from the Gui-
ana Shield, as well as other Albian and Cenomanian samples. We
postulate that the Late Cretaceous zircon particles from La Luna
Formation were not transported by rivers draining the Central

Cordillera because of the absence of Jurassic particles, which are
a unique mark of this source area.

The rocks of La Luna Formation from the QAD section
include mainly biomicrites of foraminifera, transformed into
diagenetic cherts with 50 to 70 % quartz and 20 to 45 % calcite
plus dolomite. Minor storm beds of phosphatic bio—pelmicrites
are also present with fluorapatite contents up to 60% and PO,
contents up to 18%. The illite contents range from 3 to 5 %,
with an exceptional value of approximately 16%, so the ter-
rigenous contribution was generally very low, except for the
wind—transported volcanic ash beds, which were dispersed on
both sides of the basin. The U-Pb dating of distal volcanic ash
zircons transported by wind has also been reported from the
Cretaceous of Australia by Barham et al. (2016) and from the
Miocene of North America by Smith et al. (2018).

4.1.5. Catatumbo Area

Finally, the areas south of Cicuta exhibit a high frequency of
Proterozoic particles derived from the Guiana Shield. Import-
ant peaks present in the Aguardiente, Capacho, and Guayacan
Formations are approximately 1000 Ma, 1500 Ma, and 1800
Ma (Figure 14; Table 4). An exception is a volcanic tuff sample
(RR1-15) that comes from the lower part of La Luna Formation
at Riecito River and contains a high frequency of particles (94
zircon grains) with an age of 90 + 4 Ma, near the Turonian/
Coniacian time boundary. These particles are interpreted as
wind—transported volcanic ash. The terrigenous content of La
Luna Formation biomicrites is generally very low, so there are
very few zircon particles (only 6) of older ages, which could
have been transported by fluvial streams and storm currents to
lower offshore depths.

ICP-OES analyses of the foraminiferal biomicrites from
Riecito River reveal very low aluminum (ALO,) contents less
than 1%, with 46 to 55 % calcium (CaO) and 40 to 43 % vola-
tile components, (mostly CO,) loss on ignition (LOI), indicating
86 to 98 % calcite contents. The partially silicified biomicrites
contain 42 to 49 % SiO,, 2 to 4 % Al,O,, and 43 to 50 % calcite.
The terrigenous clay and silt contents are very low except in the
wind—transported volcanic ash beds present in the unit.

4.2. XRD, Heavy Minerals, and ICP-MS/OES
Analyses

XRD mineral analyses, heavy mineral analyses, ICP-OES, and
ICP-MS elemental analyses (Tables 5-9) from several localities
and stratigraphic positions also help in the identification of the
source areas for the basin.

Diagenesis during sediment burial modifies the crystallinity
of clay minerals, but there is no documented evidence of meta-
morphism or clay neomorphism in the strata, so the clay miner-
alogy depends mostly on the rock types from the source areas
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Figure 11. Detrital zircon U-Pb ages of the Tambor Formation from the Barichara area.
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Figure 14. Detrital zircon U-Pb ages of lower Albian to Santonian

of the basin. For instance, Bonilla et al. (2011) documented low
degrees of kaolinite and illite crystallinity for Maastrichtian strata
of the Upper Guadalupe Group and lower part of the Guaduas
Formation, indicating slight diagenesis. For illite, they reported
a Kubler crystallinity index of approximately 0.9 to 1.1, which
would indicate a temperature of approximately 100 °C and cor-
respond to burial diagenesis at approximately 3 km, which also
matches the approximate 3 km thickness of the overlying Paleo-
gene section. Considering an average geothermal gradient of 25
°C/km and the thickness of the underlying Campanian to Berri-
asian strata of approximately 4 km, the temperature of the basal
strata from the Cretaceous section was approximately 200 °C,
still within the diagenetic zone. Because of these observations,
we consider that the clay mineralogy primarily reflects the nature
of the rocks from the provenance areas. The clay mineralogy of
source areas from the Guiana Shield should reflect the weather-
ing of granites and recycled Paleozoic strata. The clay mineralo-
gy of source areas from the Central Cordillera should reflect the
weathering of continental igneous and metamorphic rocks, along
with accreted oceanic basalt and gabbro.

The XRD analyses presented here show that clay minerals
are common in shale units with source areas on the eastern side
of the basin but are also present along the western side. The
highest average percentages of kaolinite (Al,O, 2Si0, 2H,0) of
approximately 50 to 55 % (Figure 15; Table 5) are from the Paja
Formation in its type section (QLP) and the Une and Chipaque
Formations along the San Antonio Creek (QSAU and QSAC).
These shale intervals include lower average percentages of
quartz silt (18 to 28 %) and illite (7 to 18 %). The high percent-
ages of kaolinite would indicate several cycles of weathering
in the tropical rainforest of the Guiana Shield.

The highest average percentages of illite in the range of 60
to 65 % (Figure 16; Table 5) are from shales of the Simit{ and
El Salto Formations in the Infantas (INFA) 1613 well and from
the Hilo Formation in the Otanche section (O); both are located
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units from the Catatumbo area.

toward the W side of the basin. These shale units contain lower
average percentages of quartz silt (37 to 38 %) and no kaolinite.
Since illite includes K, Mg, and Fe in the structure, high values
of these elements are also found in the ICP-OES analyses of
Otanche samples, approximately 9% Fe O, and 6% K O, which
are among the highest values of these elements in the basin.
The highest K,O content in the study (6.4%) is from a sample
(0-85) of the Otanche section.

Chlorite is present in minor amounts compared to kaolinite
and illite. The highest average percentage of chlorite (22%)
from XRD analyses comes from the shales in the lower part
of the Murca Formation at the Tobia River section (RT) in the
Villeta area. These samples include an average of 34% quartz
silt particles, with lesser amounts of illite (11%), calcite (10%),
kaolinite (8%), and dolomite (7%). Chlorite is most likely de-
rived from low—grade metamorphic rocks sourced from the
Central Cordillera.

Montmorillonite is present in very minor amounts in sec-
tions from the SE side of the basin, usually associated with ka-
olinite. The highest average percentages of montmorillonite (3
to 5 %) come from the Chipaque and Aguacaliente Formations
at the San Antonio Creek sections.

The total ICP-OES distribution of aluminum (expressed as
AlO,) is highest in the central sector of the basin and in the
Llanos Foothills (Figure 17; Table 6). It is coincident with the
distribution of kaolinite and illite, which are the most abun-
dant clay minerals. The highest Al,O, individual values (26 to
30 %) are from the central and SE areas of the basin in wells
COS-15,CON-7, CON-8, CON-6, and COS-5, La Paja Creek
in Santander (QLP), and the Llanos Foothills along San Antonio
Creek (QSAU and QSAC).

There are several important elements associated with the
clay content of black shales from the basin, which also help to
discriminate between western and eastern sources. The high-
est contents of titanium (1.7% TiO,), zirconium (1337 ppm),
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Table 5. XRD mineralogy (average percentage per section).

2
2 @
Section Area Formation @ % % @
& & E & 2

QSAC Llanos Foothills Chipaque 27.5 11.1 54.1
QSAU Llanos Foothills Une 26.7 6.5 523
QLP Barichara Paja 17.5 17.5 50.0
QSACH Llanos Foothills Chipaque 55.6 9.1 289
QSA Llanos Foothills Aguacaliente  50.6 9.7 26.7
RN Villeta Pacho 376 04 64 83 232
COS-15 Villade Leyva  Paja 18.6 26.8 184 173
C CEOR Macanal 394 315 122
QED CEOR Fémeque 289 2.1 95 113 104
CON-7 Villade Leyva  San Gil Shale 388 05 150 132 103
COS-5 Villade Leyva  Conejo 580 55 57 58 88
CON-6 Villade Leyva  Churuvita 64.0 155 7.8
CON-8 Villade Leyva  Paja 225 23 118 274 7.7
CAB Aguachica La Luna 59.5 1.8 03 17
QS2 Barichara La Luna 23.0 0.6 0.5
QAD Barichara La Luna 50.1 48 45 0.5
SAR-3K Catatumbo La Luna 267 16 3.7
RT Villeta Murca 337 65 112 7.7
QP Villeta Hilo 464 18 145 04
QC UMV Lidita Inferior 59.3 26.9 30
GA CEOR Macanal 332 352 74
MSP CEOR Macanal 289 352
RSP Villade Leyva  Villade Leyva 279 358 165 22
COS-14 Villade Leyva  Ritoque 402 29 380 2.1
QBB CEOC Furatena 494 39.6 14
QNP Villade Leyva Paja 292 11.1 422 08
(0} CEOC Hilo 384 59.7
INFA-1613 MMV Simit{ 370 05 625
INFA-1613 MMV El Salto 37.1 629

g

2 g

2 £ o g g s § i E
55 & 2835 %% %2 2 ¢
20 38 69.0

06 133 0.6 58.8

14 4.6 1.7 73 67.5
04 08 04 48 432
21 15 12 1.8 2.8 413
91 75 47 06 02 06 03 12 454
58 21 37 05 20 24 62.5

05 02 04 158 43.7

248 33 07 05 09 45 06 345
23 51 27 04 15 16 50 03 43.6
7.8 24 05 14 12 29 203
24 32 09 09 26 03 18 03 26.5
148 0.1 32 03 28 18 26 24 470
313 03 23 0.3 25 41
70.6 12 02 1.3 26 1.1
30.1 1.5 05 80 50
613 14 07 04 1.0 32 37
9.7 219 23 10 19 02 39 40.8
265 3.7 3.6 1.5 12 02 18.6
0.7 88 07 04 0.2 38.7
46 86 47 07 5.6 512
0.2 1.6 33.6 352
70 43 21 42 61.5
30 71 24 16 06 0.1 20 472
9.6 50.6
48 41 16 04 58 47.1
0.8 1.1 59.7

62.5

62.9

thorium (52 ppm), niobium (46 ppm), hafnium (36 ppm),
and tantalum (4 ppm) in the study come from a shale sample
(COS15-2054) of the Paja Formation in the Villa de Leyva area
(Tables 6-8). As indicated before, the unit was sourced from the
eastern side of the basin, which has more differentiated conti-
nental crust than the western sources.

In contrast, the highest contents of chromium (0.105%
Cr,0,), copper (825 ppm), molybdenum (372 ppm), arsenic
(121 ppm), antimony (94 ppm), selenium (79 ppm), thallium

(13 ppm), and silver (9 ppm) in the study come from the shales
of the Hilo Formation in the Otanche section (O-05, 15, 25,40,
45, and 75), which also have very high illite contents. The unit
was sourced from the western side of the basin, which included
the magmatic/metamorphic arc and accreted oceanic crust.
The light REE of the cerium group have the maximum values
(Figure 18; Table 9) of the study in a siltstone sample (COS14—
1575) from the upper part of the Arcabuco Formation, in the
ANH COS-14 well, in the vicinity of Villa de Leyva: Ce (619
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ppm), Nd (315 ppm), La (276 ppm), Pr (82 ppm), Sm (50 ppm),
and Eu (8 ppm). In contrast, the heavy REE of the yttrium group
have the maximum values of the study in a sample (RT-10) from
the lower part of the Murca Formation in the Tobia River section:
Y (231 ppm), Dy (40 ppm), Gd (27 ppm), Er (19), Yb (11 ppm),
Ho (8 ppm), Tb (6 ppm), and Tm (2 ppm). The high contents of
the yttrium group would indicate an ultramafic source in accreted
oceanic crust situated along the western flank of the basin, while
the cerium group indicates more differentiated continental crust
on the eastern flank of the basin.

Another important mineral that indicates provenance is apa-
tite, which shows higher percentages (Figure 19) in the western
part of the basin and is related to igneous and metamorphic
sources in the Central Cordillera. Samples with heavy miner-
al analyses containing high percentages of terrigenous apatite
come from the Murca, Trincheras, Socotd, Hilo, and Pacho For-
mations from the western side of the Eastern Cordillera.

An important part of the reported apatite is related to phos-
phatic biomicrites and has an authigenic origin because of
biological accumulation in fish. The highest percentages of
fluorapatite from XRD analyses are from La Luna Formation
in the Aguadulce Creek (8%) and La Sorda Creek (3%) near
Bucaramanga, the Sardinata 3K well near Cicuta (3%), and
Caio Agua Blanca near Aguachica (3%). The highest contents
of P,O, from ICP-OES analyses (Table 7) are from La Luna
Formation at La Leche Creek near Ctcuta (26%) and Agua-
dulce Creek (18%).

The distribution of apatite in La Luna Formation is related
to the distributions of quartz and calcite (Figures 20, 21; Tables
5-7) because the unit consists mostly of biomicrites composed
of planktonic foraminifera and fish remains (containing authi-
genic fluorapatite), along with diagenetic cherts. Since the unit
was deposited during the Turonian to Santonian transgressive
and highstand sea levels, the terrigenous clay input was very
low or completely absent, and the rocks consist of microfossil
particles deposited offshore. Textures include wackestone and
packstone beds; the latter could originate from high productiv-
ity but are usually the result of repetitive storm events that con-
centrate the available particles. Quartz enters the system much
later during diagenesis, replacing calcite. The foraminifera and
the calcareous mud matrix are partially to totally replaced by
quartz, and the rock becomes a diagenetic chert, as illustrated
for the Lidita Inferior and Lidita Superior Formations of the
UMV (Guerrero et al., 2000). The quartz is obtained from the
terrigenous units above and below the original calcareous strata.
These terrigenous units are in turn partially replaced by calcite
mobilized from the limestones in a two—way exchange of cal-
cite and quartz during diagenesis. All cherts from the basin are
diagenetic, including those of the Hilo, Lomagorda, La Luna,
La Frontera, Lidita Inferior, and Lidita Superior Formations.
Radiolaria and diatoms are almost completely absent, so no
oceanic cherts are present.

The highest calcium (CaO) contents of the study (40 to 55
%), obtained from ICP-OES analyses (Table 7), come from
biomicrite limestones of La Luna Formation in the N part of
the basin (Catatumbo, Aguachica, and Barichara areas). These
samples have CO, loss on ignition (LOI) of 33 to 43 %, except
for those with higher phosphate content (3 to 26 % P,0,) or are
partially replaced by diagenetic quartz (1 to 19 % SiO,). The
content of Al O, is less than 3% because of the nearly complete
absence of clay minerals; the content of Fe, Mg, Na, and K is
usually less than 1%. Samples from the same sections that are
extensively replaced by quartz to create diagenetic cherts have
increased SiO, contents (49 to 66 %) and decreasing percent-
ages of CaO (12 to 22 %) and LOI (16 to 22 %).

The highest contents of SiO, (59 to 79 %) in diagenet-
ic cherts (Table 7) are from La Luna Formation (Barichara,
Aguachica, and MMYV), Lidita Inferior and Lidita Superior
Formations (UMV), Hilo Formation (Villeta), and La Frontera
Member of the Conejo Formation (Villa de Leyva).

Associated with the phosphates biologically concentrated
by fish in the biomicrites and cherts of La Luna Formation (Ta-
bles 7, 8) are the highest contents of uranium (27 to 89 ppm),
nickel (231 to 468 ppm), and strontium (1521 to 2506 ppm)
in the study. The SAR-7443 sample from the Catatumbo area
contains the highest values of uranium and nickel. The highest
values of vanadium in the study (1901 to 3865 ppm) are present
in cherts and biomicrites of the Hilo Formation (QP from the
Villeta area) and La Luna Formation (QLL, RR1, and QS2 from
the Catatumbo and Barichara areas).

4.3. Elements Related to Gabbro-Diorite-
Tonalite Intrusions and Valanginian to
Cenomanian Hydrothermal Activity During
the Synrift Stage

The highest contents of scandium come from the southeast-
ern side of the basin in the sections at Vereda Cachipay (29
ppm) and the San Pedro emerald mine (24 ppm). In these ar-
eas, the anomalous content of scandium in the Berriasian to
lower Hauterivian shales of the Macanal Formation (Tables 6,
8) does not seem to be related to the source areas of sediment;
instead, it would be related to hydrothermal activity linked to
the Early Cretaceous intrusion of several gabbro, diorite, and
tonalite bodies documented by Vasquez et al. (2005, 2010).
Scandium was originally present in the structure of pyroxenes
and amphiboles of the gabbroic bodies because of its affinity
with minerals in mafic melts. The XRD analyses of the rocks
related to the San Pedro emerald mine reveal a very anomalous
34% albite content, which is also the highest percentage in the
study. The highest contents of sodium (2 to 7 % Na,O) in the
basin come from the San Pedro emerald mine area because
of the high content of hydrothermal albite (NaAlSi,O,). The
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Table 6. Major elements percentages (shale/siltstone samples).

Sample Area Formation Si0, ALO, Fe,O, MgO CaO Na,0 K,0 TiO, P,0, MnO Cr,0, Ni Sc¢ LOI Total
COS15-1553 Villade Leyva  Paja 50.76 2995 449 047 060 089 295 096 0.8 001 0015 40 19 85  99.78
CON7-1125 Villade Leyva  San Gil Shale 4754 29.18 645 103 034 056 230 091 0.2 002 0015 45 20 113 99.77
CON8-1796 Villade Leyva  Paja 46.58 28.16 425 067 226 068 282 082 0.17 001 0018 52 18 133 99.74
QSAU-18 Llanos Foothills  Une 4799 2732 622 097 028 004 288 103 0.0 008 0012 39 19 129 99.82
QLP-35 Barichara Paja 4641 2642 436 062 257 019 192 080 0.4 001 0021 66 18 162 99.66
QSAC-40 Llanos Foothills ~ Chipaque 4769 2635 704 112 060 023 195 099 0.1 005 0026 24 19 13.7 99.86
CONG6-1405 Villade Leyva  Churuvita 5005 2582 682 106 054 026 295 104 018 004 0012 35 19 110 99.77
COS5-269  Villade Leyva  Conejo 50.86 2565 450 077 048 059 206 087 012 <001 0016 24 16 139 99.82
RSP-30 Villade Leyva  Villade Leyva 5053 2546 680 099 032 083 353 106 022 002 0021 69 21 100 99.78
QED-30 CEOR Fémeque 51.84 2511 489 118 218 062 360 123 0.15 005 0016 <20 21 89  99.77
0-85 CEOC Hilo 57.18 2506 105 113 002 013 643 078 0.3 <0.01 0023 <20 21 77 99.63
QED-35 CEOR Fémeque 5193 2498 653 104 024 060 334 128 0.17 <001 0016 22 22 96  99.73
RN-60 Villeta Pacho 5208 2489 624 1.17 191 042 225 091 0.7 001 0017 43 17 9.7 9977
C—40 CEOR Macanal 5540 2409 325 098 029 046 441 107 012 003 0015 41 17 9.7  99.82
COS14-522 Villade Leyva  Villade Leyva 5197 2398 6.10 1.5 1.17 092 412 089 0.5 002 0017 66 20 93  99.79
0-55 CEOC Hilo 48.10 2382 504 100 003 017 515 065 014 <001 0066 35 16 154 9957
QNP-05 Villade Leyva  Paja 4740 2377 601 122 426 058 327 093 0.16 007 0025 92 18 12.1  99.80
QBB-00 CEOC Furatena 55.10 2371 389 111 035 130 351 087 0.16 <001 0019 85 20 9.6  99.62
RT-15 Villeta Murca 5361 2246 606 152 195 141 230 076 011 002 0010 43 16 96 9981
0-75 CEOC Hilo 59.16 2220 100 102 002 0.8 6.03 100 005 <001 0.105 <20 12 88 9957
MSP-25 CEOR Macanal 6322 2199 126 083 008 093 578 125 003 <001 0016 <20 24 44 99.79
QSACH-25 Llanos Foothills  Chipaque 5563 21.82 445 125 065 021 206 078 004 <001 0025 24 15 129 99.82
COS14-1575 Villade Leyva  Arcabuco 5778 2129 578 092 047 020 592 105 0.18 009 0015 56 21 59  99.60
INFA-7359 MMV Simit{ 5583 21.18 560 120 045 050 155 084 023 002 0015 36 15 124 99.82
GA-10 CEOR Macanal 5520 21.18 609 128 222 069 372 090 0.0 003 0014 80 17 84 9982
QSA-40 Llanos Foothills  Aguacaliente 5409 19.84 598 183 130 0.19 208 069 020 003 0028 <20 13 135 99.76
QP-20 Villeta Hilo 5415 1953 337 084 512 033 149 058 029 001 0018 143 15 138 9953
GA-60 CEOR Macanal 5923 1947 703 159 098 058 330 096 008 002 0015 56 17 65  99.76
RT-10 Villeta Murca 50.14 1878 539 161 765 1.0 190 065 0.6 004 0009 38 14 124 99.83
MSP-15 CEOR Macanal 6597 1754 326 024 015 689 147 111 012 <001 0014 <20 13 3.1 99.86
COS15-2054 Villade Leyva  Paja 5869 1639 691 056 136 090 196 166 0.18 001 0016 39 14 109 99.54
C-12 CEOR Macanal 3494 1072 2754 230 121 020 156 062 019 037 0009 <20 29 202 99.86

shales of the Macanal Formation from the Gachal4 section
(GA) have the maximum contents of beryllium (6 to 9 ppm)
in the basin. A younger unit from the same area that has a
high content of albite (4.5%) according to the XRD analyses
is the Barremian and Aptian Fémeque Formation from El Détil
Creek section (QED), which also has relatively high scandi-
um (18 to 21 ppm) and beryllium (2 to 4 ppm) contents. The
scandium and beryllium anomalies would be better explained
by the Early Cretaceous hydrothermal activity that formed the
emerald (Be,Al(SiO,),) mineralization.

The highest scandium values are restricted to Early Creta-
ceous sections that present some hydrothermal influence with

calcite veins and intense micro fracturing. In addition to the Ca-
chipay section (C) near Santa Maria de Bata (29 ppm), the San
Pedro emerald mine (24 ppm), and El Datil (22 ppm) from the
Macanal and Fémeque Formations, high scandium values (20
to 23 ppm) are present in other units at other localities. Good
examples are the Arcabuco and Villa de Leyva Formations from
well COS-14 near Simijaca, the Villa de Leyva Formation (21
ppm) from the Samacé River section near Villa de Leyva, the
Paja Formation (20 ppm) from well COS-15 near Raquira, and
the San Gil Superior Shales from well CON-7 near Puente Na-
cional. Relatively high scandium values are also present in the
Berriasian to Hauterivian lower part of the Murca Formation
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Table 7. Major elements percentages (biomicrite and chert samples).

Sample Area Formation SiO, ALO, Fe, O, MgO CaO Na,0 K,0 TiO, PO, MnO Cr, O, Ni Sc¢  LOI Total
SAR-7459 Catatumbo La Luna 0.83 007 005 069 5493 002 001 <001 0.10 <001 0002 <20 <I 432 99.90
RR1-20 Catatumbo La Luna 145 006 <004 036 5479 <001 <001 <001 002 <001 <0.002 <20 <l 432 99.88
QLL-00 Catatumbo La Luna 258 047 0.14 030 5339 005 006 002 008 <00l <0.002 21 <1 428 99.89
CES1-00  Aguachica La Luna 181 039 032 061 5335 001 004 002 032 <001 0005 24 <1 430 99.88
QLL-55 Catatumbo LaLuna 895 0.81 046 0.16 4954 021 0.10 0.03 2563 <001 0.021 45 5 134 9931
QS2-35 Barichara La Luna 1093 058 023 049 4792 001 008 003 0.13 <001 0004 36 <1 394 99.80
QAD-65 Barichara La Luna 15.17 132 035 0.17 4447 007 0.5 005 1832 <001 0020 41 6 19.6  99.69
CAB-40 Aguachica La Luna 128 256 071 043 4445 004 041 0.10 337 002 0017 37 4 349 9981
CES1-10  Aguachica La Luna 1245 261 050 047 4203 003 033 0.1 063 <001 0017 63 3 404 9958
SAR-7443 Catatumbo La Luna 1949 091 059 034 41.18 007 015 004 326 <001 0019 468 2 330 99.05
QS2-50 Barichara La Luna 1824 178 044 040 3977 006 027 007 042 <001 0016 291 2 377 99.17
QP-270 Villeta Hilo 2142 253 254 048 3924 002 021 008 0.5 005 0009 126 5 330 99.73
CES-25 Aguachica La Luna 1928 337 092 042 38.19 007 041 0.4 048 <001 0014 263 3 360 99.29
SAR-7410 Catatumbo La Luna 21.10 291 095 059 3753 032 049 008 077 <001 0016 183 3 346 99.36
QS2-45 Barichara La Luna 2221 248 071 042 3587 006 035 0.10 037 <001 0019 357 2 348 97.39
CES-70 Aguachica La Luna 2805 1.65 046 029 3479 004 022 006 038 <001 0013 63 2 337 99.65
QLM-24  CEOR Fémeque 2954 445 236 061 3324 0.12 048 033 0.10 006 0003 <20 4 285 99.79
QAD-70 Barichara La Luna 30.77 397 1.14 038 3198 006 056 0.16 4.18 <001 0021 108 4 265 99.72
QLP-10 Barichara Paja 730 378 950 7.19 316 006 028 0.13 0.14 007 0012 49 3 396 99.66
SAR-7379 Catatumbo La Luna 3437 304 093 045 2992 039 054 0.1 073 <001 0040 231 4 290 99.52
QAD-50 Barichara LaLuna 4208 3.84 093 025 2454 007 047 0.13 992 <001 0021 75 7 164 98.65
QLL-10 Catatumbo La Luna 4403 285 091 042 2389 0.19 038 007 031 <001 0017 172 2 263 99.37
QLL-15 Catatumbo La Luna 4607 449 142 049 2158 028 062 0.2 1.14 <001 0.028 227 3 229 99.14
RR1-35 Catatumbo La Luna 4871 400 122 034 2157 005 046 0.1 123 <001 0029 130 4 216 9932
QG-257 uMVv Igjlcs;?ior 5943 333 121 142 1620 024 040 0.12 035 <001 0013 38 3 17.1  99.81
QAD-25 Barichara La Luna 6574 130 026 0.17 1529 004 0.3 004 0.17 <001 0018 87 <1 16.7  99.86
QP-445 Villeta Hilo 5762 457 103 028 1482 002 047 020 023 001 0027 187 5 199 99.18
CAB-115  Aguachica La Luna 6593 394 093 028 11.72 008 061 0.16 028 007 0022 87 3 156 99.62
INFA-4724 MMV La Luna 73.19 217 035 021 11.07 0.15 026 007 0.12 <001 0010 53 2 12.2 99.80
COS5-985 Villade Leyva LaFrontera 72.11 385 051 0.13 1005 007 035 006 028 <001 0011 70 2 123 99.72
QG-00 UMV Lidita Infe- 7891 455 120 042 549 026 061 0.18 039 <001 0013 42 5 79 9992

rior

(14 to 16 ppm) at the Tobia River section (RT) and the lower
part of the Furatena Formation (16 to 20 ppm) at Buriburi Creek
(QBB) in the western part of the basin. The samples from QBB
also have relatively high (2 to 4 ppm) beryllium contents. The
presence of scandium in fluid inclusions in emeralds was also
reported by Mantilla et al. (2008).

On the southwestern side of the basin, a vanadium anom-
aly (Table 8) is present in the shales from the upper part
of the Hilo Formation at the Otanche section (O), near the
emerald mines. The highest vanadium contents in the basin
(2523 to 3865 ppm) come from the shales, marls, biomi-
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crites, and diagenetic cherts of the middle and upper Albian
Hilo Formation at the Pifial Creek (QP) and Otanche sec-
tions. The presence of vanadium was reported from emeralds
of the CEOC by Pignatelli et al. (2015) in Valanginian to
Hauterivian black shales and marlstones, assigned here to
the Furatena Formation.

Other associated minerals in the shales include ankerite
(Ca(Fe Mg, Mn)(CO,),) and dolomite (CaMg(CO,),). According
to XRD analyses (Table 5), the highest percentages are present
in the Paja Formation shales (QNP) from the Villa de Leyva
area, which contain 11.1% dolomite and 5.8% ankerite. The



Table 8. Minor elements in ppm (biomicrite and shale).
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Sample

QLL-15
QS2-45
RR1-35
QLL-10
CES-25
SAR-7443
CAB-115
QAD-50
QLL-55
QAD-65

QP-440
0-05
QP-435
QP-290
0-15
0-40
0-25
0-45

C-12
MSP-25

COS14-
459

QED-35
RSP-30

QED-00

COS15-
1553

C-30
GA-60

CON7-671
RN-55
CON6-674

COS15-
1739

COS15-
2054

Area

Catatumbo
Barichara

Catatumbo
Catatumbo
Aguachica
Catatumbo
Aguachica
Barichara

Catatumbo

Barichara

Villeta
CEOR
Villeta
Villeta
CEOC
CEOC
CEOC
CEOC

CEOR
CEOR

Villa de
Leyva
CEOR
Villa de
Leyva
CEOR
Villa de
Leyva
CEOR
CEOR
Villa de
Leyva
Villeta
Villa de
Leyva
Villa de
Leyva

Villa de
Leyva

Forma-
tion

LaLuna
LaLuna
La Luna
La Luna
La Luna
La Luna
La Luna
La Luna
La Luna

La Luna

Hilo
Hilo
Hilo
Hilo
Hilo
Hilo
Hilo
Hilo

Macanal
Macanal

Villa de
Leyva

Fémeque

Villa de
Leyva

Fémeque
Paja

Macanal
Macanal

San Gil
Shale

Pacho

Churuvita

Paja

Paja

Sc

(o Y " T \S T VS B S B S S )

29
24

23

14

Ba

178
136
135
282
865
73
1909
2042
2390
504

576
1158
567
759
1090
595
702
556

194
453

265

369

400

389

481

576
528

270

152

389

240

359

Be

Hf

0.8
0.5
0.7
04
1.1
04
1.3
25
03
03

13
19
35
3.6
34
34

52
7.1

29

55

55

6.8

39

6.0
6.6

285

32.8

363

Nb

3.1
2.1
24
19
25
0.5
44
42
0.6
1.0

8.7
104
74
8.0

11.6
114
9.7

109
23.6

10.6

250

208

269

25.7

22.1
20.6

334

20.5

42.6

345

458

Rb

28.6
19.2
229
16.1
219
6.2

26.2
20.8
6.0

7.1

589
119.1
440
522
124.2
146.5
122.9
1313

75.8
2428

137.6

170.9

2148

177.5

152.0

238.8
193.7

91.6

Sr

835.1
13942
768.8
683.6
1510.8
1549.2
491.7
11822
2505.9
1439.0

259.9
79.0
372.7
133.7
26.0
18.6
239
16.3

101.0
28.2

286.4

250.7

2149

2514

2919

160.7
1374

2372

92.1

217.7

206.5

301.9

Th

47
25
38
27
27
12
44
74
112
92

10.2
11.7
79

10.0
11.7
12.7
10.6
10.0

8.6
122

10.7

224

18.8

21.1

19.6
172

319

18.0

343

39.7

U

254
20.5
239
12.7
244
89.0
6.9

36.6
85.4
58.0

14.5
55.6
12.5
16.7
153
16.0
11.1
9.0

2.0
39

54

6.9

7.7

9.0

v

2404
2225
2125
1901
1578
1421
138
115
104
86

3865
2811
2535
2205
2033
2000
1576
1296

94
182

272

143

299

127

108

153
181

56

108

93

72

130

Zr

26.9
25.1
30.8
17.1
337
139
441
100.7
16.8
15.1

614
110.5
550
59.7
1214
119.8
117.5
109.0

187.9
231.1

144.1

230.7

193.8

251.1

1343

196.3
2209

4163

803.0

1058.1

1232.4

1336.5

Mo

974
209.0
63.1
79.1
114.7
177.1
79
7.0
2.7
33

163.1
3722
121.0
108.2
978
120.8
75.6
60.6

10
12

7.6

0.9

15
149

13

78

1.6

1.0

29

739
73.6
88.5
62.1
392
469
18.8
175
114
99

592
653.8
334
53.1
824.7
201.3
48.0
101.5

60.3
550

19.8

14.0

420

722

18.5

722
209

11.7

6.5

7.1

19.0

28.5
39.1
50.2
14.8
272
34.6
32
26
9.8
35

45.1
16.1
522
575
16.5
258
482
120.6

155
16.2

7.8

5.6

19
109

8.1

39

8.7

15.5

14.6

Sb

92
13.7
99
59
54
17.1
0.5
0.8
23
0.8

11.8
942
18.4
7.6

15.8
16.0
21.7
38.1

<0.1
22

0.8

<0.1

0.1

<0.1

<0.1

<0.1
0.2

<0.1

0.1

<0.1

0.2

0.1

Ag

1.0
12
0.7
0.6
1.1
1.6
10
0.8
0.8
04

1.7
8.8
13
2.1
69
24
19
2.7

<0.1
<0.1

<0.1
<0.1
0.1

<0.1
<0.1

<0.1
<0.1

<0.1
<0.1

<0.1

<0.1

<0.1

Tl

0.8
0.7
0.7
<0.1

0.3
<0.1
<0.1
03
<0.1

1.7
37
19
23
0.6
12.6
1.8
30

<0.1
<0.1

<0.1

0.5

<0.1

<0.1

<0.1
0.2

<0.1

03

<0.1

<0.1

Se

104
15.1
85
16.7
16.7
26.2
20
9.1
2.6
2.8

344
114
452
374
99

11.3
79.3
74.1

<0.5
0.5

22

<0.5

0.7

<0.5

<0.5

<0.5
1.6

<0.5

<0.5

<0.5

<0.5

Murca Formation shales from the Tobia River (RT) of the Vil-
leta area contain 6.5% dolomite and 3.9% ankerite. These two
minerals have been reported as solid inclusions in emeralds
(Pignatelli et al., 2015) and are associated with albite in hydro-

thermal veins and breccias that contain the emerald mineraliza-
tion (Mantilla et al., 2008).

Mantle—derived Cretaceous gabbroic bodies were emplaced
during the early extensional phases of the back—arc basin and
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Table 9. Rare earth elements in ppm.

Detrital U-Pb Provenance, Mineralogy, and Geochemistry of the Cretaceous Colombian Back-Arc Basin

Sample Area Formation  Sc Y La Ce Pr
COS14-1575 Villade Leyva Arcabuco 21 524 2762 6188 82.09
QBB-00 CEOC Furatena 20 326 2332 5025 61.08
MSP-30 CEOR Macanal 22 455 2050 374.1 4035
COS15-2054 Villade Leyva Paja 14 899 1613 3595 41.09
QSA-65 Villade Leyva Aguacaliente 12 1045 118.7 2993 35.17
COS15-1490 Villade Leyva Paja 13 386 1198 287.6 30.62
0-75 CEOC Hilo 12 529 1421 2330 29.09
MSP-35 CEOR Macanal 21 433 1193 2149 2372
CON7-485  Villade Leyva SanGil Shale 18 450 1063 2129 2445
COS15-1360 Villade Leyva Paja 15 498 988 2105 23.59
QSAU-18 Villade Leyva Une 19 397 956 1992 2195
CON6-1405  Villade Leyva Churuvita 19 456 949 1983 2250
CON7-1014 Villade Leyva SanGil Shale 20 412 101.2 1980 22.80
QSAU-0 Villade Leyva Une 18 456 98.6 1957 2253
CONS8-1958 Villade Leyva Paja 17 549 924 1933 21.70
CON8-2025 Villade Leyva Paja 17 476 909 1849 20.85
COS15-1739 Villade Leyva Paja 11 512 847 1804 2034
QS-00 Villade Leyva Salto 13 531 759 1744 19.02
CON7-1655 Villade Leyva San Gil Shale 17 508 792 161.5 1845
CON6-674  Villade Leyva Churuvita 12 546 741 1584 17.60
COS15-1819 Villade Leyva Paja 13 474 791 156.7 18.05
CONS8-1712  Villade Leyva Paja 15 485 729 1478 1659
QNP-00 Villade Leyva Paja 16 387 598 1317 1521
CON8-2296 Villade Leyva Paja 10 530 592 1267 14091
RN-40 Villa de Leyva Pacho 12 411 523 1050 13.08
0-85 CEOC Hilo 21 29.1 467 900 1301
QAD-50 Villade Leyva LaLuna 7 1300 67.7 883 11.81
QLL-55 Villade Leyva La Luna 5 2237 972 757 15.15
C-12 CEOR Macanal 29 290 316 638 7.65
QAD-65 Villade Leyva La Luna 6 1686 732 612 11.06
COS14-459  Villade Leyva Villade Leyva 23 20.7 288 56.6 7.03
VV-80 Villa de Leyva Trincheras 10 505 298 557 657
RN-70 Villa de Leyva Pacho 14 520 249 548 6.68
RT-10 Villade Leyva Murca 14 2313 255 504 596
MSP-25 CEOR Macanal 24 346 212 377 623

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
3152 50.13 797 217 232 1155 175 450 072 485 0.71
2178 31.65 49 16.14 168 7.78 1.19 3.5 046 309 041
150.1 2243 368 1203 153 873 155 408 061 431 063
1545 26.18 407 1896 257 158 325 1000 1.61 1093 1.72
1338 2549 430 2258 359 19.18 332 871 1.17 696 101
1099 17.09 270 1233 152 764 146 408 062 412 0.62
99.8 1124 167 751 078 436 1.14 396 059 400 0.68
886 15.19 271 1064 157 839 172 482 0.68 457 0.65
870 1481 245 1179 169 950 180 5.11 072 474 0.69
87.1 1495 248 1109 151 925 190 578 096 648 0.93
765 1328 225 1008 151 832 155 446 068 437 068
832 1532 260 1297 191 988 183 466 0.70 435 0.67
80.1 1342 228 977 126 760 155 494 073 462 0.70
800 1357 231 1024 167 938 176 499 076 505 0.75
79.6 1355 232 1146 175 1028 195 563 0.87 558 0.85
756 1363 244 1221 173 963 178 514 0.75 493 0.76
747 129 200 923 135 845 181 6.1 104 728 1.15
700 1258 202 1158 1.75 1032 197 594 086 554 0.86
675 1228 2.14 10.10 161 993 205 606 091 555 0.86
636 991 147 708 122 833 192 600 105 7.19 1.14
665 1196 196 986 136 809 164 497 082 578 090
610 1139 2.11 1049 163 925 180 521 081 538 085
600 15.14 325 1897 243 1011 154 363 051 329 044
551 950 164 846 146 870 176 522 086 576 0.88
50.8 11.13 2.13 1203 1.68 851 156 446 0.63 439 064
524 1512 334 1244 181 962 166 429 059 382 049
441 826 158 9.2 16 1071 254 815 1.19 7.78 1.19
640 1280 3.13 17.18 252 16.16 389 1209 1.66 1025 1.73
308 665 123 642 099 488 109 332 043 3.19 047
444 973 227 1273 189 1147 280 865 125 762 125
280 590 172 584 083 419 074 216 033 236 036
266 496 1.14 723 137 811 189 473 066 392 055
271 730 160 961 167 956 205 602 086 569 0.90
237 1001 377 2690 588 39.66 7.74 1858 224 1143 139
241 564 137 651 105 670 131 388 055 422 059

intruded Lower Cretaceous shales. These rocks include dikes
of gabbro, diorite, and tonalite associated with hydrothermal
activity that carried fluids related to the emerald mineralization.
The ages reported by Vasquez et al. (2010) and the Radiometric
Dating Catalog of Colombia, compiled by Gémez et al. (2015),
indicate that the gabbros span Valanginian to Cenomanian time.
The K-Ar and Ar—Ar ages from whole—rock and hornblende
samples, which would reflect the ages of emplacement, are Va-
langinian to Hauterivian (Pacho), Barremian to Cenomanian

(Céceres), Aptian (Pajarito), Albian to Cenomanian (Rodrigo-
que), and Cenomanian (La Corona).

Vasquez et al. (2005, 2010) documented the geochemistry
of the mafic to intermediate bodies, indicating tholeiitic affin-
ity (MORB-like) from Céceres and Pacho on the western side
of the Eastern Cordillera and alkaline affinity (OIB-like) from
Rodrigoque and Pajarito on the eastern side. The tonalite from
La Corona in the western part of the Eastern Cordillera, near
Ciéceres and Pacho, also shows alkaline affinity. The authors
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indicated a transition from a low to a high degree of partial
melting and crustal contamination of mantle—derived magmas.

The wide range of muscovite K—Ar and Ar—Ar ages (Cheilletz
etal., 1994, 1997; Gémez et al., 2015) of the mineralized emerald
zones from the Macanal Formation: 76 + 2.4 Mato 58 4 + 5.3 Ma
(early Campanian to late Paleocene) and the Furatena Formation:
373 +0.1 Mato 31.4 +0.3 Ma (late Eocene to early Oligocene),
could indicate that not all the mineral systems were completely
closed with respect to Ar due to the Early Cretaceous hydrother-
mal activity in the basin. For instance, the C4ceres Gabbro yields
plagioclase Ar—Ar ages (Gomez et al., 2015; Vasquez et al. 2010)
of 81.7 £ 0.8 Ma to 27 + 1.9 Ma (early Campanian to late Oli-
gocene), which are too young, considering the Early Cretaceous
biostratigraphic ages of the strata intruded across the basin. The
oldest whole-rock K—Ar age of the Caceres Gabbro is 113.0 +
16.0 Ma (early Barremian to early Cenomanian), which is closer
to the age of emplacement. The Rodrigoque Gabbro presents the
same situation; the youngest Ar—Ar age in plagioclase is 49.9 +
0.2 Ma (early Eocene), but the oldest whole-rock K—Ar age is
106.5 + 5.5 Ma (Albian). In the Corona Gabbro, the youngest
Ar—Ar age in plagioclase is 64.3 + 2.3 Ma (late Maastrichtian
to Paleocene), but the oldest Ar—Ar age in hornblende is 97.8
+ 0.1 Ma (early Cenomanian). The muscovite and plagioclase
ages younger than hornblende ages could indicate different clo-
sure temperatures, but the wide range of ages could also indicate
argon loss during the Early Cretaceous hydrothermal activity,
producing misleading younger ages.

We infer that the magmatic activity which affected the Lower
Cretaceous strata in the basin produced several episodes of min-
eralization. The hydrothermal fluids that carried the scandium,
vanadium, and beryllium were emplaced during Valanginian to
Cenomanian rifting of the back—arc basin. Emeralds are present
mostly in strata of Berriasian to Hauterivian age on both sides
of the basin, so emerald mineralizing fluids must have been em-
placed during the rifting stage when the basin experienced peak
magmatic and hydrothermal activity. If the main mineralizing
episode had occurred during the Cenozoic, then the emeralds
would also have crystallized in younger strata and not primarily
in Berriasian to Hauterivian shales. The Lower Cretaceous shales
from the opposite eastern and western sides of the basin have dif-
ferent clay and REE signatures because of different source areas
but share similar geochemical features because of the elements
introduced during magmatic and hydrothermal activity.

Two other lines of evidence have been explored regarding
the origin of emerald mineralization. One line is the maximum
temperature reached by burial of the Berriasian to Hauterivian
strata that host the main emerald mineralization, and the other
line is the temperature of the mineralization itself. Silva et al.
(2010) concluded that the chlorite (clinochlore) associated with
the emerald mineralization hosted in Berriasian rocks with hy-
drothermal activity (which also contain hydrothermal albite and
dolomite) crystallized at ca. 354 °C and that such a temperature

was consistent with the temperature (ca. 335 °C) of fluid inclu-
sions in the emeralds reported by Mantilla et al. (2008). On the
other hand, Mora et al. (2013) established that cleavage was
produced at maximum paleotemperatures (ca. 220 °C deduced
from ZFT and vitrinite reflectance) during the late Oligocene;
fold—related calcite—filled veins and late stages of cleavage
were produced at temperatures between 220 °C and 160 °C
during the early Miocene, indicating that the strata accumulated
strain for a few million years before first—order thrusting, which
was produced during the late Miocene and Pliocene uplift of
the Eastern Cordillera. The temperatures obtained from the two
data sets were attained during different events: One tempera-
ture (ca. 354 °C) is that of chlorite and emerald mineralization
during Valanginian to Cenomanian hydrothermal activity, and
the other temperature (220 to 160 °C) represents the maximum
burial at which the strata began accumulating strain before
thrust movement occurred during late Miocene uplift.

We postulate that at a micro scale, the normal faults and
extensional fractures that controlled the basin during the Early
Cretaceous were the main conduits for the hydrothermal flu-
ids that formed the emeralds. Many but not all of these normal
faults and fracture planes were later inverted during the Miocene
thrusting and uplifting of the basin. For instance, Mantilla et al.
(2008) indicate that in the Oriente mine of the CEOR, fragments
of hydrothermal veins with emeralds are present in fractures pro-
duced during a recent tectonic event that destroyed the emerald
mineralization. Mora et al. (2013) indicated that most of the
planar fabrics, veins, and fractures are correlated with the main
folds that affected the Cretaceous rocks during the late Oligo-
cene and early Miocene, but in the mining area of El Porvenir in
the Gachald dome, orthogonal veins filled with calcite have no
parallelism or symmetry with any contractional fold.

Since there are no igneous bodies of Campanian to Oligo-
cene age intruding the strata of the basin, which could support
the hypothesis of hydrothermal activity during this time span,
and since the temperature produced by burial diagenesis was not
high enough (less than 220 °C for the oldest strata), we prefer the
interpretation of emerald mineralization during Early Cretaceous
hydrothermal activity with temperatures higher than 350 °C.

5. Conclusions

Detrital zircon U-Pb ages document two source areas for the
back—arc Cretaceous Colombian Basin. One source on the E
side of the basin has Archean, Proterozoic, and Paleozoic ages
derived from the Guiana Shield, and the other source on the W
side of the basin has Triassic to Cretaceous ages, including very
abundant Jurassic particles derived from the Central Cordillera
magmatic arc. Other important particles derived from the Cen-
tral Cordillera have Paleozoic ages, along with a small number
of Proterozoic particles. No Mesozoic particles are present in
the samples from the E side of the Eastern Cordillera.

293

Cretaceous



GUERRERO et al.

The fluvial system of Berriasian to Valanginian age that de-
posited the Tambor Formation and time—equivalent fluvial units
in the center of the basin contained particles sourced from both
the E and W sides of the basin, including distributary streams
feeding a trunk river flowing northward to the Caribbean. The
central rift of the basin was completely flooded during the late
Valanginian, as indicated by the offshore shales, marlstones,
and biomicrites deposited in large areas of Cundinamarca,
Boyac4, and Santander Departments. The horsts that separated
the early grabens of the basin were definitely covered during
the late Valanginian. After this time, the Cretaceous seaway was
separated into two shorelines supplied from E and W sources on
opposite sides of the basin. Fluvial environments during the rest
of Cretaceous time were also separated on the opposite E and
W margins of the basin. No mixing of particles from opposite
E and W source areas or from local horsts occurred in the basin
after the Valanginian.

XRD analyses show that black shale mudstones of the ba-
sin are composed mainly of clay minerals and quartz silt. The
highest contents of kaolinite (50 to 55 %) are from the Paja
Formation in the Santander area and the Une and Chipaque For-
mations in the Llanos Foothills, both sourced from the Guiana
Shield. The highest average illite contents (60 to 65 %) are from
shales of the Simiti and El Salto Formations in the Infantas
well and from the Hilo Formation in the Otanche section; both
are situated toward the W side of the basin. Chlorite is present
in minor amounts compared to kaolinite and illite; the highest
average percentage of chlorite (22%) comes from the lower part
of the Murca Formation in the Tobia River section of the Villeta
area. Chlorite was derived from low—grade metamorphic rocks
sourced from the Central Cordillera.

ICP-MS analyses reveal several important elements associ-
ated with the clay content of black shales from the basin, which
also help to discriminate between eastern and western sources.
The highest contents of titanium, zirconium, thorium, niobium,
hafnium, and tantalum in the study come from a shale sample
of the Paja Formation in the Villa de Leyva area. The unit was
sourced from the eastern side of the basin, which has more
differentiated continental crust than the western sources. In con-
trast, the highest contents of chromium, copper, molybdenum,
arsenic, antimony, selenium, thallium, and silver in the study
come from the shales of the Hilo Formation in the Otanche sec-
tion, which also have very high contents of illite. This unit was
sourced from the western side of the basin, which included the
magmatic/metamorphic arc and accreted oceanic crust.

The light REE of the cerium group have the maximum val-
ues for this study in a siltstone sample from the upper part of the
Arcabuco Formation in the ANH COS-14 well in the vicinity of
Villa de Leyva. In contrast, the heavy REE of the yttrium group
have the maximum values for this study in a sample from the
lower part of the Murca Formation in the Tobia River section.
The high contents of the yttrium group indicate an ultramafic
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source in accreted oceanic crust along the western basin margin,
while the cerium group indicates more differentiated continen-
tal crust on the eastern basin margin.

Another important mineral that indicates provenance is ap-
atite, which shows higher percentages in the western part of
the basin and is related to igneous and metamorphic sources in
the Central Cordillera. Samples with heavy mineral analyses
containing high percentages of terrigenous apatite come from
the Murca, Trincheras, Socotd, Hilo, and Pacho Formations in
the Villeta area. Another important fraction of the reported ap-
atite is related to phosphatic biomicrites and has an authigenic
origin because of biological accumulation in fish. The highest
percentages of fluorapatite from XRD analyses are from La
Luna Formation. The highest contents of uranium in the study
are associated with the biologically concentrated phosphates of
La Luna Formation.

The highest calcium (CaO) contents (40 to 55 %), obtained
from ICP-OES analyses, come from the biomicrite limestones
of La Luna Formation on the W and N sides of the basin. The
highest contents of SiO, (59 to 79 %) in diagenetic cherts are
also from La Luna Formation, in addition to the Lidita Inferior
and Lidita Superior Formations, Hilo Formation, and La Fron-
tera Member of the Conejo Formation.

Mantle—derived gabbroic to intermediate bodies emplaced
during the early extensional synrift phase of the back—arc basin
intruded Lower Cretaceous shales. The former rocks include
dikes of gabbro, diorite, and tonalite, associated with import-
ant hydrothermal activity that carried the fluids that produced
the emerald mineralization. The highest values of scandium are
found in shales of the CEOR, whereas the highest values of
vanadium are present in shales of the CEOC. The wide range
of muscovite and plagioclase ages from the mineralized emer-
ald zones (early Campanian to late Oligocene), much young-
er than the hornblende and whole-rock ages of emplacement
of the gabbros (Valanginian to Cenomanian), might indicate
that the systems were not closed with respect to Ar, producing
misleading younger ages. Argon loss could be due to sever-
al factors, including Early Cretaceous hydrothermal activity,
increasing temperature during Late Cretaceous to Oligocene
sedimentation, and compressional strain during Miocene uplift
of the Eastern Cordillera. There are no igneous bodies or other
known sources of heat, which could support the hypothesis of
hydrothermal activity during the Campanian to Oligocene.
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Explanation of Acronyms, Abbreviations, and Symbols:

ANH Agencia Nacional de Hidrocarburos
CEOC Western Emerald Belt
CEOR Eastern Emerald Belt

ICP-MS
ICP-OES

Inductively coupled plasma mass spectrometry
Inductively coupled plasma optical

emission spectrometry

LA-ICP-MS Laser ablation inductively coupled

plasma mass spectrometry

LOI Loss on ignition

MMV Middle Magdalena Valley
MORB Mid-ocean ridge basalt
OIB Ocean island basalt

REE Rare earth element

UMV Upper Magdalena Valley
XRD X-ray powder diffraction
ZFT Zircon fission track
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