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ABSTRACT. Vanadium (V) and uranium (U) are critical elements for the energy and technology industry. They
are characterized by low abundance in the earth crust’s rocks, but can be concentrated and give rise to sedimentary
mineral deposits as a result of redox processes during sedimentation and diagenesis. The anomalies of V-U in La Sota,
Ecuador, are found in black limestones and black calcareous shales of Cretaceous age. Here we present the results of
a geochemical study and a multivariate geostatistical analysis, which enables us to infer four different associations:
1) disseminated organic matter in the limestones that hold V and Zn, probably in the form of organometallic complexes;
2) phosphatic minerals and concentrations of U, HREE and Ni, which may be incorporated as trace elements in the
phosphates, compatible with sedimentation in an anoxic environment; 3) Ca in carbonates from a marine environment;
and, 4) litophile elements associated with detritic minerals, such as quartz, plagioclase, feldspar, micas, clays and
oxyhydroxides of Fe-Mn-Ti, produced by weathering and erosion. Our findings suggest that V is associated mainly
with the organic matter of marine origin in the bituminous limestones, while U is associated with P, thereby indicating
the formation of uraniferous phosphates during sedimentation.
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RESUMEN. Origen de las anomalias geoquimicas de vanadio-uranio en las calizas de la Formacion Puyango,
La Sota (Ecuador): resultados preliminares. El vanadio (V) y el uranio (U) son elementos criticos para la industria
energética y tecnoldgica. Se caracterizan por su baja abundancia en las rocas de la corteza terrestre, pero pueden
ser concentrados y dar origen a depoésitos minerales sedimentarios como resultado de procesos de redox durante la
sedimentacion y la diagénesis. Las anomalias de V-U en La Sota, Ecuador, se encuentran en calizas negras y lutitas
calcareas negras del Cretacico. En este trabajo se presentan los resultados de un estudio geoquimico y un analisis
multivariante, que permite inferir cuatro asociaciones: 1) materia organica diseminada en las calizas que contiene V' y
Zn, probablemente en forma de complejos organometalicos; 2) minerales fosfatados y concentraciones de U, HREE y
Ni, posiblemente incorporados como elementos traza en los fosfatos, compatibles con sedimentacion en un ambiente
anoxico; 3) Ca contenido en carbonatos de ambientes marinos; y, 4) elementos litofilos asociados a la presencia de
minerales detriticos, como cuarzo, plagioclasa, feldespato, micas, arcillas y oxihidroxidos de Fe-Mn-Ti, producidos por
meteorizacion y erosion. Los resultados sugieren que el V esta asociado principalmente con la materia organica de origen
marino diseminada en las calizas bituminosas, mientras que el U esta vinculado con el P, lo que indica la formacion de
fosfatos uraniferos durante la sedimentacion.

Palabras clave: Vanadio, Uranio, Geoquimica, Materia organica, Analisis factorial.
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1. Introduction

Vanadium (V) and uranium (U) are two redox-
sensitive elements whose sedimentary mineral deposits
are mainly linked to ferro-titaniferous sands, bitumen,
crude oil and coal in the case of vanadium (Dill, 2010;
Pohl, 2011), and to a lesser extent to phosphates and
black shales in the uranium case (Cuney and Kyser,
2008; IAEA, 2018). In some areas, U-V deposits hosted
in sandstones are formed on oxidation-reduction fronts
(roll front) or by precipitation in stratiform reductants
(Hou et al., 2007; Cuney, 2009; Dahlkamp, 2009), in
which the mobile and soluble U®* is reduced to U*', and
V5, in turn, is reduced to V** or V3" (Huang et al., 2015).

In unconventional mineral deposits such as black
shales, enrichments of V and U can also occur (IAEA,
2018) and are mainly associated with organic matter
deposited in restricted marine basins under anoxic
conditions, producing organometallic complexes of V
such as porphyrins (Gao et al., 2013; Huang et al., 2015).

Some mineral deposits of U hosted in limestones
occur in China, India, Mexico and Greece (Min
et al., 1997; Nagarajan et al., 2011; Tzifas et al.,
2014; Villarreal et al., 2016; IAEA, 2018). A V-U
deposit hosted in black limestones is also known in
Colombia, named the Berlin deposit (U,O, corp.,
2018)', which was formed by the chemical reduction
of these elements (IAEA, 2009).

In the Alamor-Lancones basin of Cretaceous age
in southwestern Ecuador, radiometric anomalies
have been associated with the black limestones
of the Puyango Formation (Aguilar, 1985), where
prospecting studies have recently been initiated
(Manrique et al., 2018; Manrique, 2019; Manrique-
Carrefio y Guaman-Jaramillo, 2020). These studies
detected geochemical anomalies of V, U and Zn in
the La Sota area. Here we aim to identify the origin
of these geochemical anomalies of V and U. To this
end, we conducted a geochemical study in this area,
applying a multivariate statistical analysis to identify
the main geochemical associations in samples of
bituminous limestones.

2. Geographical and geological setting

The study area is located in the locality of La Sota
(Loja province) in the southwestern of Ecuador
(Fig. 1). It is characterized by an irregular topography,
with abundant vegetation and steep slopes. This area
has a dry mega-thermal tropical climate with and
average temperature of 24 °C, which, added to the
humidity, causes an increase in thermal sensation.
The highest rainfall is registered in February, March
and April (winter), whereas little or no rainfall occurs
during the rest of the year (summer) (G.A.D.M. de
Puyango, 2014).
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FIG. 1. Geological map of the study area with the location of the sampling sites.
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Two main rock formations of Lower Cretaceous
age outcrop in this area, the Quebrada Los Zabalos
and Puyango formations (Fig. 2). With an estimated
thickness of 400 m, the former consists of siltstones,
light gray fine-grained quartz sandstones, fine
to medium conglomerates, greenish graywackes
embedded with fine-grained gray to medium-grained
silicified sandstones, and thin layers of shales
(mudstones), deposited in a continental fluvial
environment, with development of contemporaneous
volcanism (Carrasco, 2018). This formation hosts
large fossil trunks and leaf imprints. It overlies pre-
Carboniferous sedimentary rocks of El Tigre Formation
on a non-conformity and underlies the Puyango
Formation (INIGEMM, 2017). The Quebrada Los
Zabalos Formation has been attributed an Aptian-
Albian age (Jaillard et al., 1999). The Albian-age
Puyango Formation (Shoemaker, 1982) consists of
sequence of black limestones, turbidites, calcareous
shales and calcarenites of ca. 300 m thick, deposited
in an open platform as a result of marine transgression.
These rocks are strongly deformed and present calcite
veinlets. The presence of fossil remains is very
common, including mainly ammonites, bivalves and
small corals. It is capped by the Chaquino Formation
of the Zapotillo Group with an angular unconformity
(Jaillard et al., 1999).

Preliminary studies by Celi (2011) found high
concentrations of U in the areas of La Sota and
Puyango, linked to apatite. Furthermore, significant
amounts of U bearing minerals, such as fluorapatite
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and uranosphatite, and V minerals, such as sherwoodite
and ronneburgite have been identified in the area
within bituminous black limestones of the Puyango
Formation, which are probably related to geochemical
anomalies of V, U and Zn (Manrique et al., 2018;
Manrique, 2019).

3. Materials and methods
3.1. Sampling and sample preparation

A total of 19 rock samples were taken from
outcrops in which stratigraphic sections were
recognized (Fig. 3): 16 samples are from limestones
from the Puyango Formation sections, whereas
three (4, 12, 13) are siliciclastic rocks from the
Quebrada Los Zabalos Formation (Table 1). We
chose to sample these stratigraphic sections as
they were the best outcrops in the area. In addition,
promising exploration results were obtained in a
previous research with the identification of U, V,
Zn anomalies in this area (Manrique et al., 2018).
Samples of ca. 2 kg were recovered after removing
the surficial 20 cm to avoid the presence of weathered
and/or eroded material. The sampled stratigraphic
sequences are shown in Fig. 3. Sections 1, 7 and
8 belong to the Puyango Formation and they are
composed mainly of intercalations of black limestone
and calcareous shales. The stratigraphic sequence
of the Quebrada Los Zabalos Formation, section
number 4 in figure 3, consists mainly of siliciclastic
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FIG. 2. Stratigraphic positions of Puyango and Quebrada Los Zabalos formations (modified from Carrasco, 2018).
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TABLE 1. CHARACTERISTICS OF THE SAMPLES.

Sample Formation Lithology
1 Puyango Grey limestone
2 Puyango Grey limestone
3 Puyango Grey limestone
4 Qda. Los Zabalos ~ Brown sandstone
5 Puyango Grey limestone
6 Puyango Black calcareous shale
7 Puyango Grey calcareous marl
8 Puyango Black limestone
9 Puyango Black limestone
10 Puyango Grey limestone
11 Qda. Los Zabalos ~ Brown sandstone
12 Qda. Los Zabalos  Brown sandstone
13 Puyango Grey limestone
14 Puyango Black limestone
15 Puyango Black limestone
16 Puyango Black limestone
17 Puyango Grey limestone
18 Puyango Black limestone
19 Puyango Grey limestone
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sandstones. Samples were placed in sealed bags to
avoid external contamination and labeled accordingly.
All samples were georeferenced. Two sub-samples
were separated from the samples: one for multi-
element inorganic chemical analysis, and another
for total organic carbon (TOC) determination.

The samples were dried at 105 °C for 24 h at the
Laboratory of Geology and Mining (Geosciences
Department of the Universidad Técnica Particular
de Loja). Then comminution was done to obtain
<5 cm fragments. The fragmented samples were
crushed in a jaw crusher and <3 mm fractions
were separated and adequately quartered in a
cracker. About 200 g of the representative samples
were loaded to the grinder for 3 min to produce a
sample of 200 g. Then the sample was pulverized
during 3 min in a vibratory disc mill of agata, to
produce a particle size of approximately 0.5 to 20
microns after which it was removed in a sealed
case and its corresponding label. All devices were
thoroughly cleaned with ethanol between each
sample preparation.
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FIG. 3. Stratigraphy of the sampling area. The number above each stratigraphic column corresponds to the sampling point shown in figure 1.
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3.2. Multi-element inorganic chemical analysis

Samples were analyzed by an ISO 17025
(Lab 266) and NELAP (Lab E87979) accredited
laboratory: Activation Laboratories Ltd. (Actlabs,
Ontario, Canada). For QA/QC purposes, five blanks
(analytical and method), five duplicates, and ten
analyses of standard reference materials (internal
standards, OREAS45EA and SAAR-M2) were inserted
in the sequences of samples to provide a measure of
background noise, accuracy, and precision. Samples
were analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS) using the 4LITHORES
(11+) Major Elements Fusion, ICP(WRA)/Trace
Elements Fusion ICP/MS(WRA4B?2) package offered
by Actlabs. The analytical precision was <2% and
the accuracy better than 5 at 95% confidence level.
Detection limit for major elements was 0.01%, with
the exception of TiO, and MnO (0.001%), whereas
detection limit for trace elements varied between
0.01 and 5 mg/kg depending on the element.

3.3. Total Organic Carbon (TOC) analysis

Another sub-set of the same 19 samples were used
for TOC analysis in the Laboratorio de Biogeoquimica
de Isotopos Estables (Instituto Andaluz de Ciencias
de la Tierra). These samples (1 g) were homogenized
with a mortar and pestle. TOC was determined using
a Shimadzu TOC analyzer.

3.4. Statistical analysis

For the statistical study, 37 elements determined
in the studied samples were considered (light and
heavy rare earth elements were grouped within LREE
and HREE, respectively), since in all cases the data
were above the detection limits, and also the total
organic carbon (TOC). The multi-element matrix
was compiled to build a database that was studied
using Statistica 10.0 software.

This multi-element matrix was used to perform
a cluster analysis to establish geochemical groups of
samples, mainly limestones, with analogous behavior.
We also performed a cluster analysis to examine the
elements with similar behavior. Ward’s algorithm
and Euclidean distance were used.

A factor analysis was also performed to reduce
dimensionality, which makes it possible to simplify the
explanation of a set of observations. The data cloud
is explained in terms of major axes derived from the
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covariance matrix by extracting the eigenvectors and
subsequently deriving a matrix with factor loadings,
which explain the common variability of these original
variables (element concentrations in our case).

4. Results
4.1. Raw data and chemical composition of samples

The concentration of the major elements in the
analyzed samples is shown in figure 4. The results
confirmed that the limestones belonging to the
Puyango Formation display a low content of MgO.
The detrital component was significant, as evidenced
by the concentration of SiO, ranging between 10 and
20 wt%. Also of note was the presence of organic
matter (TOC) with an average content of 6.25 wt%.
Minor components were Al,O, and Fe,O..

The chemical composition of the three samples
belonging to the Quebrada Los Zabalos. Formation
(4, 11 and 12) clearly differs from those of the
Puyango Formation (Fig. 4) as they showed high
SiO, concentrations, followed by Al,O, and Fe O,.
In contrast, the concentration of CaO was <5 wt%,
which agrees with its siliciclastic nature. In addition,
the concentration of trace elements also showed
differences between samples from the Puyango and
Quebrada Los Zabalos formations (Fig. 5).

4.2. Chemical anomalies

The background values (median), threshold
(median+standard deviation), sub-anomalies
(median+2 standard deviation) and anomalies
(median+ 3 standard deviation) of the studied samples
were calculated for all elements (Table 2) following
the methodology used by Howarth (1983). Light
and heavy rare earth elements were grouped within
LREE and HREE, respectively.

Significant anomalous values were obtained
for MgO (1.73 wt.%), P,O, (2.47 wt%) and
TOC (>25.03 wt%). All of them are associated with
the Cretaceous bituminous limestones of the Puyango
Formation. Regarding the trace elements, anomalous
values were obtained for elements of economic interest:
V (>3,569 mg/kg), HREE (>147 mg/kg), Zr (>26 mg/kg),
Co (>0 mg/kg), Ni (>17 mg/kg), Cu (>30 mg/kg),
Zn (>2,615 mg/kg) and U (>195 mg/kg). Of these, the
redox-sensitive elements to be highlighted are V, U
and Zn. The spatial distribution of these anomalies
is shown in the geochemical maps in figures 6 and 7.
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FIG. 4. Box-plot diagram for major elements of the samples. Limestone samples from the Puyango Formation. Samples from the
Los Zabalos Formation are plotted separately. X represents the median.
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TABLE 2. GEOCHEMICAL BACKGROUND, THRESHOLD, SUB-ANOMALIES AND ANOMALIES DETERMINED
FOR THE ANALYZED ELEMENTS IN THE STUDIED SAMPLES.

Background  Threshold  Sub-anomaly Anomaly

SiO, (wt%) 13.28 29.86 46.45 -
ALO, (Wt%) 2.70 9.07 15.44 -
Fe,0,(T) (wt%) 0.98 3.82 6.66 -
MnO (wt%) 0.03 0.05 0.08 -
MgO (wt%) 0.55 0.94 1.34 1.73
CaO (wt%) 43.65 - - -
Na,O (wt%) 0.14 0.42 0.70 0.98
K,0 (wt%) 0.41 1.30 2.19 -
TiO, (Wt%) 0.14 0.44 0.73 -
P,0O, (Wt%) 0.26 1.00 1.73 2.47
TOC (wt%) 4.66 11.45 18.24 25.03
Sc (mg/kg) 3 9 15 -
V (mg/kg) 627 1,608 2,589 3,569
Ba (mg/kg) 568 1,061 1,553 -
Sr (mg/kg) 682 1,097 - -
Zr (mg/kg) 29 95 160 226
Cr (mg/kg) 60 107 155 -
Co (mg/kg) 1 7 14 20
Ni (mg/kg) 80 259 438 617
Cu (mg/kg) 30 130 230 330
Zn (mg/kg) 170 985 1,800 2,615
Ga (mg/kg) 4 12 20 -
As (mg/kg) 9 35 60 86
Rb (mg/kg) 14 54 95 -
Nb (mg/kg) 2 10 18 -
Mo (mg/kg) 52 88 124 -
Ag (mg/kg) 0.5 0.7 1.0 1.2
Sb (mg/kg) 2.6 13.6 245 -
Cs (mg/kg) 0.9 34 5.9 8.4
Hf (mg/kg) 0.7 22 3.7 -
Ta (mg/kg) 0.1 0.6 1.2 1.7
W (mg/kg) 2.0 7.8 13.6 19.4
TI (mg/kg) 3.0 5.4 7.8 -
Pb (mg/kg) 6.0 13.7 21.5 -
Th (mg/kg) 1.5 6.8 12.0 -
U (mg/kg) 11.1 72.3 1335 194.8
2 LREE (mg/kg) 352 113.7 192.1 -
> HREE (mg/kg) 229 64.4 105.8 147.3

Background (median), Threshold (median +1*standard deviation), Sub-anomaly (median +2*standard deviation) and, Anomaly
(median +3*standard deviation). - represents does not reach the category.
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4.3. Multivariate statistical analysis

The results of the cluster and factor analysis are
presented in figures 8, 9 and 10 and tables 3 and 4.

5. Discussion

Based on the geochemical maps (Figs. 6 and 7)
the following spatial associations of anomalies and
sub-anomalies were obtained: 1) TOC, V and Zn in
samples 8, 18, 17, 15 and 5; and 2) P, U and Ni in
samples 17 and 18. These results were corroborated by
cluster analysis (Fig. 8) and factor analysis (Fig. 10).

5.1. Multivariate statistical analysis

5.1.1. Cluster analysis of the studied samples

The dendrogram (Fig. 8) for the samples shows
two clusters, the first one comprising 5 samples
(cluster A) which consist of limestones, and the
second one 14 (B), which could be divided into
sub-clusters (B1 and B2).

Cluster A includes the samples with the highest
concentration of V (Table 3) and shows a V enrichment
that is approximately 10 to 24 times higher than
that of the clarke (150 mg/kg, Dill, 2010), thereby
evidencing the anomaly in this area. Samples 8 and
17 of this cluster show the highest Zn contents and
both represent limestones of the Puyango Formation.

Cluster B includes a subgroup (B1) with samples
that have the highest concentrations of SiO, and
ALO, (4, 11, 12). These samples corresponded to
the siliciclastic rocks of the Quebrada Los Zabalos
Formation, and they show the lowest concentrations of
V, Zn and U (Table 3), all below the background values
calculated in the present study (Table 2). Although
they belong to limestones of the Puyango Formation,
samples 2 and 9 were included in this subgroup due
to their low concentrations of V, Zn and U.

In the other subgroup (B2), the samples show V,
Zn and U concentrations (Table 3) falling between the
background categories to sub anomalies according
to the geostatistical analysis of the present study
(Table 2). All these samples corresponded to bituminous
limestones of the Puyango Formation.

5.1.2. Cluster analysis of the studied samples
chemical composition

The cluster analysis conducted for the chemical
elements determined in the studied samples identified
two main groups (Fig. 9). In addition, the correlation
matrix was calculated for all the elements considered.
The correlation coefficients obtained (Table 2
Supplementary information) together with the cluster
analysis groups make possible to identify those
chemical elements with a probable common origin.

Cluster A contains two subgroups: A1, including
Sr and Ba, which may be associated with carbonate,

Euclidean distances
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FIG. 8. Dendrogram obtained (Ward method) for cluster analysis of the studied samples.
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TABLE 3. MEAN OF U, VAND ZN CONCENTRATIONS IN SUB GROUPS CLUSTERS OF THE STUDIED SAMPLES.

Mean/sub groups v v Zn
(mg/kg) (mg/kg) (mg/kg)
A 90.1 2,353 1,366
Bl 5.4 162 100
B2 14.9 644 333

Euclidean distances
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FIG. 9. Dendrogram obtained (Ward method) for cluster analysis of chemical elements.

where Ba and Sr can replace Ca in calcite of the
limestones included in the Puyango Formation (Lan
et al., 1988; Van et al., 2003; Tardy, 1975), and A2,
including Zn and V, which may be related to the
potential presence of organometallic complexes in the
bituminous black limestones of the same Formation
(Breit and Wanty, 1991; Huang et al., 2015; Gao et al.,
2013).V, Zn, Mo and TOC showed high correlation
coefficients (Table 2 Supplementary information),
consistent with that shown in figure 6, where a spatial
coincidence of the V-Zn-TOC anomalies is observed.
This finding may be explained by the fact that these
elements are bound and/or absorbed in organic
matter (Breit and Wanty, 1991). In this regard, V can
form organometallic complexes such as porphyrins,
which are organic molecules of marine origin (Gao
et al., 2013). In addition, Zn and Mo can also form
organometallic complexes (Huang et al., 2015).
Cluster B (Fig. 9) also has two subgroups: B1,
including Ni, LREE, Rb, Zr, Cu, HREE, U, Mo, Cr, As

and Ca, which are mostly pathfinders of sedimentary
U deposits, mainly Mo, Ni, Cu and As (Cuney and
Kyser, 2008; Cuney, 2009; Dahlkamp, 2009), and
B2, grouping Sb, TOC, W, P, Ta, K, Ag, Mg, Ti,
Na, Mn, TI, Hf, Cs, Fe, Pb, Nb, Ga, Th, Co, Sc, Al
and Si, most of which are lithophile elements and
reflect the presence of detrital mineral in the analyzed
samples (Bhathia and Crook, 1986; Kidder et al.,
2003), namely Si, Al, K, Fe, Ti, Sc, Zr, Co, Ga, Rb,
Nb, Cs, Hf, Ta, Pb, Th, and LREE. These elements
are possibly hosted in silicates and aluminosilicates,
such as quartz, feldspars, plagioclase, micas (biotite,
muscovite), clays and oxyhydroxides of Fe, (Misra,
2012) and zircon (ZrSiO,).

Subgroup B2 also includes other elements of
chalcophile character, namely Sb, Ag, Pb and Co,
which could be part of sulfurs or sulfosalts associated
with organic matter (Misra, 2012) or be present as
ionic substitutions of Fe, Mn or Ti in ferrous silicates
or ferric oxyhydroxides (Pohl, 2011).
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5.1.3. Geochemical associations based on factorial
analysis

On the basis of the discriminant analysis,
four factors explaining more than 90% of the
original variance were deduced for the samples.
The main results of the factor analysis are shown
in table 4 (after varimax rotation). The variables
show sufficient communality (the proportion of
variance of such a variable shared with the others
and accounted for by common factors) to validate
the results. Therefore, the interpretation of the
factor loadings is as follows:

Factor 1 groups mainly lithophile elements
(Si, Al, Fe, K, Ti, Sc, Zr, Co, Ga, Rb, Nb, Cs, Hf,
Ta, Pb, Th, LREE) hosted in detrital minerals.
In this factor, Ca shows a negative correlation with
the other elements of Factor 1, which is interpreted
as an inverse relationship between the presence of
limestones, composed mainly by CaCO,, and detrital
minerals (quartz, plagioclase, feldspar, micas, clays,
oxyhydroxides of Fe-Mn-Ti).

Factor 2 mainly groups P, U, HREE and Ni,
together with Cr, As, Sb and T1. This grouping may
be explained by the presence of phosphate minerals,
such as apatite, that can host these trace elements
in their crystal lattices (Saw, 1952; McArthur and
Walsh, 1984).

Factor 3 shows an association between Cu, Ag and
Na. The chalcophile nature of the first two suggests
that limestone may contain small amounts of sulfides
(e.g., chalcopyrite, chalcocite) and therefore future
research should analyze S. Some sedimentary Cu
deposits are formed in sediments deposited in shallow
marine, deltaic and saline lacustrine environments by
brines that move through the sediments and whose
metal content is derived from buried sedimentary
and volcanic rocks (Tourtelot and Viene, 1976; Cox
et al., 2003), which may explain the association of
Na with Cu and Ag here.

Factor 4 consists mainly of TOC, V and Zn,
which is compatible with the detected V-Zn anomaly
associated with the organic matter disseminated in
the bituminous limestones of the Puyango Formation,
as observed in figure 6.

The Principal Component Analysis (PCA) using
the rotation method with varimax normalized (Fig. 10)
shows the association between Zn, V and TOC in the
lower part of the diagram. However, these elements are
somewhat distanced on the horizontal axis (Factor 2),
which may imply that V and Zn could occur in organic
and inorganic forms. Several elements also grouped
in the upper right section of the plot. These mostly
corresponded to lithophile elements that form minerals
of detrital origin and carbonates.
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TABLE 4. FACTOR LOADINGS (VARIMAX NORMALIZED).

Factor 1 Factor 2 Factor 3 Factor 4
SiO, 0.961 0.041 0.083 0.113
AlLO, 0.964 0.088 0.216 0.085
Fe,0, 0.882 0.097 0.420 0.135
MnO 0.524 0.207 0.561 0.371
MgO 0.632 0.065 0.606 0.051
CaO -0.972 -0.052 -0.171 -0.047
Na,0 0.487 0.012 0.784 0.205
K,0 0.996 0.013 0.010 -0.007
TiO, 0.983 0.073 0.125 0.082
P,O; -0.097 -0.939 -0.071 0.043
TOC -0.068 0.021 -0.123 -0.947
Sc 0.934 0.084 0.262 0.135
\% -0.260 -0.366 -0.058 -0.758
Ba 0.153 -0.513 -0.081 -0.353
Sr -0.631 -0.271 -0.323 -0.368
Zr 0.973 0.057 0.022 0.091
Cr 0.350 -0.715 -0.076 -0.554
Co 0.961 0.150 0.066 0.060
Ni -0.145 -0.937 0.106 -0.010
Cu -0.113 -0.082 0.965 0.019
Zn -0.126 -0.443 0.291 -0.723
Ga 0.983 0.057 0.132 0.067
As -0.106 -0.791 0.540 -0.060
Rb 0.996 0.029 -0.010 -0.038
Nb 0.992 0.067 -0.036 0.041
Mo -0.245 -0.620 0.106 -0.301
Ag 0.236 -0.234 0.865 -0.278
Sb -0.122 -0.774 0.274 -0.530
Cs 0.987 0.050 -0.012 -0.064
Hf 0.985 0.034 0.028 0.081
Ta 0.987 0.102 -0.024 0.055
W -0.026 0.181 0.004 0.194
Tl -0.321 -0.769 -0.028 -0.323
Pb 0.839 -0.374 0.317 0.037
Th 0.994 0.042 -0.023 0.019
6] -0.097 -0.926 -0.094 0.000
LREE 0.912 -0.386 -0.024 -0.043
HREE 0.349 -0.908 -0.014 -0.142

Expl. Variance 55.1 24.0 7.5 4.8
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Thus, according to the factor analysis, the
following four geochemical associations can be
inferred: 1) disseminated organic matter (TOC) in the
limestones in which V and Zn are hosted, probably
forming organometallic complexes; 2) phosphatic
minerals that contain high concentrations of U,
HREE and Ni as trace elements, both associations
probably formed during sedimentation in an anoxic
environment (Shields and Stille 2001; Kidder et al.,
2003); 3) Ca which forms mainly calcite that composes
the limestones of the Puyango Formation (INIGEMM,
2013) and; 4) Litophile elements contained in detritic
minerals, such as quartz, plagioclase, feldspar, micas,
clays and oxyhydroxides of Fe-Mn-Ti, caused by the
clastic contribution within the sedimentary basin and,
in this study, associated mainly with the calcareous
shales of the Puyango Formation, and on the other
hand, corresponding to the samples of fluvial origin
belonging to the Quebrada Los Zabalos Formation.

5.2. Vanadium in the black limestone of Puyango
Formation

Based on the multivariate statistical analysis
presented above, V was probably associated mainly
with organic matter of marine origin, disseminated in
the bituminous black limestones. In these environments
V has the ability to form organometallic complexes
such as porphyrins. Porphyrins are organic compounds
formed by a pyrrolic ring and with a V atom bound
at their center, similar to the chlorophyll molecule
(Breit and Wanty, 1991; Gao et al., 2013), in which
V replaces the Mg during diagenesis, under suboxic
to anoxic conditions (Huang et al., 2015; Gao et al.,
2013).

Similarly, V may have accumulated independently
of organic matter, as there are samples with high
concentrations of V but low TOC values. This
finding agrees with previous reports of vanadate
minerals as sherwoodite and ronneburgite observed
in limestones of the Puyango Formation (Manrique
et al., 2018; Manrique, 2019; Manrique-Carrefio
and Guaman-Jaramillo, 2020). These minerals may
have been formed by the weathering of previously
mineralized rocks hosting V** and V* bearing
minerals (Gao et al., 2013), producing vanadates
with V3" under oxidizing conditions (Gao et al.,
2013; Bowell, 2019). Another possibility is that
V is present as V** in aluminosilicates (samples 4
and 13), which show sub-anomalous values of Sc,
thereby indicating the presence of phyllosilicate-type

minerals. V is also associated with Zn and TOC, as
evidenced by the cluster and factor analysis (Figs. 9
and 10). This observation suggests that V-C,, and
Zn-C_ organometallic complexes should have been
formed (Scott et al., 2017).

6. Uranium in the black limestones of the Puyango
Formation

The association between P,O,, U and HREE
(Figs. 7 and 10), observed in the bituminous limestones
of the Puyango Formation, could be explained by the
formation of apatite (Ca,(PO,),(Cl,F,OH), in whose
crystal lattice ionic substitutions of U**, Ce*" and
REE* can occur (Shields and Stille 2001; Kidder
et al., 2003). In addition, the U-P,O, association
suggests the formation of U-bearing phosphates
during limestone sedimentation (Hughes and
Rakovan, 2015), this is corroborated by previous
studies in the La Sota area, in which apatite and
uranosphatite have been found in the bituminous
limestones from the Puyango Formation showing
U geochemical anomalies (Manrique et al., 2018;
Manrique, 2019, Manrique-Carrefio and Guaman-
Jaramillo, 2020).

Deposits of uraniferous phosphates have been
reported around the world (Dahlkamp, 2009; IAEA,
2018), but they are considered by the IAEA (2018)
as unconventional deposits because the grades are
low (100 mg/kg on median). In the La Sota area, we
identified limestone layers enriched in uraniferous
phosphates and found that U is not directly related
to V in the mineralized zone (Manrique, 2019).

7. Conclusions

In the La Sota area the geochemical V
anomaly (>3,569 mg/kg) is accompanied by high
Zn (>2,615 mg/kg) and TOC (>25.03 wt%) contents,
and spatially related to the bituminous black
limestones of the Puyango Formation. Whereas,
U shows anomalies exceeding 195 mg/kg together
with high concentrations of P,O, (>2.47 wt%), and
Ni (>617 mg/kg).

The statistical analysis of the studied bituminous
limestone samples from the Puyango Formation,
identified four main geochemical association
corresponding to: 1) V-Zn-TOC, 2) P,O.-U-HREE-N;,
3) Caand 4) Si-Al-Fe_K-Ti-Sc-Zr-Co- Ga-Rb-Nb-Cs,
Hf-Ta-Pb-Th-LREE. The first one suggests that V and
Zn may be absorbed in organic matter, in particular V,
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forming organometallic complexes e.g., porphyrins.
The second association is probably associated with
phosphate minerals, such as apatite, hosted in the black
limestones of the Puyango Formation. Ca represents
mainly the calcite content of the limestones, and the
last association is reflecting the detrital minerals
content in the sedimentary rocks of the study area.
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SUPPLEMENTARY INFORMATION

TABLE 1. STATISTICAL PARAMETERS OF THE SAMPLES FROM THE PUYANGO FORMATION.

Minimum Maximum Mean Median Standard deviation

SiO, (wt%) 2.89 29.35 12.87 12.18 597
ALO, (Wt%) 0.87 8.41 2.54 227 1.79
Fe,O, (T) (wt%) 0.36 6.45 1.31 0.86 1.46
MnO (wt%) 0.01 0.08 0.03 0.02 0.02
MgO (wt%) 0.13 1.44 0.52 0.45 0.28
CaO (wt%) 33.00 53.16 44.30 44.70 5.29
Na,O (wt%) 0.03 1.09 0.20 0.11 0.27
K,O0 (wt%) 0.07 0.76 0.38 0.38 0.16
TiO, (wt%) 0.04 0.28 0.13 0.12 0.07
P,0, (wt%) 0.07 2.80 0.62 0.29 0.79
TOC (wt%) 0.25 29.74 6.55 4.59 7.28
Sc (mg/kg) 1 10 4 3 3

V (mg/kg) 83 3,607 1,119 895 999
Ba (mg/kg) 253 1,744 709 446 531

Sr (mg/kg) 316 1,399 854 985 340
Zr (mg/kg) 10 51 29 27 12
Cr (mg/kg) 20 170 61 40 51
Co (mg/kg) 1 4 1 1 1

Ni (mg/kg) 20 740 182 120 188
Cu (mg/kg) 10 460 60 30 108
Zn (mg/kg) 30 3,340 620 235 870
Ga (mg/kg) 1 8 3 3 2
As (mg/kg) 5 88 23 11 27
Rb (mg/kg) 3 30 14 13 7
Nb (mg/kg) 1 4 2 2 1
Mo (mg/kg) 2 100 59 61 36
Ag (mg/kg) 0.5 1.4 0.6 0.5 0.3
Sb (mg/kg) 0.6 32.6 8.6 3.0 11.6
Cs (mg/kg) 0.5 1.8 0.9 0.7 0.4
Hf (mg/kg) 0.2 1.2 0.7 0.6 0.3
Ta (mg/kg) 0.1 0.3 0.1 0.1 0.1
W (mg/kg) 1 25 4 1 6

TI (mg/kg) 0.5 7.9 3.8 32 23
Pb (mg/kg) 5 19 8 5 5
Th (mg/kg) 0.3 33 1.5 1.4 0.7
U (mg/kg) 3.8 266.0 37.4 12.6 65.7
% LREE (mg/kg) 6.64 162.58 46.42 31.50 45.06
¥ HREE (mg/kg) 5.29 157.82 35.41 21.72 44.27
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TABLE 2. CORRELATION MATRIX OF THE SAMPLES FROM THE PUYANGO FORMATION.
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Si0, ALO, FeO, MnO MgO Ca0 NaO KO TiO, PO,  Sc % Ba Sr Zr Cr Co Ni Cu Zn Ga Ge As Rb Nb Mo Ag Sb Cs Hf Ta w Tl Pb Th U  LREE
ALO, 096 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Fe,0, 091 097 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
MnO 056 057 066 - - - ; ; ; ; . : ; ; - ; ; ; ; - - - - ; ; ; ; ] ] ] ] ] . . . . .
MgO 056 066 072 077 - - . . - ; - - - - . - - ; ; ; ; ) ] - . . . _ . . ; } ) } ; ; ;
Ca0 099 099 -095 -0.57 -0.62 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
NaO 055 067 077 070 081 -0.62 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
K,0 096 097 091 043 054 098  0.51 - . . - - - - - - - - - ; ; ; ; ) ; ; . . . . _ . ; ; } ; ;
TiO, 098 099 095 055 062 -099 061  0.99 - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
PO, 017 020 -023 -028 -0.14 019 -006 -0.13 -0.19 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Sc 096 098 097 063 066 -098 068 095 098 -021 - - - - - - - - - - - - - - - - - - - - - - - - - - -
\% 035 041 -042 -040 -026 033 041 -032 039 025 -0.42 - - - - - - - - - - - - - - - - - - - - - - - - - -
Ba 005 007 -002 -030 -003 -006 009 0I5 008 064 002 021 - - - - - - - - - - - - - - - - - - - - - - - - -
Sr 073  -076 -078 -063 051 073 062 -068 -075 031 -079 067 009 - - - - - - - - - - - - - - - - - - - - - - - -
Zr 098 096 091 050 053 -097 052 098 098 -0.17 094 038 009 -0.72 - - - - - - - - - - - - - - - - - - - - - - -
Cr 026 021 014 -015 010 -027 -0.05 033 024 057 019 064 054 015 026 - - - - - - - - - - - - - - - - - - - - - -
Co 094 097 092 040 050 -096 055 097 097 024 094 041 006 -072 096  0.17 - - - - - - - - - - - - - - - - - - - - -
Ni 022 025 021 -017 007 022 007 -022 -025 08 -023 045 030 035 -025 061 -032 - - - - - - - - - - - - - - - - - - - -
Cu 0.06 006 026 045 048 -002 067 -0.2 003 -00l 009 004 -016 -0.5 -0.12 -0.08 -006 023 ; ; ; - - - - ; ; ; ; ; ) ] ) ] - _ _
Zn 022 020 -0.17 -022 003 016 -004 -0.8 -021 038 -020 071 034 028 -024 064 -024 053 032 - - - - - - - - - - - - - - - - - -
Ga 096 099 096 050 060 -098 0.60 099 099 -0.18 098 -038 009 -0.73 097 024 098 -024 -001 -0.20 - - - - - - - - - - - - - - - - -
Ge 095 097 091 044 053 096 050 099 098 -023 094 -040 006 -071 098 021 098 -032 -0.I5 -025 098 - - - - - - - - - - - - - - - -
As 0.15  -011 -001 004 016 011 029 -0.15 -014 071 -009 034 036 016 -018 053 -022 080 061 051 -0.13 -026 - - - - - - - - - - - - - - -
Rb 096 097 090 040 052 -097 048 - 098 -0.15 094 029 013 -0.66 097 033 098 023 -0.13 -017 099 099 -0.17 - - - - - - - - - - - - - -
Nb 095 097 090 041 052 -096 048 099 098 -0.18 094 -036 008 -0.68 098 027 098 -026 -0.16 -023 098 099 -021 - - - - - - - - - - - - - -
Mo 028  -036 -030 -0.13 -021 028 -025 -032 -035 044 -032 078 008 055 -033 057 -042 074 025 055 -035 -042 061 032 -037 - - - - - - - - - - - -
Ag 030 039 052 039 056 -037 072 029 033 010 040 014 019 031 027 035 029 022 081 046 034 023 066 028 023 023 - - - - - - - - - - -
Sb 022 021 -0.19 -026 000 018 000 -0.17 -022 070 -022 070 051 038 -024 078 -027 077 033 084 -021 -028 082 -0.17 -024 067 053 - - - - - - - - - -
Cs 094 096 090 039 054 096 048 099 097 -017 094 -029 0.3 -067 095 033 097 -024 -0.I13 015 098 098 -0.I8 099 099 -033 026 -0.17 - - - - - - - - -
Hf 098 097 092 050 056 -098 053 099 099 -0.16 095 037 010 -0.72 - 028 096 -023 0.1 -022 098 098 -0.16 098 098 -032 028 -022 097 - - - - - - - -
Ta 095 097 090 044 053 -096 048 099 098 020 094 -038 007 -070 097 024 097 -030 -0.15 -026 098 099 -022 099 - 039 023 -026 098  0.98 - - - - - - -
w 001 002 -003 003 -002 002 023 -002 002 -004 -003 -032 038 -0.I5 005 -032 004 -025 -0.I1 -026 002 000 -022 -0.05 -004 -036 -0.14 -026 -0.06 003 -0.04 - - - - - -
Tl 042 046 -044 040 -027 041 -032 -039 044 064 -043 074 031 063 -043 063 -050 084 010 058 -043 -049  0.66 038 -043 087 013 078 -039 -041 047 -0.27 - - - - -
Pb 085 08 088 039 057 -088 066 088 087 018 08 -022 026 -059 08 046 08 012 020 002 089 083 029 087 085 -0.10 058 016 085 086 084 -0.13 -0.14 - - - -
Th 095 097 090 041 053 097 049 099 098 -016 094 -034 011 -068 097 029 098 -024 -0.14 -021 099 099 -0.18 - - 035 025 -021 099 098 099 004 -041 087 - - -
U 018 -021 -023 -031 011 019 0.1 -0.15 -021 091 -022 034 043 037 -019 058 -024 090 001 049 -0.18 022 063 -0.16 -0.18 051 005 070 -0.17 -0.18 022 -020 069 0.6 -0.16 - -
LREE 083 087 080 027 046 -088 045 093 089 021 08 -016 034 -054 08 057 08 011 012 001 090 087 012 092 091 -012 033 013 092 090 090 -009 -0.11 093 092 020 -
HREE 032 029 023 -009 016 -032 016 037 030 081 027 028 059 000 032 08 025 073 -001 044 032 027 065 036 033 039 034 071 035 034 030 -0.18 052 062 035 079 0.8




