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EDITORIAL

oletin Geoldgico presents issue number 47, the second issue published in 2020, with five articles on basin evolution, strati-
graphy, economic geology, geothermochronology, and geoarchaeology.

Amaya et al. present a lithological, petrographic, geochemical, and geochronological characterization of the Guaviare
Complex, a new unit defined in the Colombian Amazonian Craton, which is part of the Precambrian basement located in sou-
theastern Colombia (Figure 1). This work is the result of the systematic geological mapping of the Servicio Geoldgico Colombiano
carried out near San José del Guaviare. The Guaviare Complex is divided into three units according to their textural and compo-
sitional characteristics, which are termed the Termales Gneiss, Unilla Amphibolite, which present protoliths that were formed in
the Mesoproterozoic at 1.3 Ga, and La Rompida Quartzite, with a maximum age of 1.28 Ga.

Martinez et al. describe the base of the Guadalupe Group in the Tunja area, Colombia (Figure 1). The base of the Guadalupe
Group consists of cherts and porcellanites in the NW region of the study area (Alto del Gavildn section) and mudstones, siltstones,
quartz-arenites, and, to a lesser extent, porcellanites and cherts towards the SE (Vereda Salitre section). Paleontological analyses
performed on the two stratigraphic sections measured in this study indicate that the base of the Guadalupe Group partly repre-
sents the Upper Santonian and mostly the Lower Campanian.

Castrillon and Guerrero describe the mineralogical and geochemical characterization of an association of rocks in the Cerro
Matoso nickel laterite deposit, Montelibano, Colombia, that could correspond to listvenite (Figure 1). This term is used principally
by Russian geologists to describe the carbonate +/- sericite +/- pyrite alteration of mafic and ultramafic ophiolitic assemblages,
which indicates the hydrothermal involvement of quartz +/- carbonate veins.

Cetina et al. review radiometric and thermobarometric techniques used to construct cooling curves or paths to characterize
intrusive bodies and calculate cooling and exhumation rates. These cooling curves or paths in intrusive bodies are highly relevant
when studying compressive or extensional areas because they partly represent the local thermal history, thereby providing data on
the magmatic and tectonic evolution of a region.

Triana et al. present a detailed micromorphological and micromorphometric analysis of sediments collected in archaeological
excavations conducted at the Tequendama and Aguazuque sites near Bogotd, Colombia (Figure 1). The analysis quantifies the
contents of archaeological materials, such as bones and coal, as well as carbonates remains, which are associated with various acti-
vities. Based on paleoenvironmental interpretation, the presence of secondary carbonates indicates arid conditions in the Sabana
de Bogotd region, which coincide with the regional climatic records.
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Figure 1. Location of the areas with contributions presented in this issue
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ABSTRACT

The Guaviare Complex is a new unit defined in the Colombian Amazonian Craton, which is part of the Precambrian basement lo-
cated in southeastern Colombia. It is divided into three units according to their textural and compositional characteristics, termed
Termales Gneiss, Unilla Amphibolite, and La Rompida Quartzite.

Termales Gneiss rocks are petrographically classified as gneisses and quartz-feldspar granofels, with the local formation of
blastomylonite-like dynamic rocks. The Unilla Amphibolite consists of only amphibolites, and La Rompida Quartzite consists of
muscovite quartzites, quartz-feldspar granofels, and quartz-muscovite schists.

The protoliths of Termales Gneiss and Unilla Amphibolite were formed in the Mesoproterozoic at 1.3 Ga due to bimodal mag-
matism (felsic and mafic) derived from mantle material, with some crust contamination that was probably related to the formation of
extensional arcs associated with trans-arc basins in the NW section of the Amazon Craton. La Rompida Quartzite rocks originated
from sediments derived from granite rocks and from other, older areas of the craton. These rocks have a maximum age of 1.28 Ga.

The low-to-medium grade metamorphism that affected these units occurred from 1.28 to 0.6 Ga, most likely concurrently with
the Putumayo orogeny of approximately 1.0 Ga, although it may have been an independent event.

Keywords: Metamorphic Complex, Amazonian Craton, Proterozoic, Orogeny, geochemistry, geochronology.
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Ramirez Cérdenas, C. (2020). The Guaviare Complex: new evidence of Mesoproterozoic (ca. 1.3 Ga) crust in the Colombian Amazonian Craton. Boletin Geoldgico, 47,
5-34, https://doi.org/10.32685/0120-1425/boletinge0.47.2020.502
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RESUMEN

El Complejo Guaviare es una unidad nueva definida en el Cratén Amazonico colombiano, que hace parte del basamento pre-
cambrico situado en el suroriente del territorio colombiano. Esta dividido en tres unidades, segtin sus caracteristicas texturales y
composicionales, denominadas Neis de Termales, Anfibolita de Unilla y Cuarcita de La Rompida.

Las rocas del Neis de Termales se clasifican petrograficamente como neises y granofelsas cuarzo-feldespaticas, localmente
con formacion de rocas dindmicas tipo blastomilonitas. La Anfibolita de Unilla estd representada inicamente por anfibolitas, y la
Cuarcita de La Rompida, por cuarcitas moscoviticas, granofelsas cuarzo-feldespaticas y esquistos cuarzo-moscoviticos.

Los protolitos del Neis de Termales y la Anfibolita de Unilla se formaron en el Mesoproterozoico, hace 1,3 Ga, por un magma-
tismo bimodal (félsico y mafico) derivado de material mantélico con alguna contaminacion cortical, probablemente relacionado
con la formacion de arcos extensionales asociados a cuencas trasarco en la parte NW del Craton Amazdnico. Las rocas de la Cuar-
cita de La Rompida se originaron a partir de sedimentos derivados de las rocas graniticas y de otras areas mds antiguas del craton.
Estas rocas tienen una edad méaxima de 1,28 Ga.

El metamorfismo de bajo a medio grado que afect estas unidades tuvo lugar entre 1,28 Ga y 0,6 Ga, y es probable que
ocurriera al mismo tiempo que la Orégeno Putumayo, alrededor de 1,0 Ga, aunque no se puede descartar que sea un evento

independiente.

Palabras clave: Complejo Metamorfico, Craton Amazénico, Proterozoico, Orogenia, Geoquimica, Geocronologfa.

1. INTRODUCTION

In the department of Guaviare, Colombia, in an area be-
tween the Mitu Complex (Lépez et al., 2007; Rodriguez et
al., 2011a, 2011b) and the Garzén Complex (Rodriguez et al.,
2003), metamorphic rocks have been identified, consisting of
quartz-feldspar gneisses, amphibolites, quartzites, and grano-
fels. By their compositional and textural characteristics, they
are grouped into three lithological units, termed here Termales
Gneiss, Unilla Amphibolite, and La Rompida Quartzite.

These rocks were first studied by Buchely et al. (2015) in
Plate 371, Puerto Cachicamo, located west of Plate 372. They
performed a macroscopic and microscopic description of roc-
ks with gneissic structure. Despite their distance from the Gar-
z6n Massif, these rocks were termed the Garzon Complex.

In this study, petrographic characterization, geochemical
analysis of major and trace elements, and uranium-lead (U-
Pb) zircon geochronology was performed for each of the litho-
logical units that make up the Guaviare Complex. The findings
enable to understand the formation environment and petroge-
nesis of the complex with an eye towards defining a new me-
tamorphic unit.
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2. MeTHOD

2.1 Field geology and petrography

The field study was conducted in the Amazon region between
the municipalities of San José del Guaviare and Calamar, in the
department of Guaviare, during the geological mapping proj-
ect of Plate 372 - El Retorno, conducted by Serviminas S. A.S.
from 2017 to 2019 for the Servicio Geoldgico Colombiano -
SGC. The geological survey was performed on topographic
maps of the Instituto Geografico Agustin Codazzi (Geographic
Institute Agustin Codazzi) at a 1:25,000 scale following the pa-
rameters for field data collection proposed by Caicedo (2003)
and updated by Serviminas S. A.S. (Maya et al., 2019). In total,
at 40 field stations, 47 rock samples of gneiss, granofels, amphi-
bolite, quartzite, schist, and blastomylonite were collected in
the Guaviare Complex. 42 thin sections were prepared and an-
alyzed by transmission light microscopy at 300 points for each
sample. The minerals, textures, paragenesis, protoliths, meta-
morphic facies, and type and degree of metamorphism were
described based on Heinrich (1965), Winkler (1976), Bowie
and Simpson (1977), Winter (2001), and Schmid et al. (2007).

2.2 Geochemistry

Geochemical analyses of major and trace elements, including
rare-earth elements, were performed by X-ray fluorescence
(XRF) and inductively coupled plasma mass spectrometry
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(ICP-MS) at ALS Global Ltd., according to the internal code
specifications of the laboratory (ME-XRF26 and ME-MS81).
The samples were crushed and pulverized, and the fraction
smaller than 200 mesh was collected. The analyses were per-
formed following laboratory standards, including sample fu-
sion with LiBO, and acid digestion for ICP-MS.

2.3 Total rock analysis
Isotopic analyses of Sm, Nd, and Sr were performed at the Geo-
chronology and Isotopic Geochemistry Laboratory of the Uni-
versidad de Brasilia. The analytical procedures applied in this
study to determine the '“Sm/'*Nd, and '*Nd/'*Nd isotopic
ratios were described by Gioia and Pimentel (2000). **Sm and
15Nd spike solutions were added to the crushed and pulverized
rock samples. Sm and Nd were separated using cation exchan-
ge columns. Then, two drops of 0.025N H,PO, were added to
the resulting fractions for subsequent evaporation. The residue
was dissolved in 1 ul of 5% HNO, distillate and mounted on
a double-rhenium filament inside a Finnigan MAT 262 mass
spectrometer with seven collectors in static mode. The uncer-
tainties of the 'Sm/!*Nd and **Nd/"**Nd isotopic ratios were
lower than 0.2% and 0.0029% (20), respectively, based on the
analysis of the international standard BHVO-2. The '*Nd/'*Nd
ratio was normalized using the ratio "*Nd/"**Nd=0.7219 and
the decay constant 6.54 x 107 a™! (Lugmair and Marti, 1978).
The procedures followed for the Sr isotopic analyses were
as described by Gioia et al. (1999). The samples were pulveri-
zed and subjected to acid attack under different solutions of
HE HNO,, and HCI, with subsequent separation in cation ex-
change columns. Then, fractions containing Sr were deposited
together with 1 pl of H,PO, in a tantalum filament in the mass
spectrometer described above. Based on the analysis of the in-
ternational standard NBS-987, the uncertainties assessed for
the #Sr/3%¢Sr ratio were lower than 0.0078% (20). The Rb/%°Sr
ratio was calculated based on the concentrations of Rb and Sr
determined by ICP-MS in the samples (annex 1), according to
the procedure indicated by Faure and Mensing (2005).

2.4 LA-ICP-MS U-Pb zircon geochronology

The samples were initially prepared at the Universidad EA-
FIT, where zircon crystals were separated and then subjected
to standard ore crushing, sieving, and concentration methods.
Later, at the University of Rochester, several crystals of each
sample were mounted in epoxy resin and polished to expose an
internal face on which textural and isotopic analyses would be

performed. Cathodoluminescence images, acquired to reveal
the internal structure of the zircons and to guide the geochro-
nological analyses, were recorded under a Jeol 7100FT scan-
ning electron microscope with a field emission source and a
Deben panchromatic cathodoluminescence detector at the
Mackay Microbeam Laboratory, University of Nevada, Reno.
The U-Pb isotopic analyses were conducted at the Univer-
sity of Rochester using an Agilent 7900 ICP-MS coupled to a
Photon Machine Analyte G2 laser ablation system, which fea-
tures a HelEx2 quick-purge tunable two-volume LA-ICP-MS
cell system and generates pulses lasting approximately 8 ns
using an excited ArF dimer. During the analyses, the laser was
operated at a 7-Hz repetition rate and at a spot diameter of
30 pum, generating a constant energy density of approximately
7 J/em? on the surface of the analyzed crystals. The ablations
were conducted in an ultra-high-purity helium atmosphere,
which was the gas used to transport the ablation aerosol to the
ICP-MS. Each analysis consisted of 15 seconds of measure-
ment of the “analytical blank” with the laser off, immediately
followed by a 20-second measurement of the isotopic compo-
sition of the crystals with the laser on. **Hg, ***(Pb+Hg), **Pb,
207Pb, 2%8Pb, 22Th, and *U isotopes were measured in the mass
spectrometer, and instrumental bias was corrected using the
standard-sample bracketing method and using fragments of a
zircon from Sri Lanka (SL2) with a known age of 563.6 + 3.2
Ma, assessed following the reference manual Isotope Dilution -
Thermal Ionization Mass Spectrometry, (Gehrels et al., 2008).
U-Pb data were processed using the procedures and algo-
rithms described by Pullen et al. (2018) to make the necessary
linearity corrections of the detection system. In addition to the
primary reference material and to zircons from the Guaviare
Complex, during our analytical session, several zircon frag-
ments from PleSovice and FC-1 (Duluth gabbro, Minnesota,
USA) were also analyzed to evaluate the precision, accuracy,
and reproducibility of the method. These secondary materials
yielded weighted mean ages of 2*Pb/**U = 335.0 + 1.2/3.9 (20,
n = 21, mean squared weighted deviation (MSWD) = 0.8) for
Plesovice and 2”Pb/?**Pb = 1098 + 8/11 (20, n = 23, MSWD =
0.3) for FC-1, where the first level of uncertainty reported re-
presents only internal analytical uncertainties, and the second
level of uncertainty includes the propagation of systematic and
standardization-related sources of uncertainty. After including
systematic uncertainties, the values from our analytical ses-
sion were indistinguishable from the reference ages of 337.13
+ 0.37 Ma for PleSovice (Slama et al., 2008) and of 1099.96 +
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0.58 Ma for FC-1 (Ibafiez Mejia and Tissot, 2019), assessed fo-
llowing the Chemical Abrasion - Isotope Dilution - Thermal
Ionization Mass Spectrometry reference, which confirms that
the geochronological results reported in this study are accu-
rate and that the analytical uncertainties have been correctly
assigned.

3. GEOLOGICAL FRAMEWORK

The Guaviare Complex is the lithodemic unit that forms the
crystalline basement of southeastern Colombia and groups
the regional metamorphic rocks of the Mesoproterozoic des-
cribed in Plate 372 — El Retorno (Maya et al., 2018) and Plate
371 - Puerto Cachicamo (Buchely et al., 2015). In southeastern
Colombia, two main units of Precambrian metamorphic roc-
ks have been regionally defined, the Mita Migmatite Complex
(Galvis et al., 1979; Rodriguez et al., 2011a) or Mitu Complex
(Lopez et al., 2007) in the NW section of the Amazonian Cra-
ton (or Guiana Shield) and the Garzon Complex in the Andes
mountain range (Rodriguez et al., 2003; Cordani et al., 2005;
Ibanez Mejia et al.,, 2011, 2015).

In the Mita Complex, the initial Rb-Sr and K-Ar radiome-
tric dates were reanalyzed by Cordani et al. (2016) and com-
plemented with new, more robust zircon U-Pb dating, which
identified two belts of different ages: the Atabapo Belt to the
north, with ages from 1800 to 1740 Ma, and the Vaupés Belt
to the south, with granitoids of 1580 to 1520 Ma. The meta-
morphic rocks of Araracuara have ages similar to those of the
Vaupés Belt. In this area, K-Ar dating has recorded an intra-
plate heating event dated from 1200 to 1300 Ma, termed the
Nickerian event. Based on the nomenclature developed by Cor-
dani et al. (1979) and by Tassinari and Macambira (1999), by
age and position, the rocks of the Mitti Complex are part of the
Rio Negro-Juruena province. With these new dating results,
the concept of a Mitu Complex or Miti Migmatitic Complex
becomes obsolete and should no longer be used (see also Iba-
fiez Mejia and Cordani, 2020).

In studies of the Garzén Massif, the Macarena mountain
range, and the basement of the Putumayo basin, Ibafiez Mejia
etal. (2011, 2015, 2018) have reported ages that show that this
area was formed between 1300 and 990 Ma. Thus, a juvenile
intraoceanic magmatic arc developed from 1300 to 1200 Ma,
followed by two metamorphic events: a migmatization event
in amphibolite facies, which occurred between approximately
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1050 and 1010 Ma, and another event in granulite facies, which
occurred approximately 990 Ma. Although this area is chro-
nologically similar to the Amazonian province of Sunsas, its
origin and location are very different. For this reason, the afo-
rementioned authors consider that this area is a new province
of the Amazonian Craton, which they term Putumayo Orogen.
The Guaviare Complex is located in an intermediate area
between the outcrops of the Atabapo and Vaupés Belts to the
east and the Garzén Complex to the west (Figure 1 a, b). There-
fore, it may be correlated with some of these units. Buchely et
al. (2015) considered that the gneissic metamorphic rocks ex-
posed in Plate 371 - Puerto Cachicamo are part of the Garzén
Complex, but they did not perform radiometric dating.

4. ResuLts

4.1 Lithology

In the Guaviare Complex, the most common lithologies are
quartz-feldspar gneisses and quartzites, with local amphiboli-
tes and granofels. These rocks compose three lithological units
that crop out in an elongated belt of approximately 32 km in
length in a north-south direction and that stand out from the
Phanerozoic sedimentary cover (Figure 2).

The Termales Gneiss encompasses gneisses and quartz-felds-
par granofels. The gneisses have homogeneous foliation, ranging
from slight to well marked (Figure 3 a, b), without defining a tec-
tonic layer and with medium to very coarse grain size. They con-
sist of feldspar, quartz, biotite, and, in small amounts, amphibo-
le. The granofels are similar in composition to the gneisses and
are found in the form of lenses with sharp contacts and a metric
character. They are characterized by the absence of schistosity.
Their grain size is medium, and they consist of feldspars and
quartz. These rocks are associated with veins and medium-grain
quartz lenses, fractured and stained by iron oxides.

The amphibolites are dark gray with medium grain size
(Figure 3 ¢, d). They are homogeneous and slightly foliated,
consisting of dark areas of amphibole and light areas of plagio-
clase. The quartzites are recognized for their fine to medium
grain size. When somewhat weathered, they are very similar
to sandstone, with a color ranging from gray to white. Some
are granoblastic, and others exhibit a slight lepidoblastic schis-
tosity. They are composed of quartz, feldspars, and muscovite,
with certain levels of iron oxides. These rocks are traversed by
quartz veins (Figure 3 e, f) and by a syenogranite dike.
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Figure 1. a) Location map of the Guaviare Complex in northwestern South America; b) Location map of the Guaviare Complex and metamorphic rocks located

in southeastern Colombia

guc: Guaviare Complex; gac: Garzon Complex; amc: exposed Amazonian Craton (Atabapo and Vaupés belts); arf: Araracuara Formation. Source: Modified from
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Figure 2. Distribution of lithological units of the Guaviare Complex
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teg: Termales Gneiss; una: Unilla Amphibolite; roq: La Rompida Quartzite; sjgs: San José del Guaviare Syenite; arf: Araracuara Formation; caf: Caja Formation;
Q-al: alluvial deposits; ¢ black diamond: rock sample. Source: Modified from Maya et al. (2018)

In the Guaviare Complex, foliation is more evident in the
Termales Gneiss and in the Unilla Amphibolite than in La
Rompida Quartzite. In gneisses and in amphibolite, foliation
ranges from N10° to 46°E, with dips ranging from 45° to 80°
to the SE. The granofels contain a slight foliation of a N-S ten-
dency with a dip to the W, in contrast to the main trend of the
gneisses. In the quartzites, the N5°-to-50°E foliation with dips
to the SE matches the main arrangement of the gneisses, but
the dips tend to be less angled, with values ranging from 5° to
48°. A second trend, N20°-30°W, has dips to the SW and NE
and could suggest a slight folding in the quartzites.
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Contact between the different lithologies of the Guaviare
Complex could not be established in the field due to the scarci-
ty of outcrops. Sharp contact could only be observed between
the gneisses and the granofels of Termales Gneiss. The contact
between the quartzites and the gneisses could be considered
discordant because the latter was a source of the sediments of
the quartzite protoliths. The Araracuara Formation is located
between the two metamorphic belts of the Guaviare Complex.
No contact between the two units was observed in the field, but
the Paleozoic sedimentary rocks likely overlay the Mesoprote-
rozoic basement rocks (nonconformity).
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Figure 3. Texture and lithology of the rocks of the Guaviare Complex in macrosamples
aand b) Quartz-feldspar gneiss. ¢ and d) Medium-grain amphibolite. e and f) Quartzite; note the quartz veins

4.2 Petrography

4.2.1 Termales Gneiss

The Termales Gneiss comprises biotite-quartz-feldspar gneiss
with + hornblende/hastingsite + epidote £ muscovite + chlori-
te, and feldspar and quartz granofels. The mineralogical com-
position of the progradation consists of microcline, plagioclase,
quartz, biotite, hornblende, or hastingsite and, as minor consti-
tuents, epidote, zoisite, and clinozoisite (Annex 2). The accessory

minerals are titanite, calcite, zircon, apatite, and ilmenite. The
muscovite found in gneisses is considered retrograde. Common
alterations include mild biotite chloritization and feldspar serici-
tization.

The gneisses show spaced, discontinuous, parallel and sub-
parallel foliation, defined by micaceous minerals (Figure 4a)
and, to a lesser extent, by amphiboles. This foliation is separa-
ted by bands of quartz-feldspar composition with a polygonal
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Figure 4. Mineralogy and texture of the rocks of the Guaviare Complex in thin sections

a) Orientation of the biotite (Bt) in the Termales Gneiss. b) Quartz (Qz) augen recrystallized in blastomylonite. ¢) Foliation defined by the orientation of the
hornblende (HbI) in the Unilla Amphibolite. d) Quartz (Qz), microcline (Mc) and plagioclase (Pl) forming a granoblastic texture in La Rompida Quartzite. Other
abbreviations: Zrn: zircon; Ms: muscovite.

granoblastic texture. Some gneisses are characterized by the
presence of quartz, plagioclase, and microcline megacrystals,
which were defined as porphyroclasts derived (relict) from the
original rock. In the granofels, the quartz and the plagioclase
form granoblastic mosaics and exhibit deformation twins. Lo-
cally, the Termales Gneiss was affected by dynamic metamor-
phism, which formed blastomylonites (Figure 4b) characteri-
zed by quartz + plagioclase + microcline + garnet augen, bent
twins in plagioclase, sutured edges in quartz, and embayment
and skeletal texture in muscovite.

Boletin Geoldgico 47

The microcline and plagioclase crystals range from subi-
dioblastic to xenoblastic, tabular, with poikiloblastic texture
(epidote, biotite, quartz and zircon inclusions), and the elonga-
tion of the crystals matches the preferential orientation of the
rock. The microcline exhibits lattice twinning, whereas the pla-
gioclase presents albite twinning, with a composition ranging
from albite to oligoclase as determined using the Michel-Levy
method. In the porphyroclastic gneisses, the quartz, plagiocla-
se, and microcline crystals are characterized by their grain size

variation, some reaching 7 mm in diameter. They are interna-
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lly recrystallized and surrounded by quartz crystals, feldspars,
and smaller micas and have a polygonal granoblastic texture.

The quartz is xenoblastic, with undulatory extinction and
grain size variation. The biotite occurs as laminar, subidioblas-
tic crystals, which define its foliation, and it shows strong pleo-
chroism with X (a): very pale yellowish brown; and Y () = Z
(y): dark brownish green. The muscovite ranges from laminar
subidioblastic to xenoblastic; some of it follows the preferential
orientation of the rock, whereas other parts are disordered and
replace biotite and feldspar crystals, suggesting retrograde me-
tamorphic conditions.

The hornblende is the most common amphibole in most
samples and defines nematoblastic foliation. The crystals are
subidioblastic, columnar, with strong pleochroism with X (a):
greenish yellow; Z (y): bluish green; and Y (): brownish gree-
nish yellow. The hornblende is associated with biotite, zoisite,
and titanite. Only in one sample (CMR-0041R) was the am-
phibole of the hastingsite type and occurred in subidioblastic
to idioblastic, columnar crystals, with strong pleochroism with
X (a): light yellow; (B): bluish green; and Z (y): emerald green
and quartz and zircon inclusions. This sample was characte-
rized by high plagioclase content, low quartz content, and al-
most no potassium feldspar or biotite (Annex 2).

Accessory minerals such as titanite are usually found in
granular agglomerations around ilmenite, whereas zircon oc-
curs in very well-formed, prismatic, idioblastic crystals.

The mineral paragenesis of the Termales Gneiss is quartz
+ microcline + plagioclase (oligoclase or albite) + biotite +
amphibole (hornblende or hastingsite). The protolith of the-
se rocks is igneous plutonic quartz-feldspar, which underwent
medium to high regional metamorphism into amphibolite fa-
cies with a locally overlayed dynamic metamorphism. Musco-
vite replacement in feldspars and in biotite indicates retrograde
metamorphic conditions.

4.2.2 Unilla Amphibolite

The Unilla Amphibolite shows spaced, coarse, and anastomo-
sed schistosity, defined by a hornblende orientation (Figure
4c). Mineralogically, it consists of plagioclase, hornblende,
quartz, biotite, retrograde chlorite, and (retrograde?) epidote
and zoisite (Annex 2). The accessory minerals are apatite, ti-
tanite, and opaque (ilmenite/magnetite). Moderate plagioclase
saussuritization, which makes it difficult to identify the com-
position, biotite chloritization, and possibly epidote and zoisite
formations stand out among the alteration processes.

The plagioclase is found in tabular, subidioblastic to xeno-
blastic crystals with albite twinning. The quartz is xenoblastic
with undulatory extinction and apatite microinclusions. The
hornblende crystals range from subidioblastic to idioblastic
and are columnar and orientated, with simple twinning, quartz
inclusions, and strong pleochroism: X (a): yellowish green; (B):
olive green; and Z (y): bluish green. The biotite is arranged in
subidioblastic, laminar crystals with moderate pleochroism:
X (a): greenish yellow; (B)=Z (y): reddish brown. Sometimes
the biotite is replaced by xenoblastic to subidioblastic, laminar,
oriented, and eventually flexed chlorite. The epidote is related
to hornblende and chlorite domains. Among the accessory
minerals, titanite is associated with oxides (ilmenite) and with
amphibole and chlorite domains; opaque minerals follow fo-
liation.

The mineral paragenesis of the Unilla Amphibolite is hor-
nblende + plagioclase + quartz + biotite. The rock protolith is
mafic igneous and was affected by medium to high regional
metamorphism (?) in amphibolite facies. Chlorite replace-
ment in biotite indicates retrograde metamorphic conditions.
Although the nature of the epidote and zoisite could not be
clearly established, if it were retrograde, the rock could have
reached the top of the amphibolite facies.

4.2.3 La Rompida Quartzite

These rocks are petrographically classified as muscovite quart-
zites, quartz, feldspar, and muscovite granofels and quartz and
muscovite schist. They have polygonal granoblastic texture
(Figure 4d) with sutured edges and embayment between crys-
tals. Sometimes, they show textural variation with parallel to
subparallel, discontinuous, anastomosed schistosity defined by
muscovite. Mineralogically, they consist of quartz, plagioclase,
microcline, muscovite, and chlorite. The accessory minerals
include tourmaline, zircon, titanite, apatite, epidote, and opa-
que minerals. The feldspars are usually altered to sericite, with
an intensity ranging from mild to high.

The quartz is arranged as xenoblastic crystals with undula-
tory extinction, in polygonal granoblastic mosaics, which vary
to a granoblastic texture with sutured edges and concave-con-
vex contacts. The feldspars are tabular, ranging from subidio-
blastic to xenoblastic, with lattice twinning in the microcline
and albite twinning in the plagioclase of albite composition, as
determined using the Michel-Levy method. The muscovite is
prograde, ranging from subidioblastic to xenoblastic; laminar;
sometimes disordered, with irregular edges; and usually pre-
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sent in decussate agglomerations. In schist quartzites, the mus-
covite suggests a folded foliation, which would indicate that
the rock is polyphasic. Chlorite is found as subhedral crystals
present in alteration zones, interspersed with muscovite, possi-
bly of retrograde origin.

The mineral paragenesis of La Rompida Quartzite is quartz
+ muscovite + plagioclase (albite) + microcline. The compo-
sitional and textural characteristics of the rocks suggest sandy
sedimentary protoliths of quartzarenites and arkoses with
some clay material, which underwent low to medium regional
metamorphism in green schist or low-amphibolite facies. Sta-
ble muscovite in the presence of quartz indicates that the rock
did not reach the top of the amphibolite facies.

4.3 Geochemistry

In the Guaviare Complex, twelve metamorphic rock samples
with igneous protoliths were analyzed to determine the major,
minor, and trace elements (Annex 1). Eleven of them belong to
the Termales Gneiss and one to the Unilla Amphibolite.

The metamorphic rocks of the Termales Gneiss were for-
med from felsic protoliths, which are mostly classified as grani-
toids, in addition to a syenite, according to the TAS classifica-
tion (Cox et al., 1979). The protolith of the Unilla Amphibolite
is classified as part of the gabbro field (Figure 5).

The rocks of the Termales Gneiss generally have a high
SiO, content (from 64.59% to 77.62%) and are impoverished
in Fe,O, (from 2.65% to 3.75%), MgO (from 0.06% to 0.54%),
PO, (from 0.03% to 0.06%), and TiO, (from 0.33% to 0.45%).
Most of them were chemically classified as monzogranites.
These samples have a relatively homogeneous behavior. Three
of the samples (CMR-0041R, OPP-0013RA, OPP-0047R) differ
from the main group in compounds such as SiO,, AL,O,, CaO,
K,O, and Na,O. Among them, the samples CMR-0041R and
OPP-0047R are chemically classified as tonalites and quart-
zdiorite, respectively, and petrographically they have a high
plagioclase content and the highest modal amphibole content,
while the sample OPP-0013RA is trondhjemitic granofels with
70% oligoclase.

The samples of the main group have a SiO, content of
approximately 73% and a Na,O content of approximately 3.3%.
However, the K O content of the samples is more variable, ran-
ging from 3.76% to 6.19%. The tonalite-quartzdiorite samples
are characterized by a low K,O content and the highest Na,O
content. Samples CMR-0041R and OPP-0047R have the lowest
and highest SiO, values, respectively (64.6% and 77.6%), along
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Figure 5. TAS Diagram (Cox et al., 1979) of the protoliths of rocks from the
Guaviare Complex

with Na O values of 5.86% to 8.58% and K,O values of 0.44%
t0 0.53%. Sample OPP-0013RA has SiO, = 71%, Na,O = 7.26%,
and K,O = 0.47%. The sample of the Unilla Amphibolite (CAL-
0037R) has low levels of SiO, (51.0%) and alkali (K,O = 1.29%;
Na,O =3.05%) and high levels of CaO (7.14%), Fe,O, (16.01%),
MgO (3.36%), and TiO, (3.37%).

In the primitive mantle-normalized multielement plots of
McDonough et al. (1992) (Figure 6), the pattern of the main
group of the Termales Gneiss is homogeneous, and the samples
cluster around the same values, except for rare earth elements
(REEs) (La, Ce, Nd and Sm), whose values show variable en-
richments in light (LREEs) and intermediate rare earth ele-
ments (IREEs) (Figure 6a). This diagram shows negative Ba,
Sr, and Ti anomalies. The pattern of the samples CMR-0041R
and OPP-0047R is homogeneous, with values scattered around
some elements. The normalized Rb values are low, in compa-
rison with those of the main group. The Ba anomaly is much
more marked, with negative K, Sr, and Ti anomalies (Figure
6b). The sample OPP-0013RA differs from those, having a
lower slope and very low U, Th, and Zr values (Figure 6¢). The
sample from the Unilla Amphibolite has a relatively flat pat-
tern, it slightly enriched in the most incompatible elements,
has slight negative Ba and Nb anomalies, and has a markedly
negative Sr anomaly (Figure 6¢).

The chondrite-normalized REE patterns of McDonough
and Sun (1995) in the Termales Gneiss show variable enrich-
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ments of LREE (Figure 6). The negative Eu anomaly stands
out. This anomaly likely corresponds to rocks from which pla-
gioclase was extracted.

In the main group (Figure 6d), the slope is negative and
ranges from gentle to very gentle with (La/Yb), = 1.0 to
16.4, with a marked variation in LREEs and little variation

in heavy rare earth element (HREEs) (Yb = 5.84 to 9.61).
Both characteristics define a fan pattern radiating from the
HREEs, which can be interpreted as the result of different
degrees of partial fusion from the same source, wherein the
samples more enriched in LREEs represent a lower degree of
partial fusion than the less enriched samples, although this pa-
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ttern could also have occurred due to different levels of assimi-
lation of more differentiated materials. The low-K,O samples
(Figure 6e) are similar to the most enriched LREE fraction of
the main group and have a similar pattern; the slope is nega-
tive and smooth with (La/Yb) = 5.1 to 12.8. Some samples
show a negative Ce anomaly (OPP-0013RA and OPP-0013RB),
whereas one shows a positive Ce anomaly (OPP-0037R), which
may be related to zircon fractionation.

The amphibolite sample is enriched in LREEs, and the
REE pattern has a gentle slope (La/Yb) = 4.5. The negative Sr
(Figure 6¢) and very slight Eu anomalies (Figure 6f) also sug-
gest plagioclase removal during the fractional crystallization
process of the basaltic protolith. However, these classifications
should be viewed with skepticism because they are based on a
single sample.

In the classification proposed to define ferrous granitoids
(sensu Frost and Frost, 2011), also known as type A granites
(see Bonin, 2007), the main rock group of the Termales Gneiss
is classified as ferrous, calc-alkaline metaluminous rocks
(Figure 7). According to Frost and Frost (2011), this type of
rock is formed from the differentiation of basaltic magmas that
interact with crustal material (Figure 7). One of the samples
of the main group is slightly peraluminous (OPP-0013RB),
which may be due to increased crustal input. Importantly, this
field sample was in contact with granofels. The samples CMR-
0041R, OPP-013RA, and OPP-0047R range from ferrous alka-
line and calc-alkaline to calcic, which reflects the variability of
these three rocks. Nevertheless, the three rocks are peralumi-
nous, and they may belong to the same magmatic suite that ori-
ginated the main group and may have resulted from a greater
assimilation of continental crust or from incomplete mixing
with granitic magmas (Frost and Frost, 2011). However, the
available data do not allow us to confirm this interpretation.

Immobile elements were used for the tectonic discrimi-
nation of the Unilla Amphibolite protolith according to the
diagram of Meschede (1986) (Figure 8), in which the sample
belongs to the field of within-plate tholeiites or volcanic arc ba-
salts. Due to the primitive mantle- and chondrite-normalized
flat pattern of trace elements and REEs, it is considered that the
formation environment corresponded to a within-plate or vol-
canic-arc environment.

The geochemistry of most rocks of the Termales Gneiss is
characterized by monzogranitic compositions and presents litt-
le geochemical variation. The ASI and Na,0+K,0-CaO values
differ from those assessed in ferrous magmas in partial fusion
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experiments of shallow crust (e.g., Patifio-Douce, 1997; Skjer-
lie and Johnston, 1993), suggesting a mantle contribution in the
formation of the protoliths of these rocks. Only the sample of
granofels with a trondhjemitic composition resembles this type
of melted material.
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Figure 7. Classification diagrams of ferrous granitoid rocks (type A) (Frost
and Frost, 2011) of protoliths of the Termales Gneiss and of rocks of the Mitt
Migmatite Complex by Rodriguez et al. (2011b), of the Parguaza Granite by
Bonilla et al. (2013), and of the Matraca Rapakivi Granite by Bonilla et al.
(2016)
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The classification diagrams of Frost and Frost (2011) show
that the samples from the Mitd Migmatitic Complex (Mitu
Monzogranite and Pringamosa Gneiss) are mainly part of the
field of metaluminous calc-alkaline granitoids, which indicates
formation processes different from those of the rock suite of the
Guaviare Complex. In turn, the protolith of the Termales Gneiss
is more similar to the rocks of the Parguaza Granite (Figure 7),
which are also of Mesoproterozoic age and which are alkaline and
calc-alkaline metaluminous ferrous granites (Bonilla et al., 2013).

In the Y -vs.-(La/Y) diagram (Figure 9), the rocks of the
Termales Gneiss are at an intermediate point between two

Nb*2

Al: Within-plate alkali basalts

All: Within-plate alkali basalts
and within-plate tholeiites

B: E-type MORB

C: Within-plate tholeiites and
volcanic-arc basalts

D: N-type MORB and
volcanic-arc basalts

A Unilla Amphibolite
(sample CAL-0037R)

Zr/4 Y

Figure 8. Nb-Zr-Y tectonic discrimination diagram (Meschede, 1986) of the
Unilla Amphibolite. MORB: mid-ocean ridge basalts
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Figure 9. Y -vs.-(La/Y) diagram of rocks of the Guaviare Complex and Mitu
Migmatite Complex

extreme REE compositions of the Mitd Migmatite Complex
and have lower values than those reported for the Parguaza
Granite. The Mitd Migmatite Complex values suggest that
these samples comprise different groups and that the rocks of
the Guaviare Complex and those of the southern section of the
geochronological province of Rio Negro-Juruena (Vaupés Belt)
resulted from different formation processes.

4.4 |sotopes
The results from the Sm-Nd and Sr isotope analysis of a sample
of gneiss with biotite and hornblende (OPP-0042RA), from the
main geochemical group, and of a sample of amphibolite (CAL-
0037R) are outlined in Table 1. Based on the geochronological
data (Annex 3), magmatic crystallization ages of 1312 and 1313
Ma (see section 4.4) were used to calculate the ¢ ,(T) and the
initial ¥Sr/*Sr ratio of the gneiss and amphibolite, respectively.
Both samples have slightly positive values of ¢ ,(T) of +0.1
and +1.5, respectively, with T |, model ages of 1810 and 1590
Ma (Figure 10). The initial ¥Sr/*Sr ratios of 0.7086 and 0.6427
are quite different from those of most known isotopic reservoirs,
particularly the mantle. These initial ¥Sr/*Sr ratios likely reflect
a Rb-Sr isotopic system imbalance, which commonly occurs due
to the highly mobile character of Rb; some of this element may
have been locally remobilized during metamorphism due to the
action of interstitial or hydrothermal metamorphic fluids.
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Figure 10. eNd -vs.-age plot comparing the new results of the Guaviare Com-
plex with previously determined values for the Atabapo and Vaupés belts (Cor-
dani et al., 2016), the basement of the Putumayo basin (Ibafnez Mejia et al.,
2015), and the Garzon, Las Minas (Ibanez Mejia et al., 2015), and San Lucas
massifs (Cuadros et al., 2014)

The Nd isotopic composition of the Guaviare Complex suggests that this litho-
demic unit has no affinity to the exposed basement of the Rio Negro-Juruena
province, instead showing higher affinity to the lithospheric domain involved
in the Putumayo Orogen. Depleted MORB mantle (DMM) curve according to
the model by DePaolo (1981).
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4.5 Geochronology

Three samples (Table 2, Figure 2, Annex 3) of the Guaviare
Complex were selected for analysis by LA ICP-MS Zircon
U-Pb dating. The resulting data correspond to the crystalliza-
tion ages of the igneous protoliths of the Termales Gneiss and
Unilla Amphibolite and to the ages of the detritic zircons inclu-
ded in the sediments that form La Rompida Quartzite (Figure
11). Although some of the zircons, both igneous and detritic,
show seemingly thin edges of metamorphic overgrowth or re-

ficantly smaller than the analytical spot used, so the metamor-
phism age could not be accurately determined. The absence
of clear edges of thicker metamorphic overgrowth may be due
to the degree of metamorphism of the rocks. As mentioned in
the petrography, the quartzite was formed in green schist or
low-amphibolite facies and the gneisses and amphibolite in
low- or high-amphibolite facies, without being able to define it
as one or the other. According to Rubatto (2017), green schist
or low amphibolite facies do not commonly form metamor-

crystallization, they could not be dated because they are signi-  phic overgrowths.
Table 1. Sm-Nd and Sr isotopic data of the Termales Gneiss and Unilla Amphibolite
Sample Sm (ppm) Nd (ppm) UNd/MNd 7Sm/Nd g, (T) Tow(Ga)  Rb(ppm)  Sr(ppm)  ®7Sr/®Sr  ®7Rb/%Sr  ®7Sr/e¢Sr, T(Ga) Lithological unit
OPP-0042RA  7.86 4153 0.512005(+10) 0.1144 +15 1.59 317.0 45.0 1-(()i3§)5'6 21.08454 0.64267 1312  Termales Gneiss
CAL-0037R  11.65 5162 0512123 (+15) 0.1365 +0.1 1.81 95.1 2180 O-Ef)oo 126871 070858 1313  Unilla Amphibolite

The uncertainties in the last two digits of the '*Nd/'*Nd ratios and in the last digit of the *’Sr/*Sr ratio are 20. The values of the "“Nd/"*Nd_,, . and "’Sm/'*Nd
ratios used in the current calculations were 0.512630 and 0.1960, respectively (Bouvier et al., 2008). T

CHUR

by Model ages according to the impoverished mantle model

by DePaolo (1981). The concentrations of Rb and Sr were assessed by ICP-MS (Annex 1). The *Rb/*Sr ratio was calculated according to the procedure described

by Faure and Mensing (2005)
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Figure 11. Cathodoluminescence images of zircons analyzed by LA-ICP-MS
in the Guaviare Complex

a) Termales Gneiss (OPP-0013RC). b) Unilla Amphibolite (CAL-0037R). ¢) La
Rompida Quartzite (OPP-0036R)
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Table 2. Samples with U-Pb geochronology analysis of the Guaviare Complex

Sample IGM North East Age 2°7Pb/2°5Pb (Ma) main U-Pb peaks (Ma) Method Lithological unit
OPP-0013RC 5075619 740964 1132115 1312 +5/11 U-Pb Zircon Termales Gneiss
CAL-0037R 5075337 727 157 1137003 1313 + 8/12 U-Pb Zircon Unilla Amphibolite
OPP-0036R 5075642 738 681 1130738 Between 1238.4 + 74.4 and 2849.7 + 28.9 1300, 1500, 1730, 2010, 2680 U-Pb Zircon La Rompida Quartzite

4.5.1 Termales Gneiss (OPP-0013R(C)

The study zircons show subhedral to euhedral shapes and a pris-
matic and bipyramidal habit, sometimes with radial fractures,
and others are metamict (Figure 11a, Annex 4). They mostly
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Figure 12. Wetherill concordia curve of the Termales Gneiss. Sample OPP-
0013RC
a) All zircons. b) Igneous ages of the sample protolith.

present well-marked, fine, oscillatory igneous zoning, althou-
gh a few have patchy textures, which according to Corfu et al.
(2003) are commonly found in rocks under relatively high pres-
sure. Some zircons have inherited nuclei that may represent xe-
nocrystals; others have thin edges of metamorphic overgrowth.

Most analyses indicated an age of approximately 1.3 Ga (Fi-
gure 12a), whereas a few others presented seemingly younger
ages, due to either Pb loss or partial recrystallization. The mat-
ching analyses, illustrated in a Wetherill concordia diagram in
Figure 12b, yielded a weighted mean **Pb*/*’Pb* age = 1.312
+ 5/11 (20, n=66, MSWD = 1.3) (Figure 13), which is consi-
dered the age of crystallization of the igneous protolith during
the Middle Mesoproterozoic (Ectasian).

The dated sample OPP-0013RC could be considered a
member of the main group of gneisses described above ba-
sed on geochemistry considering its similarities in modal
mineralogical composition with the other gneisses of this
group. As discussed below, the youngest age peak of La Rom-
pida Quartzite, approximately 1.3 Ga, allows us to assume that
most igneous protoliths in the area are close to that age, althou-
gh it cannot rule out that the ages of low-K rocks, and even
granofels, are somewhat different.

1450
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1150

Mean = 1312 +5/11 Ma (20)
n= 66, MSWD= 1.3

Figure 13. Mean **Pb*/*’Pb* age of the sample from the Termales Gneiss.

Sample OPP-0013RC
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4.5.2 Unilla Amphibolite (CAL-O037R)

The zircons collected from the Unilla Amphibolite are euhe-
dral and prismatic, with fine to thick, oscillatory, igneous zo-
ning and thin dark edges, which could be considered to have
formed by metamorphism (Figure 11b, Annex 5). The vast
majority of the analyses corroborated each other’s findings
(Figure 14a), and the spots located in nuclei with oscillatory
zoning (as shown in Figure 14b) resulted in a weighted mean
206Ph*/27Ph* age = 1313 + 8/12 (20, n= 19, MSWD = 0.9) (Fi-
gure 15). This age, interpreted as the age of crystallization of
the igneous protolith of this amphibolite during the Midd-
le Mesoproterozoic (Ectasian), is indistinguishable, within
analytical uncertainties, from the age of crystallization assessed
for the Termales Gneiss.
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Figure 14. Wetherill concordia curve of the Unilla Amphibolite; Sample CAL-
0037R
a) All zircons. b) Igneous ages of the sample protolith.

Boletin Geoldgico 47

1390

1370

1350

1330

1310

1290

206Pb:‘:/207 sz‘: Ages

1270

1250
Mean = 1313 + 8/12 Ma (20)
n=19, MSWD=0.9

1230

1210

Figure 15. Mean **Pb*/*’Pb* age of the CAL-0037R sample from the Unilla
Amphibolite

Two inherited zircon xenocrystals resulted in apparent
205Pb/*7Pb ages of approximately 1.7-1.8 Ga, which indica-
tes the assimilation of Paleoproterozoic materials, either at
the source of the magmas or during the rise/eruption of the
basaltic protoliths of this amphibolite. These ages match tho-
se indicated by Cordani et al. (2016) for the Atabapo Belt.
Other, younger ages recorded in the zircons, between 607 and
1224 Ma, likely correspond to recrystallization or partial loss
of Pb.

4.5.3 La Rompida Quartzite (OPP-0036R)

The zircons in this sample are fractured and detrital, with
shapes ranging from rounded to subangular, some from euhe-
dral to subhedral, and with a prismatic and bipyramidal habit,
which indicates variation in the input sources. The vast ma-
jority of them present fine oscillatory igneous zoning (Figure
11c, Annex 6); only some crystals have a thin edge, which may
correspond to metamorphic growth. A few crystals have more
complex zoning similar to sector zoning (Corfu et al., 2003),
possibly due to metamorphic events.

The analytical results, illustrated in a Wetherill concordia
plot (Figure 16a), show that most analyses indicated individual
26Pb/2"Pb ages ranging from 1238 + 74 Ma (youngest age) to
2850 + 29 Ma (oldest age). The main distribution peaks are
located at approximately 1300, 1500, 1730, 2010, and 2680 Ma
(Figure 16b), with the main peak at 1730 Ma, followed by the
peak at 1500 Ma. The ***Pb/*Pb ages older than 1829 Ma were
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Figure 16. La Rompida Quartzite; OPP-0036R sample
a) Wetherill concordia curve. b) Probability plot of the 2*Pb/*’Pb ages of den-
dritic zircons showing the maximum age distribution peaks.

assessed in rounded grains, whereas the oldest **Pb/*"Pb age
of the euhedral grains was 1827.2 Ma.

5. DiscussionN

The geochemical patterns and the geochronological ages as-
sessed for rocks from the Termales Gneiss and the Unilla Am-
phibolite indicate that a primarily bimodal magmatism, mostly
with a ferrous calc-alkaline granitic (type A) and, at a smaller
volume, mafic composition occurred in the extreme NW of the
Amazonian Craton at 1.3 Ga (Figures 13 and 15), in the Ecta-
sian period of the Mesoproterozoic. This magmatism could be
related to extensional environments, to the formation of rifts

over long periods, or to a Mesoproterozoic extensional arc
whose tectonic regime may have resulted in the opening of a
back-arc basin ca. 1.3 Ga.

In addition, evidence of a more peraluminous, calc-alkali-
ne, granitic magmatism indicates variations in magmatic pro-
cesses, which could be related to changes in mantle and crustal
inputs over time.

Magmatism from ca. 1.3 Ga had not yet been discovered in
outcrops of the Amazonian Craton in eastern Colombia. The
findings of this study clearly document the existence of this
bimodal magmatism in the NW reaches of the Craton, repre-
sented by the crystallization ages assessed in igneous protoliths
of the Guaviare Complex. The magmatism ages overlap with
the beginning of the intraplate heating of the Nickerian event
in the northern section the Amazon Craton (Cordani et al.,
2016). Near the NW edge of the Amazonian Craton, Ibafez
Mejia et al. (2011) documented the existence of magmatism
dated between 1.3 and 1.2 Ga, recorded in igneous protoliths
from the Garzén and Las Minas massifs.

In the Proterozoic, from 1800 to 1300 Ma, the magmatism
of ferrous granites (type A) were apparently quite common in
the NW of the Amazonian Craton because each of the granitic
protoliths of Termales Gneiss, the Parguaza Granite (Gaudette
et al., 1978; Bonilla et al., 2013), the Matraca Granite (Bonilla
et al,, 2016), and the granitic protoliths of the Miti Migmatite
Complex (Rodriguez et al., 2011a, 2011b) have these compo-
sitions (Figure 7).

Regarding the ages assessed for the quartzites (Figure 16b),
the youngest peak, at 1300 Ma, marks the maximum age of de-
position of its sedimentary protolith and is close to the igneous
ages of the gneisses and amphibolites of the Guaviare Com-
plex. Given this similarity, these rocks—or other units of simi-
lar age in the region—may have contributed detrital material
to nearby sedimentary basins, thereby forming the protoliths
of La Rompida Quartzite during the Ectasian or later. The peak
at approximately 1500 Ma is in line with the magmatism found
in the Vaupés Belt and in Caqueta (Araracuara), and the main
peak at approximately 1730 Ma matches the ages of the Ata-
bapo Belt (Cordani et al., 2016), which clearly shows that the
basin where the sedimentary protolith of La Rompida Quartzi-
te was formed received detrital from the interior of the craton
derived from those belts.

The peak at 2680 Ma, corresponding to the Neoarchean,
matches the dates present in the Central Amazonian provin-
ce, which would indicate that the current area of Guaviare was
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bathed by rivers that either were born in the core of the Amazo-
nian Craton or that drained ancient sedimentary rocks that had
been formed with contributions from the core of the craton.
Zircons older than 1829 Ma have good roundness, indicating
good transport conditions. The detrital zircons of those ages
are very scarce in the dates assessed so far in the Colombian
part of the Amazonian Craton. Cordani et al. (2016) reported
no Archean zircons, whereas Ibanez Mejia et al. (2011) reported
scarce inherited zircons aged approximately 2.5 Ga when dating
samples from the Vaupés and Apaporis rivers.

The basin most likely also received sedimentary contribu-
tions from the craton, in contrast to most metasedimentary
units known to date of the Putumayo Orogen, in which no
magmatic events derived from the craton were recorded be-
tween 1.59 and 1.01 Ga (Ibanez Mejia et al., 2011). This situa-
tion could be explained if the current area of the Guaviare were
over or immediately adjacent to the craton, whereas the Pu-
tumayo Orogen would have been formed some distance from
the craton, where the sediments derived from this craton did
not reach.

From the late Mesoproterozoic to the early Neoproterozoic,
during the formation of the supercontinent Rodinia, the Miro-
voi Ocean was completely consumed, and the continents Lau-
rentia, Amazonia, and Baltica collided, which generated oroge-
nies in the different blocks (Cawood and Pisarevsky, 2017). The
Laurentia collision with the western section of the Amazonia
formed the Grenvillian Orogeny in Laurentia and the Sunsas
Orogeny in Amazonia (Ibanez Mejia et al., 2011). The collision
between the northwestern part of Amazonia and the southern
edge of Baltica produced the Putumayo Orogen in Amazonia,
the Zapotec Orogeny in the Oaxaquia block—currently part of
Mexico—and the Sueconoruega Orogeny in southern Scandi-
navia (Weber and Schulze, 2014; Ibafiez Mejia et al., 2011, 2015;
Cawood and Pisarevsky, 2017).

After 1.28 Ga, which is age of the youngest detrital zircons,
but before the Ediacaran, a period during which the rocks of
the San José del Guaviare Nepheline Syenites were intruded
(Maya et al.,, 2018), the igneous and sedimentary protoliths
of the Guaviare Complex underwent regional metamorphism
over a length of time still undetermined because the metamor-
phic event recorded in the rocks produced only small overhea-
ting edges in the zircons, which could not be dated. Two Pro-
terozoic metamorphic events younger than 1.28 Ga are known
in the Colombian section of the Amazonian Craton: one from
1.05 to 1.01 Ga and another ca. 0.99 Ga (Ibaiez Mejia et al.,
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2011). Therefore, the regional metamorphism that affected the
basement of the Guaviare Complex likely occurred during one
of these Putumayo Orogenic events. However, the possibility
that this was an independent event cannot be ruled out.

The difference in age between the Guaviare Complex (~1.3
Ga) and Vaupés Belt (~1.58 to 1.52 Ga) indicates that both
groups of rocks were formed at different times. Based on the
Nd isotopic data (Table 1 and Figure 10), the igneous protoli-
ths of the rocks from the Guaviare Complex likely derive from
the partial fusion of rocks belonging to the same lithospheric
segment (which would probably correspond to an underplate
of mafic rocks at the base of the crust), which gave rise to the
precursor magmas of the protoliths of the gneisses, amphiboli-
tes, and granulites of the San Lucas mountain range (Cuadros
et al,, 2014). Considering that the gneisses and amphibolites
of the San Lucas mountain range have T, ages ranging from
1.5 to 1.8 Ga (Cuadros et al., 2014), the oldest zircons, with
ages of 1.7-1.8 Ga, found in the Unilla Amphibolite may have
been inherited from that common source consisting of juvenile
rocks of this age, though it cannot rule out the possibility that
such zircons represent, conversely, xenocrystals added by assi-
milation of wall rocks during the emplacement of magmas. In
the above scenario, the slightly positive €, values of the rocks
from the Guaviare Complex could be explained without the
need to invoke a high degree of assimilation of additional crus-
tal material because the mantle rocks derived from the under-
plate would have ~1.3-Ga Nd isotopic ratios, in line with those
found in the gneiss and amphibolite samples (Figure 10).

Another possibility is that the precursor magmas of the
Guaviare Complex protoliths are juvenile and were directly
derived from impoverished mantle (which, at ~1.3 Ga, would
have e, values near +6), after which they underwent contami-
nation with less radiogenic crustal material that had markedly
negative e, values, which would have resulted in hybrid mag-
mas with the observed values of &, ranging from 0 to +1.5. If
this is true, two questions arise: 1) Had such contamination
occurred at the source or during the emplacement of the mag-
mas? 2) What crust was responsible for the contamination?
More data are needed to answer these questions. Importantly,
for example, the rocks from the Atabapo and Vaupés Belts, of
the Rio Negro-Juruena province (Cordani et al., 2016), would
have, at ~1.3 Ga old, ¢, values negative enough to be conside-
red possible outliers in the origin of the protoliths of the rocks
from the Guaviare Complex, through contamination of juve-
nile magma.
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6. CONCLUSIONS

In the department of Guaviare, the Proterozoic metamorphic
rocks are represented by granitic orthogneisses and granofels,
amphibolites, and muscovite quartzites, which together form
the Guaviare Complex. The Guaviare Complex is a new Pro-
terozoic unit of crystalline basement located in southeastern
Colombia that crops out in an intermediate position between
known Precambrian rock locations in Colombia, with the
Amazonian Craton (Atabapo and Vaupés belts) to the east
and El Garzén Complex to the west. The rocks of the Guaviare
Complex are divided into three lithological units termed Ter-
males Gneiss, Unilla Amphibolite, and La Rompida Quartzite,
which were characterized in Plate 372 — El Retorno during the
geologic mapping conducted by Serviminas and the SGC. The
gneissic metamorphic rocks described in the Plate 371 - Puerto
Cachicamo are also included in this complex.

The protoliths of the metamorphic rocks of the Guaviare
Complex indicate magmatism of ferrous granitoids (type A) of
monzogranitic and tonalitic-quartzdioritic composition and a
mafic magmatism of gabbroic composition. This magmatism
would have been part of an orogeny after which the granites
were exposed by erosion, subsequently producing sediments
that incorporated materials both from the granite and from
distant areas of the craton. These psammitic, quartzarenitic,
and arkosic sediments, with pelitic content, underwent regio-
nal metamorphism of half a degree in amphibolite facies, al-
though this regional metamorphism could have been partly of
a low degree, in green schist facies for the quartzite. Some of
these rocks present a dynamic component superimposed on
regional metamorphism.

The zircon U-Pb ages assessed for the igneous protoliths of
the rocks from the Guaviare Complex are 1312 + 5/11 Ma for
the Termales Gneiss and 1313 + 8/12 Ma for the Unilla Am-
phibolite. In La Rompida Quartzite, the youngest detrital age
is 1238 + 74 Ma, and the oldest age is 2850 + 29 Ma, with main
peaks of 1300, 1500, 1730, 2010, and 2680 Ma. This metasedi-
mentary unit, whose deposition occurred in the Ectasian or
later, does not seem to have known equivalents in the Colom-
bian Amazonian Craton.

The metamorphism age is not yet known with precision,
and it ranges from 1.3 to 0.6 Ga. Given the regional geology
of the NW of the Amazonian Craton, this metamorphism is
likely related to the Putumayo province, coming either with
the event recorded between 1.05 and 1.01 Ga or with the event

closer to 0.99 Ga. However, the possibility that a different, per-
haps slightly older, metamorphic event occurred cannot be
ruled out.

The chemical characteristics of the metaigneous rocks of
the Guaviare Complex, Termales Gneiss and Unilla Amphi-
bolite, suggest that most of the rocks originated as part of a
bimodal magmatism formed in an extensional environment
associated with a backarc basin. The source of the magmatism,
dated at 1.3 Ga, could comprise the mixture between mantle
material that is possibly differentiated and older, continental,
“inherited” material that was reworked during the Ectasian.
The Nd isotopic ratios of the Termales Gneiss and Unilla Am-
phibolite are in line with the above, so the above explanation
is the preferred interpretation of this work, although the hypo-
thesis that such isotopic ratios reflect an older and dominant
mantle source, analogous to that responsible for the bimodal
association of precursor magmas of basement rocks of the San
Lucas mountain range, should not be completely ruled out.
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SUPPLEMENTARY DATA

Supplementary Data. The Guaviare Complex: new evidence of Mesoproterozoic (ca. 1.3 Ga) crust in the Colombian Amazonian Craton

ANNEX 1. GEOCHEMICAL DATA OF THE GUAVIARE COMPLEX

Termales Gneiss

Unilla
Group 1 Group 2 Amphibolite
Sample CAL-0035RA  CAL-0036R  OPP-0004R  OPP-0013RB  OPP-0037R  OPP-0042RA  OPP-0046R (322]2 CMR-0041R OgIZIiA OPP-0047R  CAL-0037R
IGM 5075334 5075336 5075606 5075618 5075643 5075648 5075653 5075696 5075415 5075617 5075654 5075337
Oxide (%)
Sio, 73.12 73.37 72.97 74.56 73.23 72.61 73.41 73.65 64.59 71.00 77.62 51.01
TiO, 0.38 0.33 0.35 0.36 0.37 0.37 0.38 0.37 0.43 0.45 0.39 3.37
ALO, 13.36 13.08 13.16 12.85 13.34 13.00 13.38 12.94 18.26 15.94 11.62 13.61
Fe,0, 3.52 2.74 3.42 2.87 3.43 3.49 3.47 3.52 3.75 2.65 3.38 16.01
MnO 0.10 0.05 0.04 0.02 0.06 0.07 0.06 0.07 0.11 0.02 0.05 0.24
MgOo 0.31 0.32 0.23 0.12 0.24 0.25 0.27 0.29 0.54 0.06 0.17 3.36
Ca0 1.57 0.90 0.29 0.85 0.91 0.92 1.07 0.80 297 1.47 1.12 7.14
Na,0 3.69 2.74 3.36 3.95 2.63 2.77 3.33 3.95 8.58 7.26 5.86 3.05
K,0 4.99 6.18 5.73 3.76 5.89 6.19 5.83 4.78 0.44 0.47 0.53 1.29
P,0, 0.06 0.06 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.03 0.05 0.57
Cr,0, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 0.33 0.11 0.27 0.39 0.49 0.11 0.08 0.43 0.02 0.27 0.10 0.64
Total 101.43 99.88 99.87 99.78 100.64 99.82 101.33 100.85 99.74 99.62 100.89 100.29
Element (ppm)
Ba 379.00 517.00 454.00 644.00 435.00 461.00 435.00 406.00 23.60 54.90 68.60 308.00
Rb 261.00 323.00 311.00 121.00 309.00 317.00 234.00 232.00 7.00 17.70 52.90 95.10
Sr 70.90 62.90 42.10 150.50 50.10 45.00 78.10 42.20 114.00 187.00 68.60 218.00
Cs 0.96 2.09 0.86 0.50 1.66 4.03 1.62 0.59 0.16 0.28 1.79 0.43
Ga 25.20 21.10 23.80 21.70 24.10 23.10 22.80 22.20 32.50 23.10 19.60 26.50
Ta 3.90 4.00 3.70 3.60 3.90 4.40 4.40 4.10 5.10 4.50 4.50 1.70
Nb 66.50 53.10 61.60 65.20 64.70 62.30 63.70 65.50 78.20 77.80 64.90 22.40
Hf 14.10 9.40 15.70 14.80 15.30 15.80 15.80 16.10 16.90 2.50 16.20 7.40
Zr 597.00 377.00 660.00 587.00 662.00 625.00 608.00 662.00 674.00 94.00 635.00 293.00
Y 107.00 54.20 63.90 82.50 52.80 56.50 78.40 90.40 148.50 99.80 98.30 60.00
Th 34.10 31.80 34.20 35.60 34.60 28.20 32.80 34.10 38.10 3.27 36.10 6.06
U 8.52 4.99 9.06 10.45 9.38 5.40 5.09 9.69 11.65 3.20 8.96 1.36
Cr <10 10.00 10.00 10.00 <10 40.00 40.00 10.00 40.00 40.00 40.00 40.00
Ni 2.00 1.00 4.00 7.00 <1 <1 2.00 1.00 1.00 4.00 2.00 11.00
Co 1.00 2.00 2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.00 29.00
Sc 1.90 1.90 2.70 1.60 3.70 2.80 2.10 2.70 2.90 0.80 3.00 12.90
' 22.00 21.00 19.00 30.00 17.00 18.00 18.00 19.00 31.00 30.00 16.00 235.00
Cu 2.00 2.00 3.00 1.00 1.00 2.00 2.00 1.00 2.00 1.00 10.00 77.00
Pb 28.00 31.00 27.00 24.00 33.00 23.00 23.00 24.00 22.00 15.00 9.00 11.00
Zn 104.00 57.00 56.00 20.00 55.00 74.00 63.00 99.00 74.00 16.00 33.00 142.00
Tl 0.42 0.48 0.29 0.05 0.44 0.46 0.30 0.15 <0.02 <0.02 0.05 0.04
Bi 0.05 0.16 0.08 0.02 0.07 0.07 0.05 0.04 0.08 0.01 0.05 0.01
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.70
Sn 8.00 7.00 7.00 9.00 7.00 8.00 8.00 8.00 10.00 12.00 8.00 2.00
W <1 <1 2.00 1.00 2.00 4.00 4.00 2.00 2.00 3.00 2.00 4.00
Li 10.00 <10 10.00 <10 10.00 <10 <10 <10 <10 <10 <10 10.00
Mo 2.00 1.00 2.00 <1 2.00 4.00 3.00 1.00 <1 <1 1.00 <1
Hg 0.01 <0.005 0.01 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
As 0.30 0.20 <0.1 0.10 0.20 0.40 0.30 0.10 0.20 <0.1 0.80 0.30
Se <0.2 <0.2 <0.2 0.20 0.20 0.20 0.30 <0.2 0.30 0.20 0.30 0.40
Sb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.07 <0.05
In 0.06 0.05 0.07 0.05 0.09 0.07 0.05 0.08 0.07 0.01 0.07 0.05
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Termales Gneiss

Unilla

Group 1 Group 2 Amphibolite

Sample  CAL-0035RA CAL-0036R OPP-0004R OPP-0013RB OPP-0037R OPP-0042RA OPP-0046R  (OPF. CMR-0041R (OFPP- = OPP-0047R  CAL-0037R

IGM 5075334 5075336 5075606 5075618 5075643 5075648 5075653 5075696 5075415 5075617 5075654 5075337
Te <0.01 0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01
La 123.50 41.00 96.10 156.50 10.60 22.50 62.50 10300 12300 17150  128.00 37.80
Ce 229.00 89.20 183.00 209.00 101.00 41.10 11300 21000  229.00 59.30 232.00 81.40
Pr 28.30 9.04 21.20 33.50 3.50 487 14.05 2390 2930 35.80 29.30 10.45
Nd 102.50 33.20 77.60 122.50 12.80 19.60 52.90 8640 11500 14400  110.00 47.80
Sm 19.50 6.72 13.90 22.60 3.58 4.40 10.55 1670 2420 3040 21.10 10.95
Eu 2.30 0.93 1.75 313 055 0.64 1.39 1.89 2.95 448 2.40 317
ad 18.30 6.97 11.55 21.90 462 5.82 11.00 1405  22.80 30.00 19.30 12.05
Tb 2.89 1.20 1.74 3.14 0.93 121 1.97 220 3.65 455 3.08 1.81
Dy 17.20 8.71 11.00 18.40 7.69 8.72 12.85 1465 2230 25.30 18.60 10.85
Ho 3.42 1.84 221 3.20 1.86 2.02 2.86 293 471 434 3.79 218
Er 10.20 5.79 6.88 8.43 6.25 6.88 9.54 8.82 16.35 12.25 11.20 6.51
Tm L4k 0.93 1.07 1.10 1.06 1.05 1.48 1.35 243 167 1.63 0.88
Yb 9.61 5.84 7.39 6.50 7.22 7.25 9.25 8.92 16.35 9.13 10.45 5.71
Lu 1.40 0.95 117 1.02 1.10 1.08 137 144 252 128 147 0.80
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ANNEX 2. MopAL coMPOSITION OF THE GUAVIARE COMPLEX ROCKS

Sample IGM Qz PL Fsp Bt Ms HbL Hst Chl Opq Zrn Ttn Ep Grt Others Petrographic classification Subgroup
CMR-0027R-2 5075396 17.70 30.70 7.30 37.00 230  0.30 3.30 130 Quartz-biotite-feldspar gneiss Gneiss
OPP-0013R-B 5075618 26.70 4.00 59.70 470 0.01 0.01 5.00 0.01 0.01 Biotite bearing quartz-feldspar gneiss Gneiss
OPP-0013R-C 5075619 2230 28.00 4270 4.00 0.01 0.70 2.00 0.30 0.01 Biotite bearing quartz-feldspar gneiss Gneiss

OPP-0029R 5075635 27.00 430 59.40 0.01 6.00 2.00 1.00 Chlorite-quartz-feldspar gneiss Gneiss
OPP-0037R 5075643 28.70 570 4530 16.70 2.70 1.00 0.02 Biotite-quartz-feldspar gneiss Gneiss
CAL-0035R-A 5075334 3270 3330 1400 870 200 270 030 530 1.02 Epidote-biotite-quartz-feldspar gneiss P°’P2x’e‘l?:sl35“‘
CAL-0036R 5075336 2830 3600 17.20 1150 130 080 130 001 330 032 M”SCO"i‘e'ePifde‘l’;i;aerag':]’;giszi"me' quartz- PO"’gx’e‘l?S‘Sla“i‘
CMR-0036R 5075410 32.00 1670 2830 17.00 0.70 130 001 070 330 002  Epidote bearing biotite-quartz-feldspar gneiss P°’P2z;°i;lam‘
CMR-0041R 5075415 13.70 5370 030 173 300 170 170  7.30 130 Epidote-amphibole-quartz-feldspar gneiss P°"’;z;‘;§a“i‘
OPP-0004R 5075606 27.00 7.00 5570 9.00 0.01 130 001 0.03 Biotite-quartz-feldspar gneiss P°"’gxg;‘“‘i‘
OPP-0041R 5075647 27.70 1.00 57.00 12.70 001 130 001 031 Biotite-quartz-feldspar gneiss P"'szg:slas‘ic
OPP-0042R-A 5075648 21.00 530 6070 9.0 130 130 001 030 1.01 st"e'h"'nblfzrl‘;:p?agﬂ';igs f“’me'q”a"z' P°"°gz;‘;:slas“c
OPP-0043R 5075650 27.00 370 6670 0.70 170 001 030 0.02 Biotite bearing quartz-feldspar gneiss p""’gﬁ;‘;;s‘am‘
OPP-0044R 5075651 29.70 270 5430 1070 1.30 070 030 030 002  Muscovite bearing biotite-quartz-feldspar gneiss P°’p2z:§;amc
OPP-0046R 5075653 27.70 2970 2400 6.30 7.00 001 100 001 070 370 0.01 Epidote bea””fi f’;s;;‘;:‘;’s‘fle"de'q”a"} P°"’2x’e‘§“ﬁ(
OPP-0047R 5075654 3000 42.00 11.00 1.00 1170 001 270 001 170 0.01 Biotite bearing hmgnbelie:sderquam’feldwar P°"’2ZL?§W
OPP-0200R 5075696 19.00 2170 4850 570 130 100 170 001 070 071 Chlorite- "‘”“f‘;‘l’("jt;:f;:;gs Sbi"‘“e‘q”a"z' P""’;x’e‘i’i“““
OPP-0013R-A 5075617 29.00 70.70 0.01 0.30 0.01 0.01 Quartz-feldspar granofels Granofels
CAL-0038R 5075338 51.20 23.10 8.30 0.01 1490 1.70 0.60 0.23 Feldspar-quartz blastomylonite Blastomylonite
OPP-0045R 5075652 41.50 29.40 430 9.00 670 130 130 040 001 370 170 072 Garnet bea’mi’:io";j;i;:ifs"a“q”a"z Blastomylonite
CAL-0037R 5075337 500 2400 0.01 60.70 230 5.00 130 1.00 073 Amphibolite Amphibolite
ENA-0003R-A 5075465 71.00 20.30 5.40 230 070 0.30 0.01 Muscovite- feldspar-quartz granofels G?E:ri’;?f:‘
ENA-0003R-C 5075467 7030 20.30 7.70 170 001 0.01 Muscovite- feldspar-quartz granofels G?E;ﬂf:“
ENA-O0O4R 5075468 7530 1630 130 6.00 001 001 001 1.00 Muscovite-feldspar quartzite Grqa::rtt’i?::c
ENA-0008R 5075472 77.00 1430 3.70 130 370 001 0.02 Muscovite bearing feldspar quartzite G?:;’:Ef:‘
ENA-0021R 5075485 68.70 13.00 5.00 001 060 127 Muscovite- feldspar-quartz granofels G?S:E?tsem
IDB-0026R-B 5075563  77.00 22.30 001 001 001 0.02 Muscovite quartzite G?E;?i?::c
PAG-0009R 5075708 55.60 2490 2.40 9.40 1.00 0.01 6.7 Muscovite- feldspar-quartz granofels G?::rtt’ife“c
PAG-0017R 5075717 7530 1030 330 11.00 001 001 001 Muscovite-feldspar quartzite G?S;ﬂ?f:c
PAG-0019R 5075719 6840 10.60 440 15.60 100 001 0.01 Muscovite- feldspar-quartz granofels G?::rﬂ?f:‘
PAG-0023R 5075723 6030 2570 530 7.00 170 001 001 0.01 Muscovite- feldspar-quartz granofels G?\:‘::i?f:‘
PAG-0025R 5075725 68.00 17.00 2.30 10.70 001 001 001 2.01 Muscovite- feldspar-quartz granofels G’qal:‘:r'i?;‘i‘
JDB-0026R-A 5075562 76.70 23.30 0.01 0.01 0.01 Muscovite quartzite Schist quartzite
OPP-0030R 5075636 77.70 6.00 2.00 14.30 0.01 0.01 Feldspar-muscovite quartzite Schist quartzite
OPP-0034R 5075640 84.70 11.70 0.01 3.70 Muscovite quartzite Schist quartzite
OPP-0035R 5075641 82.00 14.00 400 001 Muscovite quartzite Schist quartzite
OPP-0036R 5075642 75.00 23.70 001 001 001 132 Muscovite quartzite Schist quartzite
OPP-0038R 5075644 88.30 10.30 001 001 131 Muscovite quartzite Schist quartzite
OPP-0039R 5075645 61.10 8.30 23.90 0.70 6.00 Feldspar-muscovite-quartz schist Schist quartzite
OPP-0040R 5075646 76.00 0.01 14.30 9.71 Muscovite-quartz schist Schist quartzite
OPP-0052R 5075659 81.90 2.70 0.01 15.4 Muscovite-quartz schist Schist quartzite
PAG-0020R 5075720 75.30 10.30 2.00 10.30 2.00 0.01 Muscovite-feldspar quartzite Schist quartzite

Qz: quartz, Pl: plagioclase, Fsp: feldspar, Mc: microcline, Bt: biotite, Ms: muscovite, Hbl: hornblende, Hst: hastingsite, chl: chlorite, Opq: opaque, Zrn: zircon, Ttn:

titanite, Ep: epidote, Grt: garnet. Abbreviations according to Whitney and Evans (2010).
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ANNEX 3. ANALYTICAL DATA FOR U/PB AGE oF THE GUAVIARE COMPLEX

OPP-0013RC (Feldspar-quartz gneiss)

Isotope ratios Apparent ages (Ma)
Analysis U  UTh 206Pb*/ + 207Pb*/ &  206Pb*/  +  eror 206Pb*/  +  207Pb*/ &  206Pb*/ +  Conc Observations
(ppm) 207Pb* (%)  235U% (%) 238U (%) corr. 238U% (Ma) 235U  (Ma) 207Pb* (Ma) (%)
OPP_OO13RC_60 182 0.8 16.6389 2.7 0.8465 3.5 01022 23 065 6273 135 6227 162 6072 57.6 103.3 RZ*;[;‘;‘;[’EZL‘;]SS;?
OPP_O013RC_07 237 3.4 116414 31 13851 99 01170 9.4 095 7133 635 8826 585 13359 608 53.4 Rziwsat‘a’fﬁzgﬁfg:?
OPP_0013RC_15 311 3.8 123305 2.0 17425 51 01559 47 092 9340 413 10244 332 12239 388 763 Rzg;‘;‘aﬁﬁzgfg;?
OPP_OO13RC_45 225 55 12.4688 2.7 21222 59 01920 52 088 11322 541 11560 40.6 12019 541 942 Riiw;‘aﬁﬁz;‘;fg;?
OPP_OO13RC_66 43 19 11.8483 30 2.4264 41 02086 2.8 068 12214 309 12505 29.2 13018 57.6 93.8 Igneous protolith
OPP_OO13RC_38 204 1.4 120627 19 24221 29 02120 22 075 12395 245 12492 209 12669 37.7 97.8  Igneous protolith
OPP_OO13RC_35 365 12 117371 20 24905 2.6 02121 16 063 12400 181 12693 185 13201 387 939 Igneous protolith
OPP_0013RC_50 186 1.8 11.8203 2.1 25068 30 02150 2.1 070 12554 239 12740 217 13064 413 961  Igneous protolith
OPP_O013RC_18 112 17 11.8624 21 25002 3.0 02152 2.1 071 12565 244 12721 219 12995 415 967 Igneous protolith
OPP_OOI3RC_30 9 1.6 11.6279 65 25684 7.4 02167 3.6 048 12644 413 12917 544 13382 1260 945 Igneous protolith
OPP_O013RC_25 156 19 11.9190 31 25103 3.8 02171 22 057 12665 249 12750 27.5 12902 603 982 Igneous protolith
OPP_0013RC_48 111 1.0 121655 2.6 2.4753 34 02185 22 066 1273.9 259 12648 246 12503 500 1019 Igneous protolith
OPP_OO13RC_49 83 17 117096 3.6 25717 44 02185 25 056 1273.9 286 12926 321 13246 703 962 Igneous protolith
OPP_O013RC_65 127 15 116144 2.1 25987 29 02190 21 070 12766 238 13003 215 13404 404 952  Igneous protolith
OPP_O013RC_70 139 19 11.8064 2.1 25599 3.2 02193 23 074 12782 270 12893 230 13087 412 977  Igneous protolith
OPP_0013RC_51 271 1.4 120337 16 25139 30 02195 2.6 086 12792 30. 12760 220 12716 305 1006 Igneous protolith
OPP_OO13RC_46 60 1.5 114155 2.6 2.6536 3.5 02198 2.4 067 12808 275 13156 261 13737 505 932 Igneous protolith
OPP_OO13RC_64 197 19 117233 18 25839 2.5 02198 1.8 072 12808 211 12961 185 13223 341 969 Igneous protolith
OPP_OO13RC_55 56 1.8 119474 31 25389 38 02201 21 057 12824 248 12833 275 12856 60.5 998 Igneous protolith
OPP_O013RC_54 142 1.9 118343 2.4 25702 32 02207 22 068 12856 259 12922 237 13041 460 986  Igneous protolith
OPP_O013RC_17 159 1.8 11.8483 23 25706 2.8 02210 1.6 058 1287.2 185 12923 20.1 13018 437 989 Igneous protolith
OPP_O013RC_56 438 15 119617 2.2 25509 3.1 02214 22 072 12893 259 12867 22.5 12832 419 100.5 Igneous protolith
OPP_OO13RC_42 109 17 11.8765 37 25715 46 02216 2.8 061 12903 327 12926 338 12972 71.6 995 Igneous protolith
OPP_0013RC_26 42 1.1 117786 40 25941 46 02217 23 050 12909 269 1299.0 339 13132 777 983 Igneous protolith
OPP_O013RC_59 108 2.1 120919 2.7 25268 3.9 02217 2.8 072 12909 327 12798 281 12621 520 1023 Igneous protolith
OPP_OO13RC_43 126 17 119048 2.4 25723 34 02222 2.4 071 12935 285 12928 249 12925 463 100.1 Igneous protolith
OPP_OO13RC_05 109 2.1 11.6959 2.8 2.6242 3.4 02227 20 058 12961 232 13074 252 13269 544 977  Igneous protolith
OPP_0013RC_04 122 19 11.8203 18 2.6024 27 02232 20 074 12988 232 13013 195 13064 344 994  Igneous protolith
OPP_O013RC_09 116 17 115075 2.2 26755 3.0 02234 2.1 069 12998 248 13217 224 13583 422 957  Igneous protolith
OPP_OO13RC_10 244 17 116414 20 2.6447 2.4 02234 14 059 12998 169 13132 180 13359 383 973 Igneous protolith
OPP_OO13RC_53 153 1.8 11.8343 19 26040 2.7 02236 20 072 13009 232 1301.8 20.0 13041 368 99.8 Igneous protolith
OPP_0013RC_72 83 2.0 117647 20 2.6217 28 02238 20 070 13019 232 13067 206 13155 388 99.0  Igneous protolith
OPP_O0O13RC_08 194 1.8 11.6279 20 2.6537 2.6 02239 17 064 13024 195 13157 19.0 13382 382 97.3 Igneous protolith
OPP_OO13RC_58 83 1.5 119474 2.9 25828 3.6 02239 22 061 13024 263 12958 266 12856 558 1013 Igneous protolith
OPP_OO13RC_63 184 1.8 11.6959 2.1 2.6383 2.6 02239 16 061 13024 19.0 13114 195 13269 408 982 Igneous protolith
OPP_0013RC_67 119 2.0 116144 19 2.6616 30 02243 2.4 079 13046 279 13179 222 13404 359 973  Igneous protolith
OPP_O013RC_27 37 12 117233 42 26427 48 02248 22 047 1307.2 263 13126 352 13223 818 989 Igneous protolith
OPP_O013RC_21 183 13 116414 20 2.6637 2.6 02250 17 066 13082 205 13184 194 13359 383 97.9 Igneous protolith
OPP_OO13RC_13 544 1.4 117371 15 2.6443 2.3 02252 18 076 13093 210 13131 173 13201 29.6 99.2 Igneous protolith
OPP_0013RC_03 135 1.6 116822 2.2 2.6579 30 02253 20 066 13098 23.1 13168 218 13291 430 985 Igneous protolith
OPP_OO13RC_12 186 1.6 11.6822 15 26591 2.3 02254 1.8 076 13103 210 13172 172 1329.1 29.4 986 Igneous protolith
OPP_OO13RC_19 165 1.8 11.8483 23 26253 3.1 02257 22 069 13119 258 1307.8 230 13018 437 100.8 Igneous protolith
OPP_OO13RC_16 78 1.6 119760 2.5 25996 3.1 02259 17 057 1313.0 205 13005 22.4 12809 49.0 102.5 Igneous protolith
OPP_OO13RC_44 111 19 11.9048 21 26152 2.8 02259 17 063 13130 205 13049 202 12925 417 1016 Igneous protolith
OPP_O013RC_11 136 17 11.8906 2.1 26195 27 02260 17 062 13135 200 13061 20.0 12948 416 10L4 Igneous protolith
OPP_OO13RC_71 88 1.8 11.8343 2.1 26319 29 02260 2.0 069 13135 242 1309.6 217 13041 414 1007 Igneous protolith
OPP_O013RC_73 213 1.6 11.6009 14 2.6849 2.4 02260 19 081 13135 231 13243 17.7 13427 269 97.8 Igneous protolith
OPP_OO13RC_62 323 17 11.8906 17 2.6218 2.4 02262 18 073 13146 210 13068 17.9 12948 324 1015 Igneous protolith
OPP_O013RC_22 125 09 119474 19 26105 30 02263 23 077 13151 273 1303.6 219 12856 37.2 1023 Igneous protolith
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OPP-0013RC (Feldspar-quartz gneiss)

Isotope ratios Apparent ages (Ma)
Analysis u U/Th  206Pb*/ + 207Pb*/ + 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ + Conc Observations
(ppm) 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (%)

OPP_O013RC_75 109 19 117786 2.1  2.6479 2.8 02263 1.8 065 13151 21.6 13141 20.6 13132 411 100.1 Igneous protolith
OPP_O013RC_69 134 1.8 117233 19 26674 2.5 02269 17 067 13182 200 13195 186 13223 363 99.7  Igneous protolith
OPP_OO13RC_40 128 17 117786 19 26584 2.6 02272 18 070 13198 221 13170 195 13132 366 100.5 Igneous protolith
OPP_0013RC_34 122 17 117509 2.5 2.6682 31 02275 18 060 13214 221 13197 228 13178 47.8 1003 Igneous protolith
OPP_OO13RC_74 248 19 118765 15 2.6446 2.5 02279 2.0 079 13235 236 13131 185 12972 300 1020 Igneous protolith
OPP_OO13RC_61 263 1.8 11.6822 18 2.6898 2.7 02280 2.0 075 13240 241 13256 19.8 1329.1 339 99.6 Igneous protolith
OPP_OO13RC_06 128 2.1 119048 2.0 2.6430 2.6 02283 17 064 13256 199 13127 193 12925 39.4 102.6 Igneous protolith
OPP_0013RC_02 105 1.6 119048 19 2.6453 26 02285 18 069 13266 215 13133 193 12925 37.0 1026 Igneous protolith
OPP_O013RC_37 171 1.6 117647 18 26779 2.3 02286 15 064 13272 17.8 13224 17.1 13155 342 1009 Igneous protolith
OPP_OO13RC_29 13 1.4 119760 54 26330 58 02288 2.1 037 13282 257 13099 427 12809 1051 103.7 Igneous protolith
OPP_OO13RC_20 165 1.8 115340 2.4 27351 3.2 02289 21 065 13287 252 13380 238 13538 467 981 Igneous protolith
OPP_0013RC_47 82 1.8 116009 2.1 27193 30 02289 2.1 071 13287 252 13337 220 13427 403 99.0  Igneous protolith
OPP_OO13RC_36 150 1.8 11.6009 2.4 27205 3.2 02290 2.0 0.64 13293 241 13341 234 13427 471 990 Igneous protolith
OPP_O013RC_23 75 1.6 121507 47 2.6076 60 02299 37 061 13340 440 13028 439 12526 928 1065 Igneous protolith
OPP_OO13RC_14 647 1.6 116959 16 27102 2.3 02300 17 071 13345 199 13313 173 13269 317 100.6 Igneous protolith
OPP_0013RC_68 117 2.1 116279 2.8 27320 35 02305 22 061 13371 262 13372 263 13382 540 999  Igneous protolith
OPP_OO13RC_28 67 19 119332 35 26667 41 02309 23 055 13392 272 13193 305 12879 67.4 1040 Igneous protolith
OPP_O013RC_39 117 2.0 11.8906 2.3 26786 3.1 02311 2.1 068 13403 257 13226 22.9 12948 439 1035 Igneous protolith
OPP_O013RC_57 221 17 118064 20 26977 29 02311 21 073 13403 257 13278 216 13087 390 1024 Igneous protolith
OPP_0013RC_01 267 2.1 11.8906 15 2.6844 24 02316 19 078 13429 230 13242 181 12948 30.1 1037 Igneous protolith
OPP_OO13RC_24 271 1.6 117925 18 27079 2.5 02317 18 071 13434 215 13306 186 13110 343 102.5 Igneous protolith
OPP_O013RC_31 314 12 220264 53 00910 58 00146 23 039 931 21 885 49  -341 1283 NA Contamination?

OPP_O013RC_32 128 23 212314 85 00968 90 00149 30 033 954 29 938 81 543 2029 NA Contamination?

OPP_0013RC_33 230 13 150602 81 01385 84 00151 22 027 968 22 1317 104 8190 1701 NA Contamination?

CAL-0037R (Amphibolite)
Isotope ratios Apparent ages (Ma)
Analysis U U/Th 206Pb*/ = 207Pb*/ &  206Pb*/ +  eror 206Pb*/ &  207Pb*/  +  206Pb*/ +  Conc Observations
(ppm) 207Pb* (%)  235U% (%) 238U (%) cor. 238U% (Ma) 235U  (Ma) 207Pb* (Ma) (%)

CALLO037R_03 228 11 156740 2.8 08151 38 00927 25 066 5715 136 6053 171 7350 597 77.8 sz;‘a‘fﬁzgfg;,
CALLO037R_20 474 3.7 133511 23 17249 38 01671 30 080 9961 27.6 1017.9 241 10658 456 93.5 Rzﬁg‘;‘a‘fﬁzgﬁfg;
CAL_0037R_24 281 1.0 117509 2.5 20267 37 01728 2.7 074 10275 258 11245 250 1317.8 478 780 Rzi:;‘:t‘afﬁ’zg‘ifg;,
CALLO037R_13 766 16 11.6686 1.5 20799 38 01761 35 092 10456 334 11422 259 13314 294 785 Rif:[gsatlafﬁ;‘;fgr?ﬁ
CALLO037R_18 953 18 117786 13 21869 23 01869 19 083 11046 19.6 11769 162 13132 251 841 Rgi[;isatla‘fﬁ;a‘ﬁgz?
CALLO037R_07 219 32 122549 20 22728 2.6 02021 16 064 11866 177 12039 180 12360 384 96.0 RZ@[?;‘;E;‘:?;;
CALLO037R_40 352 2.3 119760 1.6 23499 22 02042 16 071 11978 171 12275 157 12809 303 93.5 Rzi@;‘a’fﬁ;ﬁfgﬂ?
CALL0037R_09 161 17 117509 2.2 25321 2.6 02159 13 052 12602 154 12813 190 1317.8 433 956 RZi:ﬂ:t‘a'fﬁ.’;‘;fgr?‘?
CALLO037R_34 581 17 11.6550 1.4 26026 2.1 02201 15 074 12824 180 13014 153 13337 27.1 962  lIgneous protolith
CALL0037R_23 180 18 11.8343 2.4 25655 29 02203 16 056 12835 185 12909 208 13041 460 984  Igneous protolith
CALLO037R_08 147 16 117647 2.2 25913 27 02212 14 054 12882 169 12982 195 13155 433 979  Igneous protolith
CAL_O037R_10 101 2.3 117233 23 26028 29 02214 18 060 12893 206 13014 215 13223 454 97.5  Igneous protolith
CALLO037R_02 144 17 11.8765 17 25727 23 02217 16 070 12909 19.0 12929 170 12972 323 99.5  lIgneous protolith
CALL0037R_14 811 11 11.8765 17 25727 25 02217 18 074 12909 216 12929 182 12972 323 99.5  lIgneous protolith
CALL0037R_35 188 17 11.8483 20 25881 27 02225 18 066 12951 20.6 12973 19.6 13018 39.1 99.5  Igneous protolith
CAL_0037R_15 206 17 117647 14 26229 21 02239 16 075 13024 190 13071 157 13155 274 990  lIgneous protolith
CALL0037R_11 378 19 117509 1.5 26342 23 02246 17 075 13061 205 13102 170 1317.8 29.6 99.1  lIgneous protolith
CALL0037R_21 514 13 11.6959 13 26477 2.1 02247 17 080 13067 200 13140 157 13269 249 985  lIgneous protolith
CALL0037R_37 197 15 117233 20 26451 2.6 02250 17 066 13082 20.5 13133 195 13223 386 989  Igneous protolith
CAL_O037R_22 539 14 118483 1.4 26207 2.2 02253 17 077 13098 205 13064 165 13018 27.6 100.6 Igneous protolith
CALLO037R_01 146 16 120773 19 25767 2.6 02258 18 0.68 13124 210 12940 19.2 12645 377 1038 lIgneous protolith
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CAL-0037R (Amphibolite)

Isotope ratios Apparent ages (Ma)
Analysis u U/Th  206Pb*/ 3 207Pb*/ S 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ + Conc Observations
(ppm) 207Pb* (%)  235U% (%) 238U (%)  corr. 238U% (Ma) 235U (Ma) 207Pb* (Ma) (%)
CAL_0037R_17 901 13 117233 1.4 26557 22 02259 17 0.77 13130 20.0 13162 162 13223 273 993 Igneous protolith
CAL_0037R_12 931 25 116414 17 26909 23  0.2273 15 0.64 13203 173 13260 16.8 13359 338 988 Igneous protolith
CAL_0037R_27 531 1.6 118064 1.4 26615 25 0.2280 2.1 0.82 13240 247 13178 185 13087 27.5 101.2 Igneous protolith
CAL_0037R_26 858 1.9 118343 18 26703 27 02293 20 076 1330.8 246 13203 200 13041 345 102.1 Igneous protolith
CAL_0037R_32 82 1.5 118906 2.6 26600 3.4  0.2295 2.2 0.65 13319 26.7 1317.4 253 12948 509 1029 Igneous protolith
CAL_0037R_25 442 1.3 117925 18 26868 2.7 02299 20 0.75 13340 241 13248 198 13110 343 1018 Igneous protolith
CAL_0037R_28 411 29 94787 13 47269 2.1 03251 16 0.78 18146 258 17720 17.6 17230 244 1053 Inherit
CAL_0037R_29 141 08 9.0416 2.2 45576 32 02990 24 074 16863 352 17415 268 18093 39.4 932 Inherit
CAL_0037R_05 94 09 19.2308 9.0 0.1048 9.3 0.0146 2.3 0.25 93.6 2.2 101.2 2.0 285.4 207.0 NA Contamination?
CAL_0037R_33 650 1.5 203252 41 0.0996 46 0.0147 2.1 0.46 94.0 2.0 96.4 4.2 157.4 952 NA Contamination?
CAL_0037R_06 71 1.0 205761 11.7 0.1019 121 0.0152 3.2 0.26 97.3 3.0 98.5 114 1286 2768 NA Contamination?
CAL_0037R_36 344 1.7 218818 59 00958 65 00152 26 0.41 97.3 2.5 92.9 5.7 -18.2 1430 NA Contamination?
OPP-0036R (Quartzite)
Isotope ratios Apparent ages (Ma)
Analysis u U/Th  206Pb*/ S 207Pb*/ S 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ + Conc Observations
(ppm) 207Pb* (%)  235U% (%) 238U (%) corr.  238U* (Ma) 235U (Ma) 207Pb* (Ma) (%)

OPP_0036R_01 162 0.7 9.8039 1.7 41441 23 02948 15 0.68 1665.5 22.4 1663.1 185 1660.8 309 100.3 Detrital zircon
OPP_0036R_02 227 1.4 9.6432 1.6 41932 21 02934 13 0.63 16585 19.4 16727 173 16914 302 98.1 Detrital zircon
OPP_0036R_03 119 23 96618 1.8 41395 2.7  0.2902 1.9 0.72 16425 280 1662.1 218 1687.8 339 973 Detrital zircon
OPP_0036R_04 129 16 9.4967 16 44103 23 03039 16 0.70 17106 237 17143 187 17195 297 995 Detrital zircon
OPP_0036R_05 483 0.8 10.5820 1.5 3.2234 2.1  0.2475 15 071 14256 19.1 14628 163 15181 279 939 Detrital zircon
OPP_0036R_06 346 1.6 80451 14 61705 23 03602 1.7 0.77 19831 299 20003 19.8 20188 257 98.2 Detrital zircon
OPP_0036R_07 343 1.5 7.9745 1.4 61283 23 03546 1.7 0.77 1956.5 29.5 19943 19.7 20344 254 96.2 Detrital zircon
OPP_0036R_08 314 1.5  9.4073 14 43877 21 02995 15 0.73 16888 223 17100 17.0 17369 259 97.2 Detrital zircon
OPP_0036R_09 170 1.3 6.0938 1.6 10.4667 2.4  0.4628 1.7 0.72 24519 348 2477.0 22.0 24983 277 981 Detrital zircon
OPP_0036R_10 153 1.2 59277 14 109275 2.0 04700 1.5 0.74 24836 30.7 2517.0 188 25448 228 97.6 Detrital zircon
OPP_0036R_11 125 1.2 98814 23 3794 29 02722 18 0.63 1552.0 253 1592.0 235 1646.2 422 943 Detrital zircon
OPP_0036R_12 67 16 102249 2.7 38360 35 0.2846 2.2 0.64 16145 31.6 16003 279 15826 49.7 102.0 Detrital zircon
OPP_0036R_13 397 1.5 9.0009 15 49089 23 03206 1.7 0.75 17927 273 18038 19.6 18175 27.8 98.6 Detrital zircon
OPP_0036R_14 194 1.1 104167 2.2 33500 2.7 02532 16 0.59 14550 21.1 14928 213 1547.8 411 940 Detrital zircon
OPP_0036R_15 149 1.3 119048 2.0 25307 26 02186 1.6 0.63 12745 19.0 12809 19.0 12925 39.4 986 Detrital zircon
OPP_0036R_16 347 1.0 93284 16 44175 2.4 02990 1.8 0.76 1686.3 27.3 17156 201 17523 29.0 96.2 Detrital zircon
OPP_0036R_17 220 09 109409 18 3.2222 22 0.2558 14 0.62 14683 180 14625 17.2 14549 333 100.9 Detrital zircon
OPP_0036R_18 188 1.7 118906 19 25430 25 02194 15 0.63 12787 180 12844 179 12948 370 9838 Detrital zircon
OPP_0036R_19 308 1.2 93721 14 44924 19 03055 1.3 0.67 17185 193 1729.6 158 17438 258 98.6 Detrital zircon
OPP_0036R_20 281 0.8 109051 1.4 31405 2.0 0.2485 1.4 0.71 14307 18.6 14427 156 14612 269 979 Detrital zircon
OPP_0036R_21 31 0.5 10.3093 4.1 33207 48 0.2484 2.4 050 1430.2 30.5 14859 372 15672 773 913 Detrital zircon
OPP_0036R_22 35 0.5 10.7527 30 31107 39 0.2427 24 063 14007 30.6 14353 29.7 14879 570 941 Detrital zircon
OPP_0036R_23 301 1.6 91241 15 47686 2.5 03157 2.0 081 1768.7 314 1779.4 210 17928 26,6 987 Detrital zircon
OPP_0036R_24 159 1.4 92421 16 45720 27 03066 2.2 0.81 17240 326 17442 222 17693 287 97.4 Detrital zircon
OPP_0036R_25 253 1.2 9.3458 1.6 45464 25 0.3083 1.9 0.77 17323 29.6 17395 209 17489 29.1 99.1 Detrital zircon
OPP_0036R_26 102 1.3 109890 2.1 29849 26 0.2380 1.5 059 1376.3 18.7 14038 19.6 14466 39.8 95.1 Detrital zircon
OPP_0036R_27 240 1.4 119904 1.6 24885 2.1 02165 15 0.69 12634 17.0 1268.7 156 12786 30.4 98.38 Detrital zircon
OPP_0036R_28 733 13 97561 16 3.8438 22 02721 15 0.70 15515 213 1602.0 17.7 1669.9 289 929 Detrital zircon
OPP_0036R_29 152 1.1 97087 1.7 41280 2.7 0.2908 2.1 0.76 16455 30.0 16599 221 16789 323 98.0 Detrital zircon
OPP_0036R_30 163 08 95329 19 38311 28 0.2650 2.1 0.74 15154 285 1599.3 229 17125 351 885 Detrital zircon
OPP_0036R_31 75 1.5 95694 23 40225 29 0.2793 1.8 0.61 1587.8 252 1638.7 237 17055 423 931 Detrital zircon
OPP_0036R_32 50 1.0 98135 30 37609 37 02678 2.2 0.58 1529.6 29.5 15844 30.0 1659.0 563 92.2 Detrital zircon
OPP_0036R_33 160 1.4 106157 16 3.3832 2.0 0.2606 1.3 0.62 14929 169 15005 159 1512.1 30.1 987 Detrital zircon
OPP_0036R_34 115 19 106383 1.8 33268 25 0.2568 1.8 0.70 14734 236 1487.4 199 1508.1 342 977 Detrital zircon
OPP_0036R_35 141 30 10.4822 2.1 34263 28 0.2606 1.8 0.66 14929 245 15105 219 15360 39.5 97.2 Detrital zircon
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OPP-0036R (Quartzite)

Isotope ratios Apparent ages (Ma)
Analysis u U/Th  206Pb*/ t 207Pb*/ 4 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ kS Conc Observations
(ppm) 207Pb* (%)  235U% (%) 238U (%)  corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (%)

OPP_0036R_36 81 09 10.6610 3.0 3.3443 35 0.2587 19 053 14832 246 14915 275 15041 56.4 98.6 Detrital zircon
OPP_0036R_37 70 1.0 10.2041 2.3 33441 30 02476 19 063 14261 243 14914 236 1586.4 439 899 Detrital zircon
OPP_0036R_38 268 17.4 5.4377 12 12.8092 1.8 05054 13 0.73 2637.0 27.8 26657 165 26883 19.8 98.1 Detrital zircon
OPP_0036R_39 91 1.2 94073 22 45181 29 03084 19 0.67 17328 29.6 17343 242 17369 39.7 99.8 Detrital zircon
OPP_0036R_40 83 20 11.7233 2.7 26451 33 02250 19 0.57 1308.2 221 13133 242 13223 522 989 Detrital zircon
OPP_0036R_41 291 1.5 9.4877 16 41399 24 02850 18 074 16165 256 1662.2 19.7 17213 29.6 939 Detrital zircon
OPP_0036R_42 132 1.5 93197 18 44423 23 03004 15 0.65 16933 223 17203 19.2 17540 324 96.5 Detrital zircon
OPP_0036R_43 222 15 97276 15 40576 2.0 0.2864 14 0.69 16235 200 16458 165 16753 27.0 96.9 Detrital zircon
OPP_0036R_44 86 12 105042 2.7 31777 32 02422 17 0.53 13981 213 14518 248 15320 51.4 913 Detrital zircon
OPP_0036R_45 161 1.5 11.0132 21 30634 28 02448 18 0.65 14116 22.8 1423.6 21.1 14424 399 979 Detrital zircon
OPP_0036R_46 242 70 94518 1.7 45712 22 03135 1.4  0.64 17579 216 17440 184 17282 312 1017 Detrital zircon
OPP_0036R_47 60 1.1 11.2233 2.1 3.0453 29 02480 2.0 0.68 14282 253 1419.1 222 14063 40.8 101.6 Detrital zircon
OPP_0036R_48 49 0.7 107643 3.1 32751 3.7 02558 21 0.55 14683 27.2 14752 29.2 14858 59.1 988 Detrital zircon
OPP_0036R_49 706 23 105708 1.5 33507 2.1 02570 1.6 072 14745 205 14929 168 15201 279 97.0 Detrital zircon
OPP_0036R_50 159 1.5 11.0742 22 31312 32 02516 23 0.72  1446.7 29.4 14404 244 14319 423 101.0 Detrital zircon
OPP-0036R_51 85 1.0 94518 15 41833 23 0.2869 1.7 0.76 16260 250 16708 189 17282 27.8 941 Detrital zircon
OPP_0036R_52 305 13 94162 17 44319 25 03028 19 0.74 1705.2 282 17183 21.0 17352 311 983 Detrital zircon
OPP_0036R_53 180 1.5 95694 15 44949 26 03121 21 0.80 1751.0 31.4 1730.0 213 17055 282 102.7 Detrital zircon
OPP_0036R_54 357 18 86806 13 51885 22 03268 1.8 0.81 18229 287 18507 19.0 1883.0 235 96.8 Detrital zircon
OPP_0036R_55 62 13 102669 3.1 35156 3.5 02619 1.7 0.48 1499.6 225 1530.7 27.7 15749 57.7 95.2 Detrital zircon
OPP_0036R_56 25 1.1 122399 38 25188 43 02237 2.0 046 13014 232 12775 311 12384 744 1051 Detrital zircon
OPP_0036R_57 117 12 9.1075 1.8 48530 24 03207 15 0.64 17931 239 17941 200 17961 332 99.8 Detrital zircon
OPP_0036R_58 122 1.5 95511 19 46261 24 03206 15 0.62 17927 23.4 17540 203 1709.0 352 1049 Detrital zircon
OPP_0036R_59 355 55 9.2678 13 46337 19 03116 14 074 17486 216 17554 160 17642 237 99.1 Detrital zircon
OPP_0036R_60 384 21 91241 16 48215 24 03192 18 0.74 17858 283 17887 20.6 17928 299 996 Detrital zircon
OPP_0036R_61 135 1.8 86505 19 54726 2.7 03435 19 071 1903.5 317 18963 232 1889.2 343 100.8 Detrital zircon
OPP_0036R_62 87 12 51073 1.8 142911 24 05296 1.6 0.68 2739.8 36.7 2769.2 230 27915 293 981 Detrital zircon
OPP_0036R_63 73 14 49285 1.8 153798 2.5 05500 1.8 0.72 28252 416 2839.1 242 2849.7 289 99.1 Detrital zircon
OPP_0036R_64 55 0.6 54377 15 133313 24 05260 19 079 27246 422 27034 227 26883 243 1013 Detrital zircon
OPP_0036R_65 153 1.2 95420 15 44327 23 03069 17 0.74 17254 256 17185 189 17108 281 100.9 Detrital zircon
OPP_0036R_66 216 0.8 93371 19 45668 2.5 03094 17 0.68 1737.8 26.1 17432 211 17506 342 99.3 Detrital zircon
OPP_0036R_67 92 0.8 10.6952 2.6 3.2756 32 0.2542 19 0.60 1460.1 252 14753 250 14980 486 975 Detrital zircon
OPP_0036R_68 32 1.0 107066 2.7 32013 3.6 0.2487 2.4 067 14318 31.0 14575 279 14960 506 957 Detrital zircon
OPP_0036R_69 445 24 93633 1.6 46159 2.4 03136 1.8 0.75 1758.4 27.5 17521 20.0 17455 29.2 100.7 Detrital zircon
OPP_0036R_70 559 15 10.6045 1.8 3.4700 2.5 0.2670 1.8 0.70 1525.6 239 15204 199 15141 340 100.8 Detrital zircon
OPP_0036R_71 146 14 116822 22 26957 26 02285 14 055 13266 173 13273 19.6 1329.1 43.0 9938 Detrital zircon
OPP_0036R_72 214 1.2 116550 2.0 27398 26 02317 17 0.66 13434 209 13393 19.6 1333.7 383 100.7 Detrital zircon
OPP_0036R_73 212 47 81235 19 6.0821 2.4 03585 15 0.63 19751 26.1 1987.7 21.1 2001.6 332 987 Detrital zircon
OPP_0036R_74 163 28 55127 15 126776 2.3 05071 17 0.75 26442 36.8 2656.0 212 2665.7 247 992 Detrital zircon
OPP_0036R_75 281 22 54318 1.6 125288 23 04938 17 0.74 2587.1 37.1 26449 221 26901 26.0 96.2 Detrital zircon
OPP_0036R_76 641 1.0 10.6157 1.5 33793 2.4 02603 1.8 0.78 14914 246 14996 186 1512.1 281 98.6 Detrital zircon
OPP_0036R_77 104 08 9.6246 2.1  4.0237 2.7 02810 16 0.61 1596.4 231 1639.0 21.8 16949 39.0 94.2 Detrital zircon
OPP_0036R_78 99 08 9.7087 2.0  4.0854 2.4 0.2878 13 0.54 1630.5 19.0 16514 19.8 16789 37.7 97.1 Detrital zircon
OPP_0036R_79 182 1.3 98039 17 41174 25 02929 18 074 1656.0 26.4 1657.8 20.1 1660.8 309 99.7 Detrital zircon
OPP_0036R_80 318 15 91912 17 43814 24 02922 17 0.69 16525 244 17088 200 1779.4 319 929 Detrital zircon
OPP_0036R_81 156 13 89445 1.8 48381 25 03140 18 0.70 1760.4 27.0 17916 21.1 18289 32.4 963 Detrital zircon
OPP_0036R_82 151 1.6 92937 1.6 45882 25 03094 20 0.78 1737.8 30.0 17471 211 1759.1 289 988 Detrital zircon
OPP_0036R_83 442 17 89526 13 46737 25 03036 2.1 0.84 1709.1 312 17625 207 1827.2 244 935 Detrital zircon
OPP_0036R_84 110 12 9.4877 2.4 42140 31 02901 2.0 0.64 16420 29.0 1676.7 255 17213 436 954 Detrital zircon
OPP_0036R_85 187 10 107643 16 3.2251 23 02519 17 0.72 14483 216 14632 180 14858 306 975 Detrital zircon
OPP_0036R_86 79 1.4 10.8460 2.0 3.1094 2.7 02447 18 069 14111 233 14350 20.6 14715 37.1 959 Detrital zircon
OPP_0036R_87 291 1.6 81699 13 58839 20 03488 15 076 19289 253 19589 17.4 19915 232 96.9 Detrital zircon
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OPP-0036R (Quartzite)

Isotope ratios Apparent ages (Ma)
Analysis u U/Th  206Pb*/ 3 207Pb*/ S 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ + Conc Observations
(ppm) 207Pb* (%) 235U% (%) 238U (%) corr.  238U*  (Ma) 235U (Ma) 207Pb* (Ma) (%)

OPP_0036R_88 56 1.1 108578 2.4 32710 3.0 0.2577 18 0.61 14781 241 14742 234 1469.4 454 100.6 Detrital zircon
OPP_0036R_89 167 3.0 9.4518 1.5 42548 2.4 02918 1.9 0.78 1650.5 27.4 16847 199 17282 278 955 Detrital zircon
OPP_0036R_90 104 15 9.6061 1.9 41592 26 0.2899 1.8 0.68 16410 260 16660 215 16985 354 96.6 Detrital zircon
OPP_0036R_91 174 1.4 9.0827 1.6 47281 2.4 03116 1.8 073 17486 27.0 17722 202 18010 29.7 97.1 Detrital zircon
OPP_0036R_92 b4 1.8 12.0627 3.5 24975 41 02186 2.1 0.52 12745 243 12713 29.6 12669 683 100.6 Detrital zircon
OPP_0036R_93 46 11 107296 2.5 3.1945 32  0.2487 20 0.63 14318 258 14558 246 14919 467 96.0 Detrital zircon
OPP_0036R_94 101 1.0 9.2937 211 45718 3.0 0.3083 2.1 0.70 17323  32.0 17442 250 1759.1 39.1 985 Detrital zircon
OPP_0036R_95 87 13 9.3897 2.2 43534 2.7  0.2966 1.6 0.59 16744 234 17035 221 17403 39.6 96.2 Detrital zircon
OPP_0036R_96 92 1.6 118203 2.2 25791 30 0.2212 2.0 0.67 12882 238 12947 222 13064 436 98.6 Detrital zircon
OPP_0036R_97 121 1.7 11.8483 2.4  2.5357 28 02180 1.5 053 12713 169 12824 203 1301.8 46.0 97.7 Detrital zircon
OPP_0036R_98 97 1.8 87260 2.0 512752 26 03340 1.7 0.64 1857.7 27.1 18649 223 18736 36.2 99.2 Detrital zircon
OPP_0036R_99 93 09 94518 22 41090 3.1  0.2818 2.2 072 1600.4 31.7 1656.1 255 17282 399 926 Detrital zircon
OPP_0036R_100 291 1.9  9.2593 1.6 45025 2.2 03025 15 0.69 17037 223 17314 180 17659 288 96.5 Detrital zircon

Boletin Geoldgico 47



% Geologico 50

Boletin Geolégico, 47, 35-65, 2020
https://doi.org/10.32685/0120-1425/

Lithology and geochemistry of the
Guadalupe Group base around Tunja,

© Author(s) 2020. This work is distributed under

the Creative Commons Attribution 4.0 License. B oya Cé co lo m b'i a
I

Received: May 12, 2020

Revised: July 27,2020
Accepted: September 17, 2020 Litologia y geoquimica de la base del Grupo Guadalupe, en los
Published online: December 28, 2020 alrededores de Tunja, Boyac3, Colombia

German Martinez Aparicio?, Pedro Patarroyo? and Roberto Terraza Melo*

1. Servicio Geoldgico Colombiano, (SGC), Bogota, Colombia.
2. Universidad Nacional de Colombia, (UNAL), Bogota, Colombia.
Corresponding author: German Martinez Aparicio, gamartinez@sgc.gov.co

ABSTRACT

The base of the Guadalupe Group, in the Tunja area of Colombia, contains cherts, porcellanites, mudstones, and siltstones with
subordinate quartz arenites. The lithostratigraphic description of two stratigraphic sections showed that the dominant facies have
fine granular textures and siliceous compositions, which considerably differ from those of the prevailing sandy terrigenous facies
described in the type locality in the Eastern Hills of Bogot4, in the Arenisca Dura Formation, the basal unit of the Guadalupe
Group in this sector.

The units that form the Guadalupe Group (base of the Guadalupe Group, Plaeners, and Arenisca Tierna) markedly differ from
each other morphologically, which facilitates their mapping because the base and top units generate a steep morphology, and the
intermediate units form surface depressions or valleys, similar to the morphology of the Guadalupe Group in its type locality in
the Eastern Hills of Bogotd. The base of the Guadalupe Group consists of cherts and porcellanites toward the NW of the study area
(Alto del Gavilan section), with mudstones, siltstones, quartz arenites, and to a lesser extent porcellanites and cherts prevailing
toward the SE (Vereda Salitre section).

Geochemical analysis of total rock samples by XRD and XRF confirmed the primarily siliceous nature of the base of the Gua-
dalupe Group, with SiO, ranging from 62 to 98%, CaO less than 3.0%, and P,O, peaking at 15.0%. Etayo-Serna (2015) conducted
paleontological determinations of ammonites found in the stratigraphic section of Alto del Gavilan and assigned the base of the
Guadalupe Group mainly to the Lower Campanian.

Keywords: Guadalupe Group, lithology, porcellanites, cherts, Tunja.

RESUMEN
La base del Grupo Guadalupe, en los alredores de Tunja, esta representada por cherts, porcelanitas, lodolitas y limolitas con cuar-
zoarenitas subordinadas. A partir de la descripcion litoestratigrafica realizada en dos secciones estratigraficas se establecié que

Citation: Martinez Aparicio, G., Patarroyo, P., & Terraza Melo, R. (2020). Lithology and geochemistry of the base of the Guadalupe Group, in the Tunja area, Boyaca,
Colombia. Boletin Geoldgico, 47, 35-65, https://doi.org/10.32685/0120-1425/boletinge0.47.2020.494
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las facies dominantes son de textura finogranular con composicion silicea, que difieren sustancialmente de las facies terrigenas
arenosas predominantes, descritas en la localidad tipo en los cerros orientales de Bogota, en la Formacion Arenisca Dura, unidad
basal del Grupo Guadalupe en ese sector.

Las unidades que integran el Grupo Guadalupe (base del Grupo Guadalupe, Plaeners y Arenisca Tierna) presentan contraste
morfolégico marcado entre ellas, que permite cartografiarlas facilmente, ya que las unidades de base y techo generan una mor-
fologia escarpada y la intermedia depresiones o valles en la superficie, similar a la morfologia que presenta el Grupo Guadalupe
en su localidad tipo, en los cerros orientales de Bogota. La base del Grupo Guadalupe hacia el NW del drea de estudio (seccion
Alto del Gavilan) esta compuesta por cherts y porcelanitas, y hacia el SE (seccion vereda Salitre) predominan lodolitas, limolitas y
cuarzoarenitas con menor proporcién de porcelanitas y cherts.

Los analisis geoquimicos realizados en roca total (DRX y FRX) reafirman la naturaleza principalmente silicea de la base del
Grupo Guadalupe, con porcentajes entre 62% al 98% de SiO,, CaO menor al 3,0% y 15,0% maximo de P,O.. Etayo-Serna (2015)
realizé determinaciones paleontoldgicas en amonitas encontradas en la seccion estratigrafica del Alto del Gavilan, y asigno prin-
cipalmente al Campaniano Inferior la base del Grupo Guadalupe.

Palabras clave: Grupo Guadalupe, litologia, porcelanitas, cherts, Tunja.

1. INTRODUCTION

From 2012 to 2015, the Servicio Geolégico Colombiano (SGC)
conducted detailed prospecting of 1600 km? in the Tunja area,
in the department of Boyaca, in a sector of Plate 191, Tunja
(Renzoni et al., 1976); such prospecting (Terraza et al., 2016)
made it possible to redraw the geologic map of this region of
the Eastern Cordillera of Colombia into a new stratigraphic
panorama of the Upper Cretaceous corresponding to the Gua-
dalupe Group. This new geological knowledge is partly repor-
ted in this article.

The study area is located in the central region of the Eas-
tern Andes (Eastern Cordillera) of Colombia, in the Tunja area,
where two stratigraphic sections were measured that included
the base of the Guadalupe Group: one in Alto del Gavilan in
the municipality of Motavita, and the other in Vereda Salitre
in the municipality of Soraca (see the location in the geologi-
cal framework), where the lithostratigraphic and geochemical
characteristics of this unit were described in detail.

1.1 Stratigraphic nomenclature of the Guadalupe
Group

The term “Guadalupe” was introduced by Hettner (1892, pp.

1-351), referencing Upper Cretaceous rocks, present in the

Eastern Andes of Colombia, or Bogotd mountain range, which

he designated the Guadalupe Stage (Table 1).
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To the east of Cundinamarca and the Bogota savanna, Hu-
bach (1931, pp. 126-150) divided the Guadalupe Stage into two
sets: “an upper set of sandstone and a lower set of schist”. The
upper set, which is currently known as the Guadalupe Group,
was subdivided into three horizons at the time: an upper ho-
rizon of soft sandstones, a middle horizon of Plaeners, and a
lower horizon of hard sandstones.

Hubach (1951, pp. 10-13) assigned the formation rank to
the Guadalupe Stage in the Bogotd savanna, dividing it into
two sets: an upper set, consisting of sandstones and Plaeners,
which is currently known as Guadalupe Group; and a lower
schistose-clayey set with intercalating quartzitic sandstone ho-
rizons and strata, which is currently known as Chipaque For-
mation. He divided the upper set into three horizons: an upper
horizon, which he termed Arenisca Tierna (Soft sandstone); a
middle horizon, which he termed Plaeners and which inclu-
ded Arenisca Labor; and a lower horizon, designated Arenis-
ca Dura (hard sandstone). In addition, based on the level of
Exogyra mermeti and on the fauna of crushed ammonites next
to bivalves found in the lower set of the Guaduas Formation,
he stratigraphically ranked the Guadalupe Formation between
the Coniacian and the Maastrichtian.

Hubach (1957, pp. 39-46) promoted the Guadalupe Forma-
tion to the group rank, subdividing it into a lower clayey for-
mation, or Lower Guadalupe, and an upper sandy formation,
or Upper Guadalupe. The Lower Guadalupe Formation, con-
sisting of clayey and quartzitic sandy facies, currently belongs
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to the Chipaque Formation; the Upper Guadalupe can be sub-
divided into Areniscas Duras, Plaeners, and Arenisca Tierna.
Hubach (1957, pp. 39-46) assigned to Upper Guadalupe a stra-
tigraphic rank between the Turonian and the Lower Maastri-
chtian (Table 1).

Biirgl (1959, pp. 2-6) introduced a new stratigraphic nomen-
clature for the Guadalupe Group, which, from the top to the base,
corresponded to “Arenisca Tierna, Plaeners Superiores [Upper
Plaeners], Arenisca Dura, Plaeners and Clays, unnamed Sand-
stone, Plaeners and Sandstones, First Lidita, unnamed Sand-
stone, Plaeners and Sandstones, and Second Lidita” The Arenis-
ca Dura of Biirgl (1959) corresponds to the Arenisca Labor of
Hubach (1957). In the stratigraphic section of Chia-Tabio-Tenjo
that Biirgl illustrated (1959, pp. 2-3), Arenisca Tierna represents
the Middle Maastrichtian; Arenisca Dura (or Arenisca Labor
according to Hubach), the Lower Maastrichtian, characterized
by the presence of “Nostoceras, Ostrea tecticosta and Siphogene-
rinoides bramlettei” (Burgl, 1959, pp. 2-6); and the First Lidita
represents the Lower Campanian.

Pratt et al. (1961) redefined the Guadalupe Group, restrict-
ing it to the Upper Guadalupe or Upper Sandy Set and dividing
it from the base to the top as follows: “Arenisca Raizal, Lower
Plaeners, Arenisca Dura, Upper Plaeners and Arenisca Tierna”
For these authors, Lower Plaeners contained the First Lidita of
Biirgl, and Arenisca Dura corresponded to the Arenisca Labor
of Hubach.

Renzoni (1962), based on a purely lithostratigraphic crite-
rion, divided the Guadalupe Group into practical and mappa-
ble units easily recognizable in the field. For this reason, he
decided to combine Arenisca Labor (which Hubach [1951, pp.
10-13] included in the top of the Plaeners horizon) with Are-
nisca Tierna into a single sandy lithostratigraphic unit termed
the Arenisca Labor-Tierna Formation. Thus, the Guadalupe
Group was formed, from the base to the top, by the Arenisca
Dura Formation, the Plaeners Formation, and the Arenisca La-
bor-Tierna Formation.

Etayo-Serna (1964) assigned a Santonian-Campanian rank
to the base of the Guadalupe Group (east of the Bogota savan-
na), exclusively considering the stratigraphic position of the
Raizal Member. Among the typical fauna of the base of the
Raizal Member, Etayo-Serna mentioned Ostrea nicaisei, which
had been described by Hubach (1957, pp. 39-46). Furthermo-
re, Etayo-Serna assigned the Plaeners Level, which overlies
the Raizal Member, to the Lower Maastrichtian, based on the

following fauna: Siphogenerinoides clarki Karsten, Ostrea tec-

ticosta Gabb, Ostrea falcata Morton, Siphogenerinoides clarki
Cushman & Campbell, and Sphenodiscus, among others.

In the Tunja area, Renzoni (1981) and Renzoni et al. (1976)
divided the Guadalupe Group into the Plaeners Formation
(kg2) and the Arenisca Labor-Tierna Formation (kgl) and in-
dicated that the Arenisca Dura Formation (kg3) of the Bogota
savanna might correspond to some sandstones found in the
top of the Conejo Formation of this locality (Table 1). They
described the following fauna: Baculites sp. in the Plaeners
Formation, Ostrea abrupta in the Labor-Tierna Formation,
and Lenticeras baltai in the top of the Conejo Formation, the
last of which is from the Santonian, according to Etayo-Serna
(1968b, 1969).

Pérez and Salazar (1978) described in detail the formations
that compose the Guadalupe Group, located east of Bogota
(Guadalupe hill and Rajadero paramo), thereby formally defi-
ning its units, which from the base to the top are the Arenisca
Dura Formation, the Plaeners Formation, the Arenisca Labor
Formation, and the Arenisca Tierna Formation (Table 1). Are-
nisca Dura would range from the Coniacian or Santonian to
the Campanian, considering the age of the overlying Plaeners
Formation, which these authors assigned to the Lower Maas-
trichtian based on the observed Ostrea tecticosta Gabb, Ortho-
carstenia cretacea (Cushman), Orthocarstenia clarki (Cushman
and Campbell), and Globigerinacea.

Follmi et al. (1992), in a section in Tausa (Cundinamarca),
collected fossil fauna from the Lower Plaeners Member, over-
lying the Raizal Member (=A. Dura) of the Guadalupe For-
mation. According to the authors, these fossils included Nos-
toceras (Nostoceras) liratum, Exiteloceras jenneyi, Libycoceras
sp., and remains of the dinoflagellate Andalusiella polymorpha,
dated between the Upper Campanian and the Lower Maastri-
chtian (Table 1).

In the Llanero foothills (municipality of San Luis de Gace-
no), in a section measured in the San Antonio ravine, Guerrero
and Sarmiento (1996) divided the Guadalupe Group, from the
base to the top, as follows: Lower Guadalupe (Arenitas de San
Antonio Formation), Middle Guadalupe (Lodolitas de Agua Ca-
liente Formation), and Upper Guadalupe (Arenitas de San Luis
de Gaceno Formation). Based on palynological analyses, they
assigned the following stratigraphic ranks to these units: Lower
Campanian to Lower Guadalupe, Upper Campanian to Middle
Guadalupe and Lower Maastrichtian to Upper Guadalupe.

More recently, in geologic mapping studies of the SGC,
Montoya and Reyes (2003 a, b; 2005 a, b; 2007), in the Bogota
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savanna and Plate 209, Zipaquird, Colombia, identified the
Upper Lidita Formation (nomenclature of the Upper Mag-
dalena Valley (Valle Superior del Magdalena)) at the base of
the Guadalupe Group, a unit considered contemporary to and
heteropic with the Arenisca Dura Formation of the Bogota
savanna (Table 1). Montoya and Reyes (2003 a, b) assigned the
Upper Lidita Formation to the Lower Campanian, based on
the fossil fauna found in the top of the Conejo Formation (mu-
nicipality of Ubaté), corresponding to “Texanites (Texanites)
cf. quinquenodosus (Redtenbacher) cf. Kennedy et al. (1981);
Glyptoxoceras sp. cf. crispatum (Moberg), cf. Kennedy et al.
(1995); Eulophoceras sp. indet., cf. Kennedy et al. (1995), and
Baculites sp. Indet”

Similarly, Terraza et al. (2010), in Plate 210, Guateque, Co-
lombia (NW sector, grid 210: A1), and Terraza et al. (2016), in
phosphate exploration in the Tunja area, mapped the Upper
Lidita Formation at the base of the Guadalupe Group.

In this article, the informal nomenclature proposed by
Martinez (2018) for the area located between Ventaquemada
and Toca (“base of the Guadalupe Group”) (Table 1) will be
used while the SGC decides whether to accept the nomenclatu-
re of Montoya and Reyes (2003 a, b; 2005 a, b; 2007).

2. GEOLOGICAL FRAMEWORK

Cretaceous sedimentary rocks of the Conejo Formation and
Guadalupe Group crop out in the study area. They are overlaid
by the Guaduas, Cacho, and Bogotd formations of the Paleo-
gene. In some sectors, these units are discordantly covered by

Neogene and Quaternary deposits. Structurally, the area is in-
fluenced by the Combita Syncline, Tunja Syncline, and Puente
Hamaca Anticline as well as the Chivatd and Puente Hamaca
thrust faults, which place the Upper Cretaceous rocks in con-
tact with the Paleogene rocks (Figure 1). Morphologically, in
the Tunja area, as in the Bogotd savanna, the base of the Gua-
dalupe Group and the Arenisca Tierna Formation generate an
escarpment, whereas the Plaeners Formation originates a valley.

Conejo Formation. The Conejo Formation crops out toward
the northwest of Motavita and the southeast of Soraca, forming
belts with a SW-NE direction (Figure 1). The upper part of the
unit forms a valley and is clearly distinguishable from the base
of the Guadalupe Group, which generates a ridge. Lithologi-
cally, the lower section contains thick bundles of mudstones
with dark claystones; the middle section shows quartz arenites
interspersed with claystones and siliceous siltstones; the upper
section reveals claystones and mudstones with frequent inter-
calations of quartz arenites and sporadic layers of bivalve wac-
kestone, with layers of siliceous siltstones.

Base of the Guadalupe Group. The Base of the Guadalupe
Group forms belts oriented in the SW-NE direction, which
are part of the flanks of the Tunja Syncline, Cémbita Syncli-
ne, and other, minor folds (Figure 1). It is characterized by a
succession of porcellanites, fossiliferous cherts with wackesto-
ne textures of foraminifera and bioclasts, mudstones, quartz
arenites, siltstones, and some silicified phosphatic layers that
have benthic foraminifera and bioclasts. It lies concordantly

Table 1. Stratigraphic Nomenclature for the Upper Cretaceous in the central region of the Eastern Andes of Colombia

< < < . : Bogota Savanna PL-209 Zipaquira PL-191 Tunja
Bogota Savanna Bogota Savanna Bogota Savanna Villa de Leyva J-12 Tunja P& Tausa
o " : érez and Salazar | ... . Montoya and Reyes | The present study
Hettner (1982) Hubach (1957) | Biirgl (1959, 1960) | Etayo-Serna (1968) | Renzoni(1981) (1978) Follmi et al. (1992) (20033, 20053) (2020)
Guaduas Stage | Guaduas Formation | Guaduas Formation | Guaduas Formation | Guaduas Formation | Guaduas Formation | Guaduas Formation | Guaduas Formation | Guaduas Formation
Arenisca : : 2 Arenisca Arenisca Tierna
Tierna Arenisca Tierna 2 Tierna Formation 5 Liema Labor-Tierna A]r_enisca
® g 2 pper S a jerna
5‘ Upper Plaeners E Labor and Tierna Arenisca Labor E E Plaeners Formation 3 Formation
°5 . Arenisca Dura L Formation Formation £c S
©.2| Arenisca = cl oY v
S Labor- Plaeners and = ., Llayey P g
OE | Plaeners Arcillas g | siltstone Set Pl Formation | &% Lab pL Formati 2 Plaeners
59 unnamed £ aeners Formation 2 g abor aeners Formation | s Formation
& sandstone =) K] 2
=) [©)
; Plaeners and : : 3 ; ; Base of the
Arenisca - . Plaeners Formation Arenisca Dura o Raizal = Dura| Arenisca Dura/
Guadalupe Stage Dura é;;"‘ﬁé]aé Plaeners Formation Formation Upper Chert |  Lidita Superior Gugrdoaﬁlspe
Unnamed Kg3 (same as
sandstone S Segment C s Arenisca Dura)
Plaeners and =] 2
Areniscas £ £
Low’:eorr?nﬁ?:rllupe 2 SegmentB |2 Villeta Group Villeta Formation | Conejo Formation | Conejo Formation
9, (Cucaita |.9]
Second Lidita 2 Member) |2
S S
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over the Conejo Formation, in rapid transitional contact. The
upper contact with the Plaeners Formation is abruptly concor-
dant with mudstones, claystones, and some porcellanites and
with abundant benthic foraminifera.

Plaeners Formation. Similarly, to the base of the Guadalupe
Group, this unit crops out, forming belts oriented in the SW-
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NE direction, which are part of the flanks of the Tunja Syn-
cline, San Francisco Anticline, Cémbita Syncline, and other,
minor folds (Figure 1). It is identified by its clayey character,
with mudstones, some porcellanites, siltstones, quartz arenites,
and some phosphatic layers. It lies concordantly over the base
of the Guadalupe Group and underlies the Arenisca Tierna
Formation.
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Figure 1. Geology of the study area and location of the stratigraphic sections measured in this study

Source: geologic base map retrieved from Terraza et al. (2016)
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3. MeTHOD

Initially, the two stratigraphic sections in the study area were
located and georeferenced using a GPS. Later, a measurement
was performed at 1:100 scale using a Jacob’s staff and a Brunton
compass. We recorded the primary data in the format adapted
by the SGC in 2013.

The following proposals were used to describe the stra-
tigraphic sections: layer and lamina thickness according to
Campbell (1967); geometric description of layers and laminae
according to Reineck and Singh (1980), degree of progressive
destruction of lamination by bioturbation according to Moore
and Scrutton (1957); rock color according to the Munsell color
system of the Geological Society of America (1991); degree of
rock weathering according to the terminology of the Geolo-
gical Society of London (1990); grain-shape and particle-size
comparison diagram according to Krumbein and Sloss (1969);
particle selection type and descriptive terminology according
to Pettijohn, Potter, and Siever (1973); types of contacts be-
tween grains according to Taylor (1950); state of textural matu-
rity of siliciclastic rocks according to Folk (1954); percentages
of fossils and other allochems according to the charts of Bac-
celle and Bosellini (1965); textural classification of siliciclastic
sedimentary rocks according to Folk (1954); compositional
classification according to Folk (1974); and textural classifica-
tion of calcareous rocks according to Dunham (1962) and Folk
(1962).

Siliceous rocks were classified, both texturally and compo-
sitionally, according to Williams et al. (1954) and to Lazar et al.
(2015), considering the percentage of microcrystalline quartz of
the rock, as follows: The rock was classified as chert when the
values ranged from 80% to 100%; as porcellanite, from 50% to
80%; and as mudstone or siliceous claystone, from 25% to 50%.

Both stratigraphic sections were systematically sampled
for petrographic and geochemical analysis. The samples were
sent to the Chemical Laboratory of the SGC, where they were
analyzed by X-ray diffraction (XRD) and X-ray fluorescence
(XRF) according to the protocols and methods established by
the SGC.
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The paleontological material collected in the two stratigra-
phic sections was analyzed by Dr. Etayo-Serna.

4. ResuLts

The results reported in the present article correspond to the
detailed lithostratigraphic description of the base of the Gua-
dalupe Group and to XRD and XRF data of the samples collec-
ted in the two stratigraphic sections measured in this study.

4.1 Lithostratigraphic Description

This description was performed based on two stratigraphic
sections measured by Martinez (2018). The first section is lo-
cated on the road that connects the municipalities of Soraca
and Boyaca (Boyacd), in Vereda Salitre (Figures 1 and 2), and
includes the base of the Guadalupe Group and part of the Plae-
ners Formation. The second section, in Alto del Gavilan, along
the road from Motavita to the Honda stream sector (Figures 1
and 17), includes the upper part of the Conejo Formation and
the base of the Guadalupe Group.

4.1.1 Stratigraphic section of Vereda Salitre

The measured thickness was 275 m. The coordinates of the
starting point are N: 1099136; E: 1083027; Z: 2858 m a.s.l. The
coordinates of the end point are N: 1099257; E: 1082621; Z:
2804 m a.s.l. The outcrop has an average N41°E strike and 51°
NW dip (Figure 2).

The section was divided into five segments (Figure 3), ter-
med, from the base to the top, A, B, C, D, and E. Segments A,
B, and C have a thickness of 99.8 m and correspond to the base
of the Guadalupe Group; segments D and E have a thickness
of 171.4 m and are part of the Plaeners Formation. The contact
with the Conejo and Plaeners formations is covered (Figure 4).

In general, in this stratigraphic section, the base of the Gua-
dalupe Group is characterized by the presence of porcellanites
and cherts with a wackestone texture toward the base and a
portion of the top. In contrast, mudstones, siltstones, claysto-
nes, and sporadic layers of very fine-grained quartz arenites
prevail in the middle and higher parts.
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Figure 2. Location and local geology of the Vereda Salitre stratigraphic section
Source: geologic base map retrieved from Terraza et al. (2016)
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4.1.2 Base of the Guadalupe Group

Segment A (0.0-23.5 m). Segment A was measured in the qua-
rry located by the road from Soraca to the municipality of Bo-
yaca (Figure 5). The layers show continuous, plane-parallel be-
dding and very thin, discontinuous, plane-parallel lamination.
The low part shows 18.5 m of very thin to thin layers of chert
with foraminifera and bioclast wackestone texture (Figure 6)
and light-gray and orange-grayish-pink porcellanites, with
sporadic thin layers of yellowish-gray mature quartz siltstones,
without internal lamination. The high part of segment A shows
5 m of thin, medium, and thick layers of bluish-white siltstones
and some layers of chert. This interval contains benthic fora-
minifera, fish remains, and peloids, in addition to some very
slightly phosphatic layers. Rocks are moderately weathered
with low bioturbation.

Segment B (23.5-53.0 m). Segment B was partly measured in
the quarry and partly in the road from Soraca to the municipa-
lity of Boyaca (Figures 5 and 9). The layers present continuous
plane-parallel bedding and mostly very thin, discontinuous,

Base of the Guadalupe Group

Conejo Formation

Plaeners Formation

plane-parallel lamination. From the base to the top, 9.7 m of
thick to very thick layers of bluish-white claystones are observed
(Figure 7), followed by 4.6 m of medium to thick layers of pa-
le-greenish-yellow mudstones with low bioturbation and spora-
dic medium, laminated layers of light-brownish-gray claystones.
Ascending stratigraphically, a thin, laminated layer of phospha-
tic porcellanite is found, followed by thin layers of light-browni-
sh-gray chert, with nonvisible lamination and prismatic parti-
tioning. They are followed by 11.6 m of thin to very thin layers
of light-brownish-to-brownish gray mudstones, with sporadic
layers of siltstones. Segment B ends in a section with 3.2 m of
thin to medium, tabular layers of brownish-gray mudstones,
with very thin, discontinuous, plane-parallel, lenticular hetero-
lithic lamination and low bioturbation (Figure 8) and medium
to thick, tabular layers of yellowish-gray siltstones. This interval
contains benthic foraminifera laminae, fish and crab remains,
some bivalves, and ammonites, including Campanian “Didymo-
ceras stevensoni? (Whitfield, 1877), Hoploscaphites sp. Inc.? and
Sphenodiscus sp.?” (Etayo-Serna, 2015), as well as peloids, sili-

ceous nodules, and muscovite as an accessory mineral.

Arenisca Tierna Formation

LRSS

Figure 4. Morphological contrast of the units of the Guadalupe Group and Conejo Formation in Vereda Salitre (N: 1099147; E: 1083034; Z: 2904; azimuth: 200°)
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Figure 6. Polished section (a) and micrographs (b, ¢) of a chert with wackestone texture showing benthic foraminifera (Fb) and bioclasts (b) embedded in micro-
crystalline quartz
Segment A, sample GAM-1017-M3sd, 14.7 m. Crossed (b) and parallel nicols (c).
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Fb

Figure 7. Polished section (a) and micrographs (b, c) of a claystone showing foraminifera (Fo) in a clay mineral framework

Segment B, sample GAM-1017-M7sd, 28.4 m. Crossed (b) and parallel nicols (c).

Figure 8. Segment C, sample GAM-1019-M4sd, 51.6 m
(a) Polished section of a mudstone with lenticular heterolithic lamination. B and C show bioclasts (b) and phosphatized peloids (Pe) supported by laminae of clay
minerals and quartz grains. Micrograph of crossed (b) and parallel nicols (c).

Segment C (54.7-99.8 m). Segment C was measured in the
road from Soracd to the municipality of Boyaca (Figure 9).
Most layers show continuous plane-parallel bedding and very
thin to thin, discontinuous, plane-parallel lamination. The
lower, middle, and upper parts of the segment are described
below.

The lower part begins with a 0.3 m layer of phosphatic por-
cellanite with peloids, followed by 8.7 m of a very thick set of
layers, consisting of thin, medium, and thick layers of porce-
llanites and siltstones without internal lamination (Figure 10);
bioturbation ranging from low to high; and sporadic medium
layers of phosphatic porcellanites. Ascending stratigraphically,
3.5 m of thin layers of mudstones are found with low bioturba-
tion, followed by 2.9 m of very thin to thin layers of siltstones,
with low bioturbation, and then by 4.4 m of thin to medium la-
yers of very fine-grained, somewhat phosphatic, mature quartz

arenites, with moderate bioturbation, interspersed with thin to
medium, tabular layers of siltstones and some mudstones. This
interval is characterized by the presence of benthic foraminifera,
fish remains, crab claws, gastropods, peloids, and muscovite as
an accessory mineral; the typical colors are very light gray, light
medium gray, light brownish gray, and pale greenish yellow.
The middle part of the segment (Figure 11) starts with 4.1
m of very thin, thin, and medium layers of cherts, with low bio-
turbation, interspersed with tabular, thin, and medium layers of
porcellanites, followed by a tabular, (0.3 m) thin layer of phos-
phatic porcellanite (Figure 12), with peloids and bioclasts, high
bioturbation, and horizontal burrows toward the base of the
layer. Then we find a 10.6-m-thick section starting with very
thin to thin layers of siltstones, low bioturbation, and sporadic
layers of chert. This is followed by a tabular, medium layer of
very fine-grained, mature quartz arenites, with bioturbation

Servicio Geolégico Colombiano

45



46

Martinez / Patarroyo / Terraza

ranging from high to moderate. This layer continues to thin
layers of porcellanites with nonvisible lamination, followed by
thin to medium layers of siltstones with nonvisible lamination
and high bioturbation and, finally, sporadic, thin to medium
layers of claystones, porcellanites, and phosphatic mudstones.
The typical colors are very light gray, medium gray, greenish
yellow, and very pale orange.

The upper part of the segment shows 5.5 m of medium la-
yers of mudstones, with high bioturbation and an intersper-

sed, tabular, medium layer of claystones, followed by thin to
medium layers of siltstones with high bioturbation and some
layers of mudstones, ending with 3.3 m of tabular, thin to me-
dium layers of very fine-grained quartz arenites with nonvi-
sible lamination and high bioturbation. The rocks of this in-
terval are brownish and yellowish gray. They contain remains
of fish, crabs, peloids, crab claws, horizontal burrows, benthic
foraminifera, and some bivalves in porcellanites, in addition to
mica as an accessory mineral.

Figure 10. Polished section (a) of porcellanite. The micrographs show grains of muscovite (m) and quartz supported by microcrystalline quartz. Crossed (b) and
parallel nicols (c). Segment C, sample GAM-1019-M10sd, 58.4 m.
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Figure 11. Contact between the base of the Guadalupe Group, middle and upper part of segment C and the Plaeners Formation, which starts with a cover in seg-

ment D (N: 1099115; E: 10827950; Z: 2702; azimuth: 50°).

Figure 12. Polished section of a phosphatic porcellanite with wackestone texture
The micrographs show phosphatic peloids (Pe) and bioclasts (b) embedded in microcrystalline quartz. Crossed (b) and parallel nicols (c). Segment C, sample
GAM-1019-M17sd, 79.6 m.

4.1.3 Plaeners Formation

Segment D (99.8-243.1 m). Most layers show continuous, pla-
ne-parallel bedding and thin to very thin, discontinuous, pla-
ne-parallel lamination. Segment D starts with a 125.1-m cover
(Figure 13), followed by a 9.9-m-thick stratum consisting of
thick and very thick layers of mudstones, with high bioturba-
tion. Next, a tabular, medium layer of siltstones is followed by
thick to very thick layers of mudstones; thick layers of clays-

tones; thin to very thin layers of mudstones; a tabular, very
thick layer of very fine-grained, mature quartz arenites; a ta-
bular, very thick layer of claystone, with nonvisible lamination;
a tabular, very thick layer of mudstone; and, lastly, medium to
thick layers of siltstones. Ascending stratigraphically, a 7.3-m
cover is then identified in this segment, which ends with 1 m of
claystones in thin to medium layers. The rocks of this interval
are medium gray, brownish gray, dark gray, and light olive gray
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and contain benthic foraminifera, fish remains, crab claws,
some bivalves, peloids, and micas.

Segment E (243.1-271.2 m). The layers show continuous and
discontinuous plane-parallel bedding, starting with 4.1 m of
medium to thick layers of very fine-grained, mature quartz
arenites with nonvisible lamination and high bioturbation,
continuing with a cover of 5.1 m. Ascending stratigraphically,
a 12.2-m-thick stratum starts with tabular, medium to thick
layers of very fine-grained quartz arenites with discontinuous,
nonparallel wavy lamination and medium bioturbation, fo-
llowed by a very thick cuneiform layer of very fine-grained,
mature quartz arenites with horizontal burrows toward the
base with high bioturbation and large bivalves (>5 cm) of the
Campanian species Abruptolopha abrupta (D’Orbigny, 1842)
and Gastrochaenolites socialis (D’Orbigny, 1842) (Etayo-Ser-
na, 2015), as shown in Figure 14. Next we find medium, thick,
and very thick layers of very fine-grained, mature quartz are-
nites, with medium to high bioturbation and sporadic layers
of siltstones. The rocks in this interval are grayish orange, very
pale orange, and greenish yellow and contain peloids, crab
claws, benthic foraminifera, and muscovite as an accessory

mineral.

Higher up stratigraphically, we find 2.6 m of thick to very
thick layers of grayish-orange mudstones with discontinuous
plane-parallel bedding, high bioturbation, and the following
ammonites (Figure 15):

Exiteloceras jenneyi jenneyi (Whitfield, 1880), Libycoceras
sp. inc. and Sphenodiscus sp. Inc.? and the bivalves Gyrostrea cf.
glabra (Meek and Hayden, 1857), Ostrea cretacea? (Meek and
Hayden, 1857), Ostrea tecticosta (Gabb, 1860), Paranomia scabra
(Morton, 1834), Tenuipteria cf. argenta (Conrad, 1858), Lima cf.
acutilineata (Conrad, 1858), and crab remains of the Upper Cam-

panian (Etayo-Serna, 2015).

Segment E ends with a 5.2-m-thick stratum formed by me-
dium to thick cuneiform layers of very fine-grained, pale-gree-
nish-yellow quartz arenites with high bioturbation, followed
by a thick, cuneiform layer of phosphatic, light-brown quartz
arenites with peloids, then very thick layers of sandy, white
siltstone with discontinuous, plane-parallel, thin lamination
with bivalves and peloids, then a tabular, medium layer of por-
cellanite, and lastly medium to thick layers of silicious silts-
tones (Figure 16) with nonvisible lamination and with some

benthic foraminifera and micas.

Figure 13. Contact between the base of the Guadalupe Group and the Plaeners Formation
Segment E is covered and shows soft morphology, typical of silt-clayey lithology (N: 1099140; E: 1 082775; Z: 2864; azimuth: 10°)
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Figure 14. View of segment E of the Plaeners Formation (a)
The first layer of quartz arenites (black arrow) shows horizontal burrows toward the base (b) and Abruptolopha abrupta bivalves (c) (E: 1099231, N: 1082625; Z:
2884; azimuth: 30°).
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Figure 15. Level of mudstones in segment E; some of the ammonites found in this segment are detailed on the right (N: 1099257; E: 1082621; Z: 2807)
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Figure 16. Upper part of segment E of the Plaeners Formation
The contact with the Arenisca Tierna Formation is outlined (N: 1099257; E: 1082621; Z: 2807; azimuth: 20°)

4.1.4 Stratigraphic section of Alto del Gavildn
The measured thickness was 141.6 m. The coordinates of the
starting point are N: 1111734; E: 1076950; Z: 2977 m a.s.l. The
coordinates of the end point are N: 1111594; E: 1077100; Z:
3172 m a.s.l. The outcrop has an average N 60°E strike and 36°
SE dip (Figure 17).

The section was divided into four segments (Figure 18),
termed, from the base to the top, A, B, C, and D. Segments A
and B, with a thickness of 66 m, correspond to the top of the
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Conejo Formation, and segments C and D, with a thickness
of 75.6 m, correspond to the base of the Guadalupe Group. In
this locality, the base of the Guadalupe Group generates a ridge
that contrasts with the valleys of the Conejo and Plaeners for-
mations (Figure 19).

In general, in this stratigraphic section, the base of the Gua-
dalupe Group predominantly shows porcellanites and cherts
with wackestone texture, with some layers of very fine-grained
quartz arenites and quartz siltstones.
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Figure 17. Location and local geology of the stratigraphic section of Alto del Gavilan
Source: geologic base map retrieved from Terraza et al. (2016)
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Arenisca Tierna Formation

Plaeners Formation

_ -

Base of the Guadalupe Group

Conejo Formation

Figure 19. SW view (Alto del Gavilan) showing the morphological contrast between the Conejo and Plaeners formations and the base of the Guadalupe Group
(N: 1115657; E: 1080404; Z: 3081)

4.1.5 Conejo Formation

Segment A (0.0-35.4 m). The layers typically show continuous,
plane-parallel bedding and very thin to thin, discontinuous,
plane-parallel lamination, and the rocks are highly weathered.
From the base to the top, segment A starts with a 6.9-m stra-
tum of medium to very thick layers of very fine-grained, mature,
pale-greenish-yellow quartz arenites with high bioturbation and
sporadic layers of very fine-grained quartz arenites with discon-
tinuous, wavy, nonparallel lamination, followed by a 2.4-m stra-
tum of thin layers of very light-gray mudstones, continuing with
15 m of thin layers of brownish-gray claystones. Then a 1.7-m
tabular layer of very fine-grained quartz arenites is followed by
a 2-m layer of pale brown mudstones, by a 0.5-m tabular layer
of very fine-grained quartz arenites, and by a 1.2-m layer of li-
ght-gray claystones, ending with 5.7 m of thin, medium, thick,
and very thick layers of brownish-gray clayey siltstones (Figure
20). This interval contains planktonic foraminifera, fish remains,
gastropods, crab claws, peloids, micas, and iron oxides.

Segment B (35.4-66.0 m). Segment B predominantly shows
thin, medium, thick, and very thick layers of dark-yellowi-
sh-brown, brownish-gray, medium-brown, and medium-dark-
gray mudstones with discontinuous to solid plane-parallel
lamination and moderate to high bioturbation; sporadic thin,
medium, and thick layers of dark-brown claystones; and tabu-
lar, medium to very thick layers of very fine-grained, medium-
dark-gray quartz arenites with high bioturbation (Figure 21).
This segment is characterized by the presence of ammonites
such as “Cocuyites cocuyensis (Etayo-Serna, 1985), Paratexani-
tes sp. inc., Placenticeras sp.? and the Upper Santonian bival-
ves Meretrix eufaulensis? (Conrad, 1860) and Platyceramus ex
gr. P cycloides (Wegner, 1905)” (Etayo-Serna, 2015). Some of
these fossils are illustrated in Figures 21 and 22. Segment B
also contains iron oxide concretions, siliceous nodules, plank-
tonic foraminifera, crab claws, fish remains, organic matter,
and micas.
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Figure 21. Base of segment B showing tabular, medium to thin layers of mudstones (a), with ammonites (b) and inoceramids (c) (N: 1111649; E: 1076026;
Z:3188)
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Figure 22. Top of segment B of the Conejo Formation with layers of claystone (a) containing ammonite impressions shown in (b) and (c) (N: 1111676; E: 1076987;

Z: 3186; azimuth: 95°)

4.1.6 Base of the Guadalupe Group
Segment C (66.0-100.8 m). The contact with the Conejo For-
mation (segment B) is net concordant (Figure 23). Segment B
is characterized by continuous plane-parallel bedding and by
very thin to thin, discontinuous, plane-parallel lamination.
The lower part of segment C starts with 1.7 m of thin to
medium layers of siliceous siltstones, followed by 7.7 m of stra-
tigraphic thickness with the following components: thin layers
of mudstones and claystones (Figure 24) with siltstone nodu-
les, followed by medium to thin layers of siliceous siltstones,
with Lower Campanian ammonites such as “Submortoniceras
sp. cf. uddeni (Young, 1963)” (Etayo-Serna, 2015), interspersed
with tabular, thin layers of mudstones (Figure 25). Ascending
stratigraphically, 1.5 m of thin to medium layers of porcellani-
tes and cherts are followed by 5.7 m of the following lithology:
medium layers of siltstones, followed by thin to medium layers
of somewhat fossiliferous, very fine-grained quartz arenites
with tabular geometry, and then thin to medium layers of silts-
tones with sporadic layers of porcellanites. Subsequently, 3.4
m of medium to thin layers of porcellanites containing quartz
arenite nodules are followed by layers with chert nucleation,
by a very thin layer of ferruginous grayish red siltstones, by
a 0.9-m-thick stratum of thin to medium layers of siltstones,
and by a 1.8-m-thick stratum of thin to medium layers of por-
cellanites and chert with foraminifera and peloid wackestone

texture (Figure 26). These are interspersed with sporadic layers
of quartz arenites and siliceous siltstones. Most rocks of this
interval show the following colors: very light gray, brownish
gray, pinkish gray and pale greenish yellow.

In the upper part of segment C, a fossil level of 1.2 m (Fi-
gure 27) consists of medium to thick layers of yellowish-gray
mudstones, with impressions of ammonites such as Submortoni-
ceras uddeni? (Young, 1963), suggesting the Lower Campanian
(Etayo-Serna, 2015), and, as shown in Figure 27, fish and crab
remains and peloids, followed by subtabular, thin to medium la-
yers of sandy mudstone with high bioturbation (Figure 28). The
upper part of segment C continues with a 7.8-m-thick stratum
with the following structure: a thick and somewhat fossiliferous
layer of quartz arenites, with nonvisible lamination, followed by
thin layers of porcellanites with continuous, plane-parallel bed-
ding and sporadic layers of chert; above, tabular, thin to medium
layers of siliceous siltstones interspersed with a tabular, medium
layer of chert with peloid wackestone texture (Figure 29) and
nonvisible lamination, which are followed by thin to medium la-
yers of porcellanites and by a tabular, medium layer of phospha-
tic porcellanite with peloid wackestone texture and nonvisible
lamination. In this interval, the rocks are very light gray and pale
greenish yellow. The upper part of segment C also contains ben-
thic foraminifera, ammonite impressions, crabs, fish remains,
peloids, micas, and iron oxides.
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Figure 23. Contact between the Conejo Formation and the base of the Guadalupe Group, which corresponds to the boundary between segments B and C (N:
1111697; E: 1076987; Z: 3186; azimuth: 160°)

Figure 24. Sample GAM-1025-M1 sd of segment C, at 70.7 m
(a) Polished section of a laminated claystone. (b) Thin lamina of claystone showing discontinuous, wavy to plane-parallel lamination. Micrographs show crossed
(c) and parallel nicols (d) showing clayey minerals with some floating quartz.

Figure 25. Base of segment C showing a fossiliferous level with ammonites in layers of siliceous siltstones and porcellanites (N: 1111649; E: 1077026; Z: 3188;
azimuth: 255°)
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Figure 26. Sample GAM-1025-M12sd, 83.7 m, segment C
Polished section of a chert (a). The micrographs show benthic foraminifera (Fb) and bioclasts supported on finely crystalline quartz. Parallel (b) and crossed nicols

(0).

Figure 27. Fossiliferous level of segment C (a) showing layers of siltstones and porcellanites, with ammonites magnified in b and ¢
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Figure 28. Sample GAM-1025-M14sd, segment C, 90 m

Polished section of a sandy mudstone (a). The micrographs show yellow grains of quartz and phosphates, supported by microcrystalline quartz and clayey mine-

rals. Parallel (b) and crossed nicols (c).

Figure 29. Sample GAM-1025-M22sd, segment C, 96.6 m
Polished section of a chert with peloid and bioclast wackestone texture (a). The micrographs show peloids (Pe) and bioclasts (b), supported by microcrystalline
quartz (with chalcedony replacing peloids). Parallel (b) and crossed nicols (c).

Segment D (100.8-141.6 m). The outcrop generally presents
continuous, plane-parallel bedding, and the layers show very
thin to thin, nonvisible, discontinuous, plane-parallel lamina-
tion, predominantly with porcellanites (Figure 30). From the
base to the top, the following sequence is identified: First, thin
layers of porcellanites are interspersed with sporadic layers of
chert and three wavy, intercalated, very thin layers of ferru-
ginous, grayish-red siltstone. Then, thin to medium layers of
siltstones are followed by thin to medium layers of porcella-
nites with tabular geometry, with sporadic layers of chert, sili-
ceous siltstones, and two very thin layers of ferruginous siltsto-
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nes. Next, a tabular, medium layer of fossiliferous porcellanite
shows a peloid wackestone texture. At the top of the segment,
tabular, thin to medium layers of fossiliferous porcellanite with
a benthic foraminifera wackestone texture, interspersed with
layers of chert, are followed by a covered zone with soft mor-
phology that belongs to the Plaeners Formation. In this inter-
val, the rocks show the following colors: very light gray, white,
pinkish gray, and bluish white. The top of segment D also con-
tains benthic foraminifera, fish remains, peloids, micas, and

iron oxides.
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Figure 30. Segment D, predominantly with tabular, thin, medium, and thick layers of porcellanites (N: 1111585; E: 1077080; Z: 3199; azimuth: 340°)

4.2 Results from XRD and XRF analysis

Within the stratigraphic interval that corresponds to the base
of the Guadalupe Group, in the two stratigraphic sections me-
asured in this study, systematic sampling was performed as fo-
llows: seventeen samples were collected in Vereda Salitre and
nineteen in Alto del Gavilan. These samples were sent to the
Laboratory of the SGC, where they were characterized mine-
ralogically and geochemically by XRD and XRE The results
are outlined in Tables 2, 3, 4, and 5. The dashes shown in some
of the cells of these tables indicate values below the detection
limits of the diffraction and fluorescence equipment.

From the batch of samples collected at the base of the Gua-
dalupe Group, in Vereda Salitre (Tables 2 and 3), the mineralo-
gical analyses determined that eight samples are siliceous rocks
(cherts and porcellanites) and that nine samples are siliciclas-

tic rocks (claystones, mudstones, and quartz arenites). They
have (detritic and silica) quartz contents ranging from 66.7 to
99.8%, as corroborated by geochemical data, which shows that
silica (SiO,) ranges from 62.6 to 95.7% (Figure 31). In conclu-
sion, although the texture determined by petrographic analy-
sis is typical of calcareous and phosphatic rocks (wackestone),
minerals with calcium and phosphorus, such as hydroxyapatite
and carbonatofluoroapatite, are only present in two samples.
In general, throughout the stratigraphic interval, the values of
calcium oxide (CaO) are lower than 4.0% (Figure 31), and the
values of phosphoric oxide (P,0,) range from 0.2 to 5.4%.

Kaolinite is also detected, with values ranging from less
than 2.0 to 21.3%, in line with the values of aluminum oxide
(ALO,), which range from 2.0 to 14.4%, as possible alteration
products of aluminum silicates (Figure 31).
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Table 2. Mineralogical results (XRD) of the samples collected in Vereda Salitre

= — — .,.
& g5° ! & 3 | g &3 g3sc
= = = = © £ = s 2 vUg®
GAM-1019-M22Q GAM-1019-M21 sd 95.7 83.9 13.5 0.0 0.0 0.0 0.0 2.6 0.0 Mudstone
GAM-1019-M20Q GAM-1019-M19sd 88.7 85.2 119 0.0 0.0 0.0 0.0 0.0 3.0 Mudstone
GAM-1019-M18Q GAM-1019-M17sd 79.6 84.7 6.8 0.0 0.0 0.0 8.5 0.0 0.0 Porcellanite
GAM-1019-M16Q GAM-1019-M15sd 777 90.5 _ 3.1 0.0 0.0 0.0 4.6 0.0 Chert
GAM-1019-M14Q GAM-1019-M13sd 74.6 81.2 7.2 5.7 0.0 0.0 0.0 5.9 0.0 Mudstone
GAM-1019-M12Q Not collected 71.3 76.1 23.3 0.0 0.0 0.0 0.0 _ 0.0 Quartz arenite
GAM-1019-M11Q GAM-1019-M10sd 58.4 92.5 7.2 0.0 0.0 0.0 0.0 _ 0.0 Porcellanite
GAM-1019-M9Q GAM-1019-M8sd 54.8 80.2 10.4 0.0 0.0 7.4 0.0 _ 0.0 Porcellanite
GAM-1019-M7Q GAM-1019-M6sd 53.2 85.1 9.6 0.0 0.0 0.0 0.0 5.3 0.0 Mudstone
GAM-1019-M5Q GAM-1019-M4sd 51.6 80.9 4.5 5.9 0.0 0.0 0.0 8.7 0.0 Mudstone
GAM-1019-M3Q Not collected 43.5 66.7 20.6 12.7 0.0 0.0 0.0 0.0 0.0 Mudstone
GAM-1019-M2Q GAM-1019-M1 sd 39.3 99.3 0.0 0.0 _ 0.0 0.0 0.0 0.0 Chert
GAM-1018-M1Q Not collected 39.0 70.3 14.7 0.0 15.1 0.0 0.0 0.0 0.0 Porcellanite
GAM-1017-M8Q GAM-1017-M7sd 28.4 78.7 21.3 0.0 0.0 0.0 0.0 0.0 0.0 Claystone
GAM-1017-M6Q GAM-1017-M5sd 20.8 91.4 8.6 0.0 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1017-M4Q GAM-1017-M3sd 14.7 93.2 6.8 0.0 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1017-M2Q GAM-1017-M1 sd 12.2 99.8 N 0.0 0.0 0.0 0.0 0.0 0.0 Chert
Table 3. Geochemical results (XRF) of the samples collected in Vereda Salitre
Sample petmEg‘L‘a’:;’:ilce;‘a'mple nthemscion  sio, (%) TiO,(%) ALO,(%) Fe,0,(%) MgO(%) Ca0(%) Na,0(%) KO(%) P0,(%) Fe0(%)
GAM-1019-M22Q  GAM-1019-M21 sd 95.7 84.5 0.4 8.2 19 0.2 0.1 _ 0.8 0.6 0.1
GAM-1019-M20Q GAM-1019-M19sd 88.7 83.9 0.3 7.9 1.0 0.3 1.0 _ 0.6 15 _
GAM-1019-M18Q GAM-1019-M17sd 79.6 75.6 0.2 10.8 0.6 0.1 0.6 _ 0.4 5.4 _
GAM-1019-M16Q GAM-1019-M15sd 77.7 94.5 0.1 3.0 0.2 0.1 0.1 _ 0.3 0.2 _
GAM-1019-M14Q GAM-1019-M13sd 74.6 827 0.5 10.0 1.4 0.3 0.1 _ 1.0 0.3 _
GAM-1019-M12Q Not collected 713 77.1 0.6 13.4 17 0.5 0.1 _ 1.2 0.6 _
GAM-1019-M11Q GAM-1019-M10sd 58.4 90.2 0.3 5.0 15 0.1 0.1 _ 0.4 0.3 _
GAM-1019-M9Q GAM-1019-M8sd 54.8 78.4 0.4 7.1 2.2 0.2 3.6 _ 0.7 3.7 _
GAM-1019-M7Q GAM-1019-M6sd 53.2 86.2 0.4 6.9 1.6 0.1 0.1 _ 0.9 0.9 _
GAM-1019-M5Q GAM-1019-M4sd 51.6 81.7 0.4 8.6 3.3 0.3 0.1 _ 11 0.8 N
GAM-1019-M3Q Not collected 43.5 75.5 0.6 14.4 1.7 0.5 0.1 _ 1.2 0.4 0.2
GAM-1019-M2Q GAM-1019-M1 sd 39.3 91.7 0.1 2.0 3.8 0.1 0.1 _ 0.2 0.2 _
GAM-1018-M1Q Not collected 39.0 62.6 0.2 4.6 221 0.1 0.6 _ 0.2 3.8 0.1
GAM-1017-M8Q GAM-1017-M7sd 28.4 79.3 0.4 11.9 2.2 0.4 0.0 _ 1.0 0.2 _
GAM-1017-M6Q GAM-1017-M5sd 20.8 92.7 0.2 4.1 0.6 0.1 0.1 _ 0.3 0.2 _
GAM-1017-M4Q GAM-1017-M3sd 147 95.7 0.1 2.5 0.3 0.1 0.1 _ 0.2 0.1 _
GAM-1017-M2Q GAM-1017-M1 sd 12.2 95.7 0.1 2.4 0.4 0.1 0.1 0.2 0.1

Mineralogical analysis of the batch of samples collected at the
base of the Guadalupe Group, in Alto del Gavilan (Tables 4 and
5), shows that 10 samples are siliceous (cherts and porcellani-
tes) and six are siliciclastic, (claystones, mudstones, and quartz
arenites). Their (detritic and silica) quartz at percentages range
from 80.8% to 100%, as corroborated by the geochemical data,
which show that silica (SiO,) ranges from 79.2% to 98.5% (Fi-
gure 32). The three remaining samples (ferruginous siltstones)
show quartz percentages lower than 50.0%, but they have high
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values of kaolinite (53.0%, 66.0% and 67.3%), hematite, and
anatase. Although the texture of siliceous rocks, as determined
by petrographic analysis, is typical of calcareous and phospha-
te rocks (wackestone), minerals with calcium are absent, and
minerals with phosphorus, such as wavellite and variscite, are
only present in seven samples, at very low percentages, lower
than 6.8% (Figure 32). Calcium oxide (CaO) is present in
amounts lower than 2.4%, and phosphoric oxide (P,O,) ranges
from 0.04% to 15.1% (Figure 32).
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Figure 31. Curves of the percentages of major elements, SiO,, ALLO,, CaO, and P,O,, determined by XRE, representing vertically the thickness of the base of the
Guadalupe Group in Vereda Salitre

Table 4. Mineralogical results (XRD) of the samples collected in Alto del Gavilan
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GAM-1028-M1Q GAM-1028-M2sd 141.0 913 8.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Porcellanite
GAM-1026-M11Q  GAM-1026-M10sd 1345 98.8 _ 0.0 0.0 _ 0.0 0.0 _ 0.0 0.0 Chert
GAM-1026-M9Q Not collected 129.1 125 66.0 0.0 2.3 0.0 15.2 0.0 0.0 0.0 4.0 Ferruginous Siltstone
GAM-1026-M7Q GAM-1026-M6sd 122.8 35.7 53.0 0.0 0.0 0.0 6.3 0.0 0.0 0.0 5.0 Ferruginous Siltstone
GAM-1026-M4Q GAM-1026-M3sd 115.4 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1026-M2Q  GAM-1026-M1 sd 1129 99.7 0.0 0.0 0.0 0.0 0.0 0.0 _ 0.0 0.0 Chert
GAM-1025-M26Q  GAM-1025-M24sd ~ 100.3 80.8 0.0 0.0 0.0 0.0 0.0 18.5 0.0 _ 0.0 Porcellanite
GAM-1025-M23Q  GAM-1025-M22sd 96.6 93.2 0.0 0.0 0.0 0.0 0.0 6.8 _ 0.0 0.0 Chert
GAM-1025-M21Q  GAM-1025-M20sd 95.4 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1025-M19Q  GAM-1025-M18sd 93.8 94.0 0.0 4.1 0.0 0.0 0.0 _ 0.0 0.0 0.0 Quartz arenite
GAM-1025-M17Q  GAM-1025-M16sd 91.1 98.6 0.0 0.0 0.0 0.0 0.0 _ _ 0.0 0.0 Quartz arenite
GAM-1025-M15Q  GAM-1025-M14sd 90.0 94.1 0.0 4.8 0.0 0.0 0.0 _ 0.0 0.0 0.0 Mudstone
GAM-1025-M13Q  GAM-1025-M12sd 87.3 98.4 0.0 0.0 0.0 0.0 0.0 _ 0.0 0.0 0.0 Porcellanite
GAM-1025-M11Q Not collected 85.8 259 67.3 0.0 0.0 0.0 6.9 0.0 0.0 0.0 0.0 Ferruginous Siltstone
GAM-1025-M10Q GAM-1025-M9sd 83.0 921 7.5 0.0 0.0 _ 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1025-M8Q GAM-1025-M7sd 80.8 91.8 31 4.6 _ 0.0 0.0 0.0 0.0 0.0 0.0 Mudstone
GAM-1025-M6Q GAM-1025-M5sd 77.9 91.6 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Mudstone
GAM-1025-M4Q GAM-1025-M3sd 76.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Chert
GAM-1025-M2Q GAM-1025-M1 sd 70.7 88.5 115 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Claystone
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Table 5. Geochemical results (XRF) of the samples collected in Alto del Gavilan

Equivalent .

T N
GAM-1028-M1Q GAM-1028-M2sd 141.0 91.1 0.2 5.1 0.7 0.1 0.1 0.2 _ _ 0.3
GAM-1026-M11Q GAM-1026-M10sd 134.5 93.8 0.1 37 0.4 0.1 0.1 0.1 _ _ 0.3
GAM-1026-M90Q Not collected 129.1 36.3 0.8 25.2 26.5 0.3 0.1 0.6 _ _ 1.1
GAM-1026-M7Q  GAM-1026-M6sd 122.8 50.0 1.0 19.0 19.6 0.3 0.1 0.8 _ _ 0.7
GAM-1026-M4Q  GAM-1026-M3sd 115.4 84.8 0.1 6.9 0.7 0.4 2.4 1.9 _ _ 0.3
GAM-1026-M2Q GAM-1026-M1 sd 1129 95.8 0.1 23 0.4 0.1 0.1 0.1 0.2 _ 0.2
GAM-1025-M26Q GAM-1025-M24sd 100.3 55.4 0.1 17.7 1.1 0.1 0.1 15.1 0.3 _ 0.3
GAM-1025-M23Q GAM-1025-M22sd 96.6 79.2 0.1 8.7 0.6 0.1 0.1 5.3 _ _ 0.4
GAM-1025-M21Q GAM-1025-M20sd 95.4 98.5 0.0 0.7 0.3 0.1 0.1 0.0 _ _ _
GAM-1025-M19Q GAM-1025-M18sd 93.8 84.1 0.2 6.9 1.2 0.2 0.1 32 0.2 _ 0.4
GAM-1025-M17Q GAM-1025-M16sd 91.1 92.5 0.2 3.5 0.6 0.1 0.1 1.4 _ _ 0.2
GAM-1025-M15Q GAM-1025-M14sd 90.0 88.7 0.3 5.4 1.1 0.3 0.1 1.0 _ _ 0.6
GAM-1025-M13Q GAM-1025-M12sd 87.3 88.8 0.2 5.4 13 0.2 0.1 11 _ _ 0.6
GAM-1025-M11Q Not collected 85.8 46.4 0.7 26.0 139 0.7 0.1 0.9 0.2 _ 2.2
GAM-1025-M10Q GAM-1025-M9sd 83.0 91.4 0.2 49 0.6 0.2 0.1 0.3 _ _ 0.5
GAM-1025-M8Q GAM-1025-M7sd 80.8 90.1 0.1 5.1 0.9 0.2 0.1 0.8 _ _ 0.6
GAM-1025-M6Q  GAM-1025-M5sd 77.9 89.3 0.1 5.3 1.2 0.2 0.1 1.2 0.2 _ 0.4
GAM-1025-M4Q GAM-1025-M3sd 76.0 95.9 0.0 2.4 0.3 0.1 0.1 0.1 0.2 _ 0.2
GAM-1025-M2Q GAM-1025-M1 sd 70.7 87.7 0.2 7.1 0.9 0.3 0.1 0.2 0.2 _ 0.8

Lithology Percentge (%)
10 20 30 40 50 60 70 80 % 100

Figure 32. Curves of the percentages of major elements, SiO,, AL,O,, Ca0, and P,0,, determined by XRF represented horizontally, representing vertically the
thickness of the base of the Guadalupe Group in Alto del Gavildn

Thickness (m)
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5. DiscussioN

The stratigraphic nomenclature corresponding to the Guada-
lupe Group, in the Tunja area of Colombia, established by Ren-
zoni (1981) and by Renzoni et al. (1976), divided the Guada-
lupe Group into the Plaeners Formation (kg2) in the base and
the Labor-Tierna Formation (kgl) in the top. These authors
thought that the Arenisca Dura Formation (kg3) of the Bogota
savanna would be included in the layers of sandstones of the
top of the Conejo Formation of this locality. However, the base
of the Guadalupe Group, the object of this study, mostly dates
back to the Lower Campanian (Etayo-Serna, 2015) and co-
rresponds to the Plaeners Formation (kg2) of Renzoni (1981).
In addition, stratigraphically, above the base of the Guadalu-
pe Group, a soft unit of the Upper Campanian (Etayo-Serna,
2015) is overlaid by a set of quartz arenites representing the
Plaeners and Arenisca Tierna formations of the Bogota savan-
na, included by Renzoni in unit kgl, in this part of the eastern
Andes of Colombia (see Figure 1). In the Guadalupe Group of
Tunja and its surrounding area, three clearly distinguishable
and easily recognizable units can be lithologically and geomor-
phologically identified. The base of these units (described in
this article) differs substantially from the type section in the
Eastern Hills of Bogota. To avoid confusion with the nomen-
clature proposed by Renzoni (1981), for the moment, the unit
in question should be informally designated as “base of the
Guadalupe Group” while deciding whether to maintain the no-
menclature of Montoya and Reyes (2003 a, b; 2005 a, b; 2007)
for this area of the Eastern Andes of Colombia.

The petrographic analysis performed by Martinez (2018)
at the base of the Guadalupe Group, in the two stratigraphic
sections described in this study, showed that most cherts and
porcellanites with wackestone or mudstone texture with allo-
chems replaced by microcrystalline quartz and chalcedony,
with microcrystalline quartz support, correspond to calca-
reous or phosphate rocks (biomicrites and biopelmicrites),
which underwent a process of replacement of the calcareous
mud (micrite) and pre-existing allochems by silica, possibly
during the final stage of diagenesis (compaction).

6. CoNCLUSIONS
In the Tunja area of Colombia, the Guadalupe Group has mor-

phologically and lithologically differentiated into three units:
two hard units that originate ridges corresponding to the base

of the Guadalupe Group and the Arenisca Tierna Formation,
respectively, with a soft unit in the middle that generates a cha-
racteristic valley in the Plaeners Formation.

The paleontological analyses performed on the two stra-
tigraphic sections measured in this study (Etayo-Serna, 2015)
indicate that the base of the Guadalupe Group partly repre-
sents the Upper Santonian and mostly the Lower Campanian.
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ABSTRACT

The products of metasomatic alteration (e.g., carbonation) of peridotites are called listvenites. Based on a description of the
outcrops in the laterite deposit at Cerro Matoso located in the NW of Colombia, the mineralogical composition confirmed by
petrography, and a chemical analysis performed with XRF and WDS/EDS, the previous unit called tachylite is redefined as listve-
nite. Two types of listvenites are described: listvenite A, with the mineralogical association of quartz + siderite + phyllosilicates
+ goethite +/- magnetite, and listvenite B, with the association of siderite + phyllosilicates + goethite. Cr-spinel relics accompa-
nied by Mn-siderite and neoblastic textures, indicate their origin from peridotites, where Mn-Fe would have been deposited by
hydrothermal fluids. Hydrothermal reducing environments with alkaline fluids and low temperatures should have favored the
formation of listvenites that are observed along a fracture zone, oriented WN'W-ESE at Pit-1 in Cerro Matoso. Due to exposure to
climatic conditions since the Eocene, but definitively since the last Andean Orogeny, listvenites were affected, like all the rocks in
the Cerro Matoso deposit, by intense supergene weathering and leaching processes, which could make their true origin unclear.

Keywords: Listvenite, metasomatism, hydrothermal systems, Cerro Matoso, spinel.

RESUMEN

El producto de alteracién metasomatica (e.g., carbonation) de peridotitas son listvenitas. Basados en una descripcion de los aflo-
ramientos en el depdsito de lateritas niqueliferas de Cerro Matoso, localizado al NW de Colombia, la composicién mineraldgica
confirmada con XRD y analisis quimicos con XRF y WDS/EDS, se redefine una unidad previamente llamada tachyilita como lis-
tvenita. Se describen dos tipos de listvenitas; listvenita A con la asociacién mineraldgica: cuarzo + siderita + filosilicatos + goetita

Citation: Castrillon, A, & Guerrero, J. (2020). Listvenites: new insights of a hydrothermal system fossilized in Cerro Matoso peridotites, Montelibano, Cérdoba
Department, Colombia. Boletin Geoldgico, 47, 67-84, https://doi.org/10.32685/0120-1425/boletinge0.47.2020.492
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+/- magnetita, y listvenita B con la asociacion: siderita + filosilicatos + goetita. Relictos de Cr-espinela, acompaiiados por Mn-side-

rita y texturas neoblasticas, indican un origen a partir de peridotitas, en donde Mn-Fe serian aportados por fluidos hidrotermales.

Ambientes hidrotermales reductores con fluidos alcalinos y de bajas temperaturas debieron favorecer la formacion de listvenitas,

que se observan a lo largo de una zona de fracturas orientada WNW-ESE en el Pit-1 de Cerro Matoso. Expuestas a condiciones

climaticas quizas desde el Eoceno pero definitivamente desde la ultima Orogenia Andina, las listvenitas fueron afectadas al igual

que todas las rocas en el depdsito de Cerro Matoso por intensos procesos de meteorizacion y lixiviaciéon mineral ocultando el

verdadero origen de algunas.

Palabras clave: Listvenita, metasomatismo, sistemas hidrotermales, Cerro Matoso, espinelas.

1. INTRODUCTION

Listvenite (from the Russian “listvenity”, Rose, 1837) is a term
used principally by Russian geologists to describe the carbonate
+/- sericite +/- pyrite alteration of mafic and ultramafic ophioli-
tic assemblages, which indicates the hydrothermal involvement
of quartz +/- carbonate veins (Rose, 1837). This alteration is due
to carbonation occurring in rocks that are susceptible to interac-
tions with CO,-rich fluids, resulting in the alteration and preci-
pitation of carbonate and other minerals (Halls and Zhao, 1995).
Some authors recommend that the term listvenite be used strict-
ly in cases where potassium metasomatism has been verified in
ultramafic rocks (serpentinites, serpentinized peridotites) and
where this potassium metasomatism is evidenced by the develo-
pment of micas (e.g., fuchsite) as components of the mineralogi-
cal association included in “listwaenite” (Halls and Zhao, 1995;
Abuamarah, 2020). Mafic and ultramafic rocks are particularly
prone to carbonation due to abundant olivine (Mg, Fe),SiO, and
pyroxene (Ca, Mg, Fe),Si,0,, which react with H,O and CO, to
form hydrous silicates, such as serpentine, Fe-oxides (magneti-
te) and carbonates (Kelemen and Matter, 2008). According to
Halls and Zhao (1995), the correct spelling of the word listwae-
nite is listvenite, and it was proposed to describe the formations
in Beresovsk in the Ural Mountains of central Russia (Halls
and Zhao, 1995) and in Europe and North America (Bates and
Jackson, 1987).

The term listvenite has been used for the following mine-
ral assemblages: a quartz + magnesite rock derived from ser-
pentinite at low temperatures by full conversion of all origi-
nal Mg-silicates to carbonate and residual quartz (Bucher and
Stober, 2019); quartz (45-55%) and carbonates (40-60%) with
minor amounts of serpentine, chlorite, chromite, and Cr-rich
sericite (fuchsite) (e.g., upper mantle peridotites in the Cryo-
genian Bir Umq ophiolite, Arabian Shield, Saudi Arabia, Abua-
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marah, 2020); and listvenites (silica-type) mainly consisting of
opal, quartz, cristobalite, chalcedony, and relicts of serpenti-
ne, Cr-spinel and secondary iron hydroxides, where magnesi-
te, dolomite, calcite and clay minerals are minor phases (e.g.,
Khoy ophiolite complex, northwestern Iran, Imamalipour et
al., 2018). The term listvenite has also been used to describe
the mineral association of metamorphosed amphibole-bearing
listvenites (e.g., Bayazeh Paleozoic ophiolite, Nosouhian et al.,
2016, 2019). In this text, the term listvenite refers to a variation
of carbonated and silicified serpentinite to denote rocks that
are strictly the metasomatic product of low-grade hydrother-
mal alteration of ultramafic rocks and can be defined as one
rock type or a mixture of rock types that are genetically related
to the same hydrothermal event but can vary depending on the
intensity of the alteration and the composition of the protoliths
(e.g., Kashkai and Allakhverdiev, 1965; Buisson and Leblanc,
1987; Leblanc, 1991; Halls and Zhao, 1995).

According to Ucurum (2000), the movement of hydrother-
mal fluids along fractures of ultramafic rocks produces dikes of
listvenites whose length can vary by hundreds of meters, and
whose thickness can vary by tens of meters. These rocks have
been found in altered mafic and ultramafic rocks in British Co-
lumbia (Ash and Arksey, 1990), Turkey (Ucurum, 1998, 2000),
Canada (Jutras and Geol, 2002), Mali, Morocco and Saudi
Arabia (Buisson and Leblanc, 1987; Leblanc, 1991) and are
now identified in the deposit of Cerro Matoso, NW Colombia.
Listvenites in Cerro Matoso are covered by marine deposits of
black conglomeratic mudstone and are located along a fracture
zone oriented WN'W-ESE.

The Cerro Matoso ultramafic rocks, developed a Ni laterite
profile by weathering with different characteristics in the south
(or Pit-2) (Figure 1), with nickel grades not exceeding 4%, com-
pared with the laterite profile developed in the north (or Pit-1),
where nickel grades reached 9%. The higher nickel grades at Pit-1
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Figure 1. Regional geology and location of the Cerro Matoso Ni laterite deposit and of Pit-1 and Pit-2

Location of listvenites along Pit-1 in the Cerro Matoso open pit mine, illustrating the WNW-ESE general trend (modified from Londofio and Gonzalez, 1997;
Gleeson et al., 2004). The peridotites of Cerro Matoso are surrounded by basalts (Ksvb) (outcropped 30 km to the south), which are unconformably covered by
early- and mid-Miocene sediments from the Ciénaga de Oro Formation (Pgoco), Porquera Formation (Ngmpc), Cerrito Formation (Ngmc) and Sincelejo For-
mation (NgQsi).
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are related to the influence of hydrothermal systems, and the “ta-
chylite” (a term used by mine geologists to describe an enigmatic
Fe-oxide horizon) was assigned to the laterite profile, although it
was not considered to be a normal product of peridotite weathe-
ring (Gleeson et al., 2004). A detailed petrological and geoche-
mical study of “tachylite” occurrence was published by Sumicol
(2002). This paper describes the characteristics, mineralogy, and
geochemistry of an association of rocks in the Cerro Matoso nic-
kel laterite deposit that could correspond to listvenites.

2. REGIONAL GEOLOGICAL SETTING

The Cerro Matoso deposit is located in the department of Cor-
doba, northwest Colombia. Nickeliferous laterites are the pro-
duct of supergene weathering of peridotites (principally harz-
burgites with varying degrees of serpentinization). Peridotites
of Cerro Matoso are defined as an isolated body of outcrops
that have been assigned to an Early Cretaceous ophiolite com-
plex (Mejia and Durango, 1981). The ultramafic rocks are asso-
ciated with the ancient oceanic crust that existed in the Pacific
Ocean, west of its present position (Pindell and Barrett, 1990;
Pindell and Kennan, 2009), where it is suggested that the mant-
le rocks were exhumed as an Oceanic Core Complex (OCC)
(Castrillon, 2013). The OCC is part of the ophiolites accreted
during the pre-Andean orogeny along the Romeral Fault Sys-
tem, which is considered an important boundary between the
oceanic crust to the west and the continental crust to the east
(Barrero, 1974; Meissener et al., 1976). As the American con-
tinent moved west and the oceanic plate moved east during
the Late Cretaceous, ocean segments accreted in the western
part of the continent (Lewis et al., 2006) were eventually expo-
sed to supergene weathering conditions beginning in the late
Eocene (Lopez-Rendon, 1986). Locally, the CM peridotites are
overlaid by a deep marine sedimentary succession (Castrillon,
2013). These sediments were interpreted to be part of the ultra-
mafic weathering profile (Lopez-Rendén, 1986; Gongalves et
al,, 1999; Gleeson et al., 2004, Lelis et al., 2004). Recently, Cas-
trillén (2019) suggested that fossils and black conglomeratic
mudstone found at Pit-1 represent ocean floor sediments asso-
ciated with hydrothermal systems hosted by ultramafic rocks.
The variably serpentinized ultramafic rocks of Cerro Matoso
that developed a complete laterite profile, where iron and nickel
alloy is produced in the mining process, are exposed in the form
of an elongated isolated hill approximately 2.5 km long and 1.5
km wide at the northern limit of the Western Cordillera and are
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considered the northernmost extension of the allochthonous
oceanic crustal terranes (Mora-Bohdrquez et al., 2017). The
peridotites of Cerro Matoso are surrounded by basalts (Ksvb)
(outcropped 30 km to the south), which are unconformably
covered by sediments from the early and mid-Miocene, inclu-
ding a transgressive succession consisting of fluvial and shore
sandstones of the Ciénaga de Oro Formation (Pgoco), followed
by marine shales of the Porquera Formation (Ngmpc), which
are unconformably covered by Cerrito Formation (Ngmc) and
Sincelejo Formation (NgQsi) sediments. The Cerro Matoso
peridotites have been exposed on the surface since the middle
Eocene and have therefore been affected by intense weathering
(e.g., Lopez-Rendon, 1986; Gleeson et al., 2004). According to
Lopez-Rendon (1986), lateritization probably started in the late
Eocene-early Oligocene, and chemical weathering and erosion
continued throughout the Oligocene (Figure 1).

3. SAMPLE AND METHOD

According to the field description, listvenites are very fine-gra-
ined and extremely friable; they have conchoidal fractures and
high porosity, a violet-brown to black color when dry, and a
dark-green color when wet, and have locally abundant quartz
veins (Figure 2a). Listvenites underlie the black conglomeratic
mudstone (Figure 2b) and are a very uniform unit, consisting
of lenses capping altered peridotites (i.e., green saprolites). Two
listvenite varieties can be differentiated according to their vein-
lets and brecciated texture (Figure 2a-2c). A representative set
of samples (Figure 3a-3f) was collected at the 49 Bench level of
Pit-1, where two varieties coexist (A: CM-3, CM-4, CM-6, CM-
7; and B: CM-27, CM-56, samples) overlaying green saprolites
along transitional contacts (Figure 3g-3h), altered peridotites
(Figure 3i), peridotites with magnesite veins (Figure 3j) and pe-
ridotites (Figure 3k-1). Petrographic classification and analysis
were performed using a Carl ZEISS Primo Star HD/cam Full
Kohler microscope, 100x, SF2, from the Instituto de Geologia
of the Universidad Nacional Auténoma de México (UNAM).
Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) patterns were further used for the identification of
minerals in listvenites. According to their textures and silica
content, three samples of listvenite were selected for further
analysis: sample CM-6 (brecciated texture) and samples CM-27
and CM-56, also named DRX14 (non-brecciated texture); these
were analyzed at the UNAM labs, and sample CM-3 was selec-
ted for XRF and analyzed at the Gmas labs (code name CM-14).
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Figure 2. Listvenites outcrops at Pit-1 of Cerro Matoso

a) Western orientation of the main fractures presented by the listvenites (varieties A and B). Variety A presents a complex vein pattern on top of the green sapro-
lite. Variety B, with a dark purple color, has lenses with or without silica/siderite veins. b) Black conglomeratic mudstone (BCM) overlying listvenites. c) Altered
peridotites underlying a listvenite cap (Bench level 49 of Pit-1; outcrop is 8 m high). A purple color is also observed with bronze tones, typical of listvenites when
dry (Bench level 56 of Pit-1; outcrop is 7 m high).
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Figure 3. Hand samples collected from the Cerro Matoso deposit at Pit-1
a-c, f) Listvenite variety A is characterized by brecciated textures with high silica/siderite vein content. In some cases, listvenite was fractured into angular clasts

several mm to 20 cm in size and cemented by quartz veins. d-e) Listvenite variety B is characterized by a purple color. g) Low-Mg green saprolite. h) High-Mg green
saprolite. 1) Saprolitized peridotite. j) Magnesite and silica veins in peridotite. k) Fresh peridotite. 1) Serpentinized peridotite.
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Selected samples for bulk-rock mineralogical analysis
were ground with an agate mortar and pestle to >200 um and
mounted in aluminum holders for X-ray powder diffraction
analysis following the standard XRD procedures (Brindley and
Brown, 1980; Moore and Reynolds, 1997). Measurements were
made using an EMPYREAN diffractometer at the Instituto de
Geologia LANGEM, Universidad Nacional Auténoma de Méx-
ico and Gmas labs in Bogota. The equipment was operated with
an accelerating voltage of 45 kV and a probe current of 40 mA
using CoKa radiation (cobalt tube) without a monochroma-
tor and iron filter in the incident optics of the equipment. The
detector used is of solid state (PIXCel 3D). The preparations
were measured over a 20 angle range of 5-80° (air-dried) and
5-40° (glycolated and heated) in steps of 0.003° and 40 second
integration time. Peak positions were standardized against the
quartz 100 peak of relative intensity taken at 4.26 A. The data-
bases used for identification were the Inorganic Crystal Struc-
ture database (ICCD, V2016) and the International Center for
Diffraction Data (ICDD). Phase identification and quantifica-
tion by the Rietveld refinement method were performed with
a PDF-2 database using HighScore 7 V4.5 software. Relevant
data from the diffractometer used in the refinement are shown
in Table 1. The refined specimen-dependent parameters in-
cluded zero error, displacement error, polynomial fitting for
the background with six coefficients, cell parameters, crystallite
size, atomic coordinates, and isotropic temperature factors. The
GOF (goodness of fit) values show the fit between the Rietveld
refinement and the experimental profile.

Table 1. Data from the diffractometer used in the refinement

Geometry Bragg-Brentano
Goniometer Radius 220 mm
Radiation Source Cola
Generator 45 kV, 40 mA
Tube Fine Focus
Divergence Slit 1/2° (fixed)

Soller Slits 0.04° (incident and diffracted beam)

Incident Beam Optics Parallel Mirror

Filter Iron Filter
Detector Solid State (PIXcel 3D)
Step Size 0.002°

Integration Time 40s

The composition of major elements was obtained by X-ray
fluorescence (XRF) in fused LiBO,/Li,B,O, disks using a
Bruker_S4_Explorer X-ray fluorescence spectrometer with a
Rh-anode X-ray tube as a radiation source in the Gmas labs in

Bogota. Semiquantitative and quantitative analyses were per-
formed using the QUANT-EXPRESS method (fundamental
parameters; He, 1991) based on the certified USGS standard
samples AGV1, BCR2, DST2, QLO1, G2 and W2A, with which
the equipment is calibrated. Chemical composition of carbona-
tes and oxides in the listvenite carbon-coated thin section were
analyzed under energy dispersive spectroscopy (EDS), wave-
length dispersion spectrometry (WDS) and X-ray spectroscopy
(XRD) with an electronic probe microanalyzer (EPMA) JEOL
JXA-8900XR and an SEM model JSM-6300 (both from the
Instituto de Geologia - UNAM) operated at 15 kV accelerating
voltage. Measurements were performed on different minerals
of the sample, and the compositions were obtained from diffe-
rent points on each mineral (i.e., siderite: 12 points, magnetite:
7 points, spinel: 6 points, and orthopyroxene: 6 points) to deter-
mine their usual chemical composition. The textural classifica-
tion of the quartz considered the quartz type and the individual
grain size as well as its crystal shapes and textures and the way
the quartz related to the surrounding rock (Demoustier, 1995;
Demoustier and Castroviejo, 1997; Demoustier et al., 1998).

4. ResuLts

4.1 Listvenite mineralogy and petrography

Listvenite A corresponds principally to the matrix-supported
brecciated textures with quartz + siderite + serpentine + goe-
thite assemblages; zonate microcrystalline coarse quartz (Qvxg)
(<10 mm) crystallized into posthumous cavities in symmetric
and radiated plumose textures. Microcrystalline fine quartz
(Qvxf) (0.1-1 mm) is usually crystallized in the inner parts of
plumose textures. Siderite (Sid) is present in zonate textures
and works as cement with quartz. Serpentine (Ser) and goethite
(Go) are products of peridotite alteration. A massive replace-
ment quartz (QeM) in the housing rock forms heterogeneous
angular and subangular fragments in breccia samples CM3 and
CM?7 (Figure 4a-4e). Listvenites of type A are characterized by
their siderite + quartz vein systems in the field.

Listvenite B consists mainly of smectite with goe-
thite and siderite and relic spinel. The smectite is non-
tronite. Siderite occurs as subhedral crystals with high
birefringence. Goethite occurs as opaque earthy black ag-
gregates, usually in fissures and with magnetite. Relic su-
bangular olivines with blueish to purple colors are scarce.
The light green yellowish fibrous crystals are phyllosilicates
(Figure 4f).
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Figure 4. Listvenite thin sections

aand b) Listvenite A. Association of quartz + siderite + green serpentine (Ser) + quartz (Q)+ reddish goethite (Go). Posthumous cavities filled with thick micro-
crystalline quartz (Qvxg) in a symmetric feathery structure and radially zoned on the edges with fine microcrystalline quartz inside (Qvxf). Samples CM3_np_10x
and nc. ¢) Listvenite A. Fine microcrystalline quartz (Qvxf) and siderite (Sid) as cement surrounded by goethite and serpentine (Ser). Sample CM3_nc_10x. d)
Listvenite A. Detail of the feathery texture and zoned texture with siderite (Sid) on the edge of thick microcrystalline quartz (Qvxg). Fine microcrystalline quartz
(Qvxf) with puzzled texture surrounded by smectite (Sm) and goethite (Go). Sample CM3_nc_20x. e) Brecciated matrix-supported texture with quartz and
massive replacement of the host rock (QeM) forming fragments of heterogeneous subhedral to anhedral quartz with impure edges, siderite (Sid) as cement and
micro veins of quartz (Q). Sample CM3_nc_40x. f) Listvenite B. Association of serpentine (Ser) + goethite (Go) +/- siderite (Sid), with euhedral spinels (Sp) as
accessories. Sample CM27_nc_10x.
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4.2 XRD Diffractometry

XRD for fractions >200 um indicate siderite and phyllosilicates
as the common minerals. In sample CM-56, siderite (5.7%),
goethite (3.6%) and phyllosilicates 15 A pbb-type smectite
(90.7%) are the principal components. A more suitable smec-
tite with a 15 A peak was identified by the Green-Kelly test as
nontronite (Sumicol, 2002). Sample CM-3 consists of quartz,
siderite, goethite and phyllosilicates (serpentine). Sample
CM-6 is composed of quartz, siderite, goethite, magnetite and
phyllosilicates (serpentine) (Figure 5).

4.3 Electron microscopy

Sample CM-56 was analyzed under a scanning electron mi-
croscope. Cr-spinel relicts are very fractured and surrounded
by Mn-siderite + smectite (Figure 6a and b). In Figure 6¢, si-
derite occurs as subhedral to anhedral crystals in a neoblastic
texture. Magnetite is tabular and appears in smaller amounts,
typically < 5 vol. Orthopyroxene relics with border alteration
of serpentine are commonly rimmed by magnetite (Figure 6d).
In general, the dominant phase is smectite, which replaces ser-
pentine. Olivine relics are also present in minor amounts as
anhedral crystals.

fo)

Counts

(mgCa)

4.4 Geochemistry

4.4.1 Major oxides

Geochemical analyses of sample CM-56 are shown in Table 2.
For comparison, four representative analyses of listvenites, na-
med “tachylites,” from the Cerro Matoso open pit mine are also
provided; all samples were collected from Pit-1. Listvenites
contain silica between 27.5 and 65.3 wt% and Fe between 21.5
and 61.8 wt%, which are their principal components. Al O,
(2.7 to 6.5 wt%) and Mg (<3.7 wt%) are low, resulting in lower
MgO/SiO, ratios (0.02-0.46 wt%). The Ni content is between
1.6. and 6.1 wt%.

4.4.2 Microprobe chemical composition of siderite

The chemical composition (wds/eds) of siderite in the listve-
nite sample CM-56 indicates carbonates with high Fe content
(33%) and Mn (12%) content and low contents of Mg and Ca
(<1%) for 12 analyses. Normalizing these data for carbonates
shows a considerable amount of MnCO, (11-39.2 mole%) (Ta-
ble 3). Spinels that occur as small undeformed grains (0.1-0.3
mm) generally show pitted dissolution textures (Figure 6a)
with Fe (17.6%) and Mg (14%) as the principal components.
The composition of magnetite crystals reaches 83.2% Fe.
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Figure 5. XRD diffractograms

XRD for fractions (>200 microns). Sample CM-3 contains the following: quartz (Qz), siderite (Sid), goethite (Go) and phyllosilicates (Phy). Sample CM-6 is com-
posed of quartz, siderite, goethite, magnetite (Mt) and phyllosilicates. Sample CM-56 contains siderite, goethite and phyllosilicates.
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Figure 6. Scanning electron microscope analysis of the listvenite components in detail

a) Neoblastic texture of listvenite composed of smectite (Sm) and Mn-siderite (Mn-Sid) surrounding a euhedral Cr-spinel (Sp) fractured crystal that is partially
altered. b) Smectite (Sm) and Mn-siderite (Mn-Sid) surrounded by Cr-spinel (Sp) euhedral crystals, magnetite (Mt), and olivine (Ol), which are accessories.
¢) Fractured smectite (Sm) with a substantial amount of siderite (Sid). d) Orthopyroxene (opx) altered to serpentine surrounded by smectite (Sm) and euhedral
crystals of magnetite (Mt).
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Table 2. Listvenites chemical composition in wt%

wt (%)
Name - . - Mg0/sio, Sample ID
Sio, ALO, Fe,0, Mgo Ca0 MnO Tio, Ni

Listwaenite 27.54 4.2 61.8 2.3 0.2 0.8 0.05 0.086 CM-14
Tachylite 28 6.5 449 3.0 0.0 0.3 0.07 2.6 0.109 Gleeson et al. (2004)
Tachylite 37.1 3.8 25.2 17.4 0.2 0.1 <0.01 4.2 0.469 Gleeson et al. (2004)
Tachylite 53.1 2.9 229 37 0.1 1.6 <0.01 6.1 0.069 Gleeson et al. (2004)
Tachylite 65.3 2.7 215 18 <0.01 0.3 <0.01 1.6 0.027 Gleeson et al. (2004)
Peridotite 41.2 0.3 9 42.6 0.2 0.1 <0.01 0.2 1.033 Gleeson et al. (2004)
Peridotite 42 0.3 9 419 0.3 0.1 <0.01 0.2 0.997 Gleeson et al. (2004)
Peridotite 43.8 0.4 9.1 42.1 0.4 0.1 <0.01 0.2 0.962 Gleeson et al. (2004)
Tachylite A 42.8 3.4 28.4 4.1 0.5 0.4 N.D. 18 0.098 Sumicol (2002)
Tachylite B 39.5 2.2 34.3 1.0 0.3 13 N.D. 15 0.027 Sumicol (2002)

Comparation between listvenite (sample CM-56, XRF) and “tachylites” (ICP-AES) composition, data from Sumicol (2002) and Gleeson et al. (2004), both of which

are given in wt%.

Table 3. Microprobe mean chemical composition of Mn-siderite in the Cerro Matoso listvenite sample CM-56.

Chemical composition of Mn-siderite in CM listvenites

wt % K,0 Na,0 MnO Sr0
Mean 0.01 0.09 12.44 0.01
Desv 0.01 0-04 3.90 0.01
mole % K,CO, Na,CO, MnCO, SrCOo,
Mean 0.02 0.42 26.85 0.01
Desv 0.03 0.19 9.33 0.01

Ca0
0.16
0.06
Caco,
0.43
0.19

MgOo FeO BaO co, Total
0.97 33.00 0.01 29.18 75.86
0.28 6.82 0.02 1.77 4.77
MgCO, FeCO, BaCo, Total

3.64 68.63 0.01 100.00

1.09 10.10 0.02 100.00

Mn-siderite: 12 points analyzed

5. DiscussioN

The term listvenite has been used to principally describe
the assemblage of carbonate + silica as the product of carbo-
nation in mantle rocks (Buisson and Leblanc, 1987; Leblanc,
1991; Halls and Zhao, 1995; Nasir et al., 2007; Kelemen and
Matter 2008; Bucher and Stober, 2019) but also in metamor-
phosed rocks (e.g., amphibole-bearing listvenites, Nosouhian
et al., 2016). Listvenites can be classified based on their SiO,
content as silica, silica-carbonate, and carbonate listvenites
(e.g., Nasir et al.,, 2007; Aftabi and Zarrinkoub, 2013; Azer,
2013;) with mineralogical compositions similar to those de-
scribed by Ucurum (2000) with the assemblage of quartz + cal-
cite + dolomite + ankerite + magnesite as major rock-forming
minerals in silica-carbonate listvenites (Type I) and carbonate
listvenite (Type II) composed of calcite + dolomite + anker-
ite with only trace amounts of quartz and magnesite; or with
the assemblage of quartz + calcite + magnetite + goethite +
hematite + talc + ankerite (e.g., listvenites in Turkey; Central
Eastern Desert, Egypt; Tavreh mercury prospect, northwestern

Iran; Sartohay ophiolitic mélange, Xinjiang, NW China; and
Semail Ophiolite, Oman). At Cerro Matoso, on the contrary,
listvenites are composed of siderite + phyllosilicates and can ei-
ther be accompanied by quartz or not accompanied by quartz.
Commonly, the siderite is a Mn-siderite.

The Mn-carbonate in listvenites could be formed by repla-
cing calcium carbonate with CO, derived from hydrothermal
fluids, as suggested by Zierbeng and Shanks (1988). Further-
more, Mn enrichment has been associated with hydrothermal
systems, hydrothermal deposits and hydrothermal sulfides
(e.g., Von Damm, 1995; Dekov et al., 2004; Taitel-Goldman
et al., 2008). Siderite and Mn-siderite crystallize better under
reducing conditions of high CO, and partial pressure and at
elevated dissolved iron or manganese concentrations. Never-
theless, additional chemical and geochemical analysis of the
Mn-siderite at Cerro Matoso is necessary to confirm this for-
mation mechanism.

The Mn-siderite in the type B listvenites (CM-56) confor-
ms to a neoblastic texture with spinels and smectite instead
of forming veins or filling fractures and is likely a product of
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metasomatic alteration. Additionally, type A listvenites (CM-
3, CM-4, CM-6, CM-7) with siderite and quartz forming vein
systems indicate a pattern of fluid flow into the rocks.

Supported matrix breccia textures reflect the intensity of
fracturing and hydrothermal vein fills and therefore the acti-
vity of fluids in the host rock. On the other hand, modified
(QeM) and recrystallization textures (e.g., feathery texture)
represent different hydrothermal phases or changes in the
fluid conditions that allow morphological evolution of quartz,
which, according to the presence of zoning textures, reflects
abrupt changes in fluids and very advanced recrystallization
processes.

In Cerro Matoso peridotites, weathering developed a
complete laterite profile with complex silica vein stockwork
at different topographic levels. It is commonly admitted that
weathering of mantle peridotites tectonically exposed to the
atmosphere commonly leads to natural carbonation processes
through a mechanism that involves the infiltration of meteo-
ric waters enriched in dissolved atmospheric CO,. Mg and Si
commonly released during the laterization of peridotites are
usually represented by extensive cryptocrystalline silica/mag-
nesite veins and widespread stockwork in the laterite profile,
similar to the lowest area of Pit-1 in Cerro Matoso or in the
New Caledonia ophiolites (Ulrich et al., 2014).

Based on field and textural observations at Bench level 42
and uppers, the carbonation of peridotites at Cerro Matoso must
have gone through two stages to form the two types of listvenites
that are associated with fracture zones, which act as pathways
for altering and mineralizing fluids (e.g., Ucurum and Larson,
1999; Tsikouras et al., 2006). As suggested by Ucurum (2000),
silica-carbonate listvenite is an early alteration product and is
followed by non-quartz listvenites, which are formed as a final
product from the alteration. The first stage produces a silica/car-
bonate vein system with brecciated textures affecting the type A
listvenites at Cerro Matoso, and later the type B listvenites must
have been formed. Listvenites of type A and B were apparently
contemporaneous with the emplacement of the mantle section
into the oceanic lithosphere, according to field relations. Abun-
dant quartz veins (1 cm to 0.3 m wide) generated along fault zo-
nes with a regular pattern appear to have formed simultaneously
with or slightly later than the listvenite. The most characteristic
feature of listvenites is their relative resistance against weathe-
ring compared with the surrounding rocks.

The high silica content (65%) in the samples of listvenites
(i.e., tachylites from Gleeson et al., 2004) compared with their
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possible precursors (peridotite, 45%) suggest an extra SiO,
input in a metasomatic system. Additionally, it is associated
with the intense quartz vein system pattern at the Cerro Ma-
toso outcrops. Listvenites without quartz represent a second
stage of metasomatic alteration. The latter are named carbo-
nate listvenites (Type II) by Ucurum (2000), while those with
quartz are named silica-carbonate listvenites (Type I) in the
Karakuz area in Turkey. The lower content of SiO, in listvenite
B (sample CM-3) (Table 2), although not identified by XRD, is
part of the silica in phyllosilicates. This makes sense because
silica is more soluble at higher pH levels, a setting that makes
the formation of siderite favorable. This suggests that the hy-
drothermal solution to form the listvenites at Cerro Matoso
was characterized by low to moderate temperatures under a
reduced environment instead of an oxidized environment or
supergene.

Although Barnes et al. (1973) suggest that in a supergene
listvenitization, the amount of carbonate, silica, and the pH of
the groundwaters favor the precipitation and recrystallization
of carbonate and/or silica after or coincident with dissolution
to create carbonated and/or silicified peridotites, Nasir et al.
(2007) suggest that this process is more efficient with hydro-
thermal fluids at alkaline pHs. Stanger (1985) indicates that
silicification of listvenites is a low-temperature chemical repla-
cement feature and not a weathering phenomenon, although
some effects leading to the formation of listvenite are aqueous
precipitates from bicarbonate-rich groundwaters (Neal and
Stanger, 1984, 1985; Stanger and Neal, 1984; Stanger, 1985).

However, the details about the petrogenesis of listvenites
at Cerro Matoso are complicated and still not clearly defined,
although fluids required for listvenitization will probably be
related to low temperature hydrothermal systems of Type II
(Kelley and Shank, 2010) in Castrillén (2019).

A low-temperature, alkaline, and highly reduced fluid, pro-
bably drained from serpentinite, could favor siderite formation
instead of another carbonate. The low silica content (27-65%)
compared with that of other listvenites (e.g., 85-92% in Kora-
cakaya, Turkey; 81-83%, in the Iti ophiolite, Greece) also sug-
gests that these rocks were affected by hydrothermal systems,
increasing silica content in some cases (i.e., near veins) or re-
ducing it in others. In the latter case, the possibility is that sili-
ca will dissolve from serpentinite and/or harzburgite into the
hydrothermal fluid during the formation of type B listvenites
and will be taken from the system by the remaining silica-rich
fluid in a high-pH and low-temperature environment. This is
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possible because silica is more soluble at high pH levels (>9)
and could therefore indicate which listvenite is formed first.

Hydrothermal fluids apparently induced alteration of
Cr-spinel to siderite. This fluid allowed an intense water-rock
interaction resulting in carbonation, partial silicification, and
less serpentinization of the peridotite (Nasir et al., 2007). The
intensity of the alteration at the local level varies from small ve-
ins of carbonate and quartz to complex stockwork systems that
replace the original structure of the rock. These vein structures
can also be precipitated by weathering. To clarify this point,
isotope analyses of siderite would be useful. Meanwhile, it is
clear that listvenite lenses in Cerro Matoso can reach 20 m of
thickness, can vary from a few meters to 200 m, and can verti-
cally grade to the serpentinized harzburgites from which they
were derived; these harzburgites had also suffered an intense
supergene weathering process, which converted peridotites
into green saprolites that also present siderite (Sumicol, 2002).

High Cr and Ni contents and the occurrence of Cr-spinel
plus Mn-carbonate, olivine, and orthopyroxene relics indicate
an ultramafic protolith for the Cerro Matoso listvenites. Ucu-
rum (2000) indicates that elements such as As, Ba, Cr and Ni
are more enriched in silicate-carbonate listvenites that were
probably controlled by the amount and the presence of silica,
which creates an increase in their concentration compared
with the serpentinites’ Co, Cr and Ni content. In this sense, Ni
grades (reaching 6.1 wt%) of listvenites at Cerro Matoso could
be associated with hydrothermal alteration of peridotites, as
also happened for Co, Hg and Au, (Koc and Kadiglu, 1996)
or for Ni, Mn, Pb, Co and SiO, (Aydal, 1990), rather than a
supergene origin.

Differences in the amounts of Fe,0,, SiO, and MgO in the
listvenites (A and B, Table 2) suggest differences in the alte-
ration, intensity or composition of the protolith and/or the
chemistry of the ancient hydrothermal fluids affecting the pe-
ridotites. High concentrations of Fe-Mn in the fluids should
have favored the formation of siderite and Mn-siderite. Once
exposed to supergene weathering conditions (since the Eoce-
ne), the chemistry of listvenites was possibly affected as well.

The difference of the presence of siderite instead of other
carbonates in the Cerro Matoso listvenites may be because they
are derived from fresh ultramafic rocks, such as those reported
in Central Euboea, Greece (Capedri and Rossi, 1973). Listve-
nites generally comprise part of the hydrothermal transforma-
tion of ophiolitic meldnges that contain a chaotic accumulation
of harzburgite, lherzolite, dunite, chromitite, gabbro, diabase,

basalt, tuff, and chert blocks (e.g., serpentinite bodies in the
Divrigi and Kuluncan ophiolitic mélange, Turkey [Ucurum,
2000]; Sartohay ophiolitic mélange in west Junggar, Xinjiang,
China [Qiu and Zhu, 2015, 2018]), which can contribute to
the amount of carbonates it contains. The Egyptian ophiolites
are described as variably dismembered, deformed, altered,
and metamorphosed peridotites due to serpentinization and
interaction with a large flux of CO,-bearing fluids (Gahlan et
al., 2018) that led to the formation of various types of carbon-
ate-bearing meta-ultramafics, but also were tectonically incor-
porated in a mélange with metasediments and metavolcani-
clastics (Gahlan et al., 2018). Siderite deposits are reported at
the contact between Caltu ultramafic rock and the Buldudere
Formation in the Kuluncak ophiolite mélange (Ucurum, 2000).

According to Kashahi and Allakverdiev (1965), listvenites
are formed, with a few exceptions, by the metasomatic/hydro-
thermal alterations of serpentine to evolve as products in two
successive stages of the same process: the serpentinization of
ultrabasites followed by metasomatic alteration. Similarly, Ucu-
rum (2000) shows that listvenite is formed later than serpen-
tinization and is superimposed on earlier serpentinite, which
means that lisvenitization occurs by metasomatism of weakly
serpentinized or completely serpentinized mafic minerals.

A fossilized Type II hydrothermal system (Kelly and Shank,
2010) was proposed as part of the geological history of Cerro
Matoso (Castrillén, 2019) based on the isotope composition
in bulk samples in black conglomeratic mudstone (BCM)
overlying listvenites. Although negative §"°C (-21.6 to -8.1%o
V-PDB) values are compatible with meteoric waters, §'30 (25.1
to 29.8 %o V-SMOW) values indicate a low-temperature hy-
drothermal/diagenetic system and could only be explained by
oxidation of methane processes. It is possible that hydrother-
mal fluid activity metasomatized the Cerro Matoso peridotites.
According to information from a hole drilled at Pit-1 (Figure
1), listvenites have always been associated with BCM; unfor-
tunately, some rocks with a similar chemical composition to
listvenites were assigned the same name (i.e., tachylites by the
mine geologists), and later, they were identified as marine sedi-
ments, generating confusion about the origin of both.

The §'°0 values at Cerro Matoso differ from the isotopic
composition values of typical smectites of weathered clays
(Savin and Epstein, 1970), which are consistent with §'8O val-
ues (20.3 to 24.3 %o SMOW) in nickel smectites in Murrin
Murrin, Western Australia (Gaudin et al., 2005), and represent
water-rock interactions at low temperatures by the contact of
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meteoric fluid during mineral leaching processes in which lat-
erites are formed. These 80 isotope values in siderite form
the BCM 1II facies, and some intraclasts indicate temperatures
over 90°C that can be associated with diagenetic/hydrothermal
fluids. These values are similar in temperature to the calcula-
tion from the 8O content of carbonate of silica-carbonate al-
teration (between 56°C and 163°C) of the Cretaceous ophiolite
at Narman (Ucurum, 2000).

Most likely, as suggested (Kim et al., 2007), the slight di-
fference of 0.00042 at 75°C in the fractionation factor between
aragonite (A = 1.00856) and siderite (A = 1.00898) permitted
the siderite to replace the original carbonate, inheriting its
isotopic composition; however, according to Rosenbaum and
Sheppard (1986), the minimal difference of 0.0002 at 100°C
in the fractionation factor between ankerite (A = 1.00901) and
siderite (A = 1.00881) could make it possible that siderite re-
places ankerite, inheriting its isotopic composition. This would
explain the presence of siderite instead of another carbonate
in listvenites. Zheng (1998) also suggests that carbonates may
prefer to be formed in the first state of crystallization of CaCO,
and subsequently converted to another carbonate without
isotopic reset.

Some ultramafic bodies in western Colombia have been as-
sociated with Pacific oceanic crust (Pindell and Barrett, 1990;
Pindell and Kennan, 2009), as is the case for Cerro Matoso
peridotites, where listvenites could have been formed in the
oceanic domain in a pre- or syn-obduction context similar to
the one suggested by Kishida and Kerrich (1987), Buisson and
Leblanc (1987), Auclair et al. (1993) or Tsikouras et al. (2006),
and would be the unusual expression of metasomatism in the
ocean floor. Nevertheless, Nasir et al. (2007) suggest that the
metasomatism process can take place either while an ophioli-
te is part of the oceanic lithosphere or during its detachment
from it and be reflected along major thrust and fracture zones
where the metasomatic alteration of the peridotite is more in-
tense and complete.

Specifically, in an oceanic geological setting where the
ophiolites are exposed at the seafloor, the peridotites under-
go serpentinization reactions, and it is very possible that Type
IT hydrothermal systems (Kelley and Shanks, 2010) have been
hosted in peridotites (e.g., Logatchev and Rainbow at the
Mid-Atlantic Ridge). The additional geological setting, inclu-
ding the hydrothermal system hosted by the Cerro Matoso pe-
ridotites, in an ancient mid-oceanic ridge far west of its present
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location could have originated the metasomatic alteration of
peridotites, and listvenites would be proof of that. After being
accreted during the Cretaceous to the continent and strongly
affected by weathering and mineral leaching processes since
the late Eocene (Lopez-Rendon, 1986), all of the rocks at Cerro
Matoso changed chemically and physically, probably confusing
the origins of some of them (i.e., black conglomeratic mudsto-
ne and listvenites).

6. CONCLUSIONS

The previously described unit has been defined since the end
of the 20th century by geologists at Cerro Matoso S.A. (today,
South32) as “tachylite”, and it has been mineralogically and
chemically described in studies by Sumicol (2002) and Glee-
son et al. (2004), among others. Now, the term “listvenite” is
assigned to this unit, meaning, in a broad sense, a product of
siliceous-carbonated alteration of serpentinized ultramafic
protolith by hydrothermal fluids.

The listvenite bodies at Cerro Matoso present a WNW-ESE
orientation can be associated with fault zones through which
hydrothermal fluids could have affected the original protolith
(i.e., variably serpentinized harzburgite), altering the perido-
tite composition to produce an assemblage of Mn-siderite (12
wt%, MnO) +/- quartz, accompanied by nontronite, serpentine
(lizardite * chrysotile), goethite, and magnetite, with Cr-spinel
relicts, olivine and orthopyroxene.

Field relations and textural evidence along with the occu-
rrence of Cr-spinel relics suggest a hydrothermal metasoma-
tism process that occurred before the supergene weathering
of peridotite (of harzburgitic origin), perhaps during serpen-
tinization processes once the Cerro Matoso peridotites were
exposed in the ocean deep.

ACKNOWLEDGMENTS

This article is part of the doctoral thesis of Andrés Castrillon,
who gives thanks for a grant from Colciencias (Scholarship
647, National Doctorate) and Universidad Nacional de Co-
lombia. This work was also possible thanks to the support of
Dr. Vanessa Cole from the Universidad Nacional Auténoma
de México and their team at the Instituto de Geologia. Special
acknowledgments go to the Cerro Matoso S.A. company for
allowing the development of this research.



Listvenites: new insights of a hydrothermal system fossilized in Cerro Matoso peridotites, Montelibano, Cérdoba Department, Colombia

References

Abuamarah, B. A. (2020). Geochemistry and fore-arc evo-
lution of upper mantle peridotites in the Cryogenian Bir
Umgq ophiolite, Arabian Shield, Saudi Arabia. International
Geology Review, 62(5), 630-648. https://doi.org/10.1080/00
206814.2019.1652942

Aftabi, A., & Zarrinkoub, M. H. (2013). Petrogeochemistry of
listvenite association in metaophiolites of Sahlabad region,
eastern Iran: Implications for possible epigenetic Cu-Au
ore exploration in metaophiolites. Lithos, 156-159, 186-
203. https://doi.org/10.1016/j.]ith0s.2012.11.006

Ash, C. H., & Arksey, R. L. (1991). The listwaenites-lode gold
association in British Columbia. Geological Fieldwork 1989,
paper 1990-1991.

Ash, C. H. (2001). Relationship between ophiolites and gold-
quartz veins in the North American Cordillera. Bulletin 108.
British Columbia, Ministry of Energy and Mines.

Auclair, M., Gauthier, M., Trottier, J., Jébrak, M., & Chartrand,
E (1993). Mineralogy, geochemistry, and paragenesis of the
Eastern Metals serpentinite-associated Ni-Cu-Zn deposit,
Quebec Appalachians. Economic Geology, 88(1), 123-138.
https://doi.org/10.2113/gsecongeo.88.1.123

Aydal, D. (1989). Gold-bearing listwanites in Arac Massif,
Kastamonu, Turkey. Terra Nova, 2(1), 43-52. https://doi.
org/10.1111/j.1365-3121.1990.tb00035.x

Azer, M. K. (2013). Evolution and economic significance of
listwaenites associated with Neoproterozoic ophiolites in
South Eastern Desert, Egypt. Geologica Acta, 11(1), 113-
128. https://doi.org/10.1344/105.000001777

Barnes, I., O’Neil, J. R., Rapp, J. B., & White, D. E. (1973). Sili-
ca-carbonate alteration of serpentine: wall rock alterations
in mercury deposits of the California Coast Ranges. Eco-
nomic Geology, 68(3), 388-398. https://doi.org/10.2113/
gsecongeo.68.3.388

Barrero, D. (1974). Metamorfismo regional en el Occidente Co-
lombiano. Simposio sobre ofiolitas Medellin, Colombia,
Medellin.

Bates, R., & Jackson, J. (1987). Glossary of Geology (Third Ed.).
American Geological Institute.

Boskabadi, A., Pitcairn, I. K., Broman, C., Boyce, A., Teagle, D.
A. H., Cooper, M. J., Azer, M. K., Mohamed, E H., Stern,
R. J., & Majka, J. (2017). Carbonate alteration of ophioli-
tic rocks in the Arabian-Nubian Shield of Egypt: sources
and compositions of the carbonating fluid and implications
for the formation of Au deposits. International Geology

Review, 59(4), 391-419. https://doi.org/10.1080/00206814.
2016.1227281

Bucher, K., & Stober, I. (2019). Interaction of Mantle Rocks
with Crustal Fluids: Sagvandites of the Scandinavian Ca-
ledonides. Journal of Earth Science, 30, 1084-1094. https://
doi.org/10.1007/s12583-019-1257-2

Buisson, G., & Leblanc, M. (1987). Gold in mantle peridoti-
tes from Upper Proterozoic ophiolites in Arabia, Mali, and
Morocco. Economic Geology, 82(8), 2092-2097. https://doi.
org/10.2113/gsecongeo.82.8.2091

Capedri, S., & Rossi, A. (1973). Conditions governing the for-
mation of ophicalcites and listwaenites (Central Euboea/
Greece). Bulletin of Geological Society of Greece, 10(2), pp.
78-297.

Castrillon, A. (2013). Determinacion de las estructuras tubu-
lares presentes en el Pit 6 en el depdsito lateritico de niquel
de Cerro Matoso (Master thesis). Universidad Nacional de
Colombia.

Castrillon, A. (2019). Carbonatos y otros minerales autigénicos
asociados a las lateritas niqueliferas de Cerro Matoso y su po-
sible relacion con actividad hidrotermal y reduccién de sulfatos
(Doctoral Thesis) Universidad Nacional de Colombia.

Dekov, V. M., & Savelli, C. (2004). Hydrothermal activity in the
SE Tyrrhenian Sea: an overview of 30 years of research. Ma-
rine Geology, 204(1-2), 161-185. https://doi.org/10.1016/
S0025-3227(03)00355-4

Demoustier, A. (1995). Contribution ala caractérisation des
quartz auriferes de la région de Cabo de Gata, province
dAlmeria, Espagne. Pétrographie-thermoluminescence-in-
clu-sions fluides. Travail de fin détudes, Faculté Polytech-
nique de Mons.

Demoustier, A., & Castroviejo, R. (1997). Fluid inclusion
characterization of the Carneros epithermal ores (Cabo de
Gata, Almeria, SE Spain): preliminary results. XIV ECROFI
(European Current Research on Fluid Inclusions), Nancy,
France.

Demoustier, A., Castroviejo, R., & Charlett, J. M. (1998). Cla-
sificacion textural del cuarzo epitermal (Au-Ag) de relleno
filoniano del area volcanica de Cabo de Gata, Almeria. Bo-
letin Geoldgico y Minero, 109(5-6), 449-468.

Gahlan, H. A., Azer, M. K., & Asimow, P. D. (2018). On the
relative timing of listwaenite formation and chromian spi-
nel equilibration in serpentinites. American Mineralogist,
103(7), 1087-1102. https://doi.org/10.2138/am-2018-6473

Servicio Geolégico Colombiano

81


https://doi.org/10.1080/00206814.2019.1652942
https://doi.org/10.1080/00206814.2019.1652942
https://doi.org/10.1016/j.lithos.2012.11.006
https://doi.org/10.2113/gsecongeo.88.1.123
https://doi.org/10.1111/j.1365-3121.1990.tb00035.x
https://doi.org/10.1111/j.1365-3121.1990.tb00035.x
https://doi.org/10.1344/105.000001777
https://doi.org/10.2113/gsecongeo.68.3.388
https://doi.org/10.2113/gsecongeo.68.3.388
https://doi.org/10.1080/00206814.2016.1227281
https://doi.org/10.1080/00206814.2016.1227281
https://doi.org/10.1007/s12583-019-1257-2
https://doi.org/10.1007/s12583-019-1257-2
https://doi.org/10.2113/gsecongeo.82.8.2091
https://doi.org/10.2113/gsecongeo.82.8.2091
https://doi.org/10.1016/S0025-3227(03)00355-4
https://doi.org/10.1016/S0025-3227(03)00355-4
https://doi.org/10.2138/am-2018-6473

82

Castrillén / Guerrero

Gaudin, A., Decarreau, A., Noack, Y., & Grauby, O. (2005).
Clay mineralogy of the nickel laterite ore developed from
serpentinised peridotites at Murrin Murrin, Western Aus-
tralia. Australian Journal of Earth Sciences, 52(2), 231-241.
https://doi.org/10.1080/08120090500139406

Gleeson, S., Herrington, R., Durango, J., & Velazquez, C. (2004).
The Mineralogy and Geochemistry of the Cerro Matoso
S.A. Ni Laterite Deposit, Montelibano, Cérdoba. Economic
Geology, 99(6), 1197-1213. https://doi.org/10.2113/gsecon-
g€0.99.6.1197

Gongalves, C., Fabris, J., & Pacheco Serrano, W. (1999). Chem-
ical and mineralogical analyses of a weathering mantle de-
veloping on peridotite of the mining area for nickel in Cer-
ro Matoso, Colombia. Hyperfine Interactions, 122, 171-176.
https://doi.org/10.1023/A:1012658009195

Halls, C., & Zhao, R. (1995). Listvenite and related rocks: pers-
pectives on terminology and mineralogy with reference
to an occurrence at Cregganbaun, Co. Mayo, Republic of
Ireland. Mineralium Deposita, 30(3-4), 303-313. https://doi.
org/10.1007/BF00196366

Imamalipour, A., Karimlou, M., & Hajalilo, B. (2018). Geoche-
mical zonality coefficients in the primary halo of Tavreh
mercury prospect, northwestern Iran: implications for
exploration of listwaenitic type mercury deposits. Geoche-
mistry: Exploration, Environment, Analysis, 19(4), 347-357.
https://doi.org/10.1144/geochem2018-048

Jutras, J., & Geol, P. (2002). Ultramafic nickel-bearing magmas
of the Nadaleen river area (106C/3) and associated listwae-
nites: new exploration targets in Mayo Mining District,
Yukon. In D. Emond, & L. Lewis, Exploration and Geolo-
gical Service Division, Yukon Region, Indian and Northerb
Affairs, Canada. Manson Creek Resources Ltda.

Kashkai, M., & Allakverdiev, S. (1965). Listwaenites, their ori-
gin and classification. (U. G. Survey, Ed.) Baku, Izdat. Akad,
Nauk Azerbaidzhanskoi: Translated by Vi-taliano, D.B.

Kelemen, P. B., & Matter, J. M. (2008). In situ carbonation of
peridotite for CO, storage. PNAS, 105(45), 17295-17300.
https://doi.org/10.1073/pnas.0805794105

Kelley, D. S., & Shank, T. M. (2010). Hydrothermal systems:
a decade of discovery in slow spreading environments. In
Pa. Rona, C.w. Devey, J. Dyment, & B.j. Murton (Eds.), Di-
versity Of Hydrothermal Systems On Slow-Spreading Ocean
Ridges. Agu Geophysical Monograph Series. https://Doi.
0rg/10.1029/2010Gm000945

Boletin Geoldgico 47

Kim, S-T., Mucci, A., & Taylor, B. E. (2007). Phosphoric acid
fractionation factors for calcite and aragonite between 25
and 75 °C: Revisited. Chemical Geology, 246(3-4), 135-146.
https://doi.org/10.1016/j.chemgeo.2007.08.005

Kishida, A., & Kerrich, R. (1987). Hydrothermal alteration
zoning and gold concentration at the Kerr-Addison Ar-
chean lode gold deposit, Kirkland Lake, Ontario. Economic
Geology, 82(3), 649-690. https://doi.org/10.2113/gsecon-
ge0.82.3.649

Kog, S., & Kadioglu, Y. K. (1996). Mineralogy, geochemistry,
and precious metal content of Karacakaya (Yunusemre-Es-
kisehir) Listwaenites. Ofioliti, 21(2), 125-130.

Leblanc, M. (1991). Platinum-group elements and gold in
ophiolitic complexes: distribution and fractionation from
mantle to oceanic floor. In T. Peters, A. Nicolas, & R. Cole-
man, Ophiolite Genesis and Evolution of the Oceanic Lithos-
phere. Springer. https://doi.org/10.1007/978-94-011-3358-
6_13

Lelis, M.deE, Gongalvesa C. M., Fabris, J. D., Mussel, W. N., &
Pacheco-Serrano, W. A. (2004). Effectiveness of Selective
Chemical Treatments on Concentrating Magnetic Minerals
of Samples from a Nickel-Ore Peridotite Mantle. Journal of
the Brazilian Chemical Society, 15(6), 884-889. https://doi.
org/10.1590/50103-50532004000600015

Lewis, J., Draper, G., Proenza, J., Epaillat, ], & Jiménez, J.
(2006). Ophiolite-Related Ultramafic Rocks (Serpentini-
tes) in the Caribbean Region: A Review of their ocurren-
ce, composition, origin, emplacement and Ni-laterite soil
formation. Geoldgica Acta, 4(1-2), 237-263. https://doi.
org/10.1344/105.000000368

Londorio, A. C., & Gonzalez, H. (1997). Geologia del Departa-
mento de Cérdoba, Scale 1:250.000. Ingeominas.

Lopez-Rendon, J. (1986). Geology, Mineralogy and Geoche-
mistry of the Cerro Matoso Nicheliferous Laterite, Cordoba,
Colombia. Montelibano (Master Thesis). Colorado State
University.

Meissner, R., Flueh, E., Stibane, E, & Berg, E. (1976). Dyna-
mics of the active plate boundary in soutwest Colombia
according to recent geophysical measurements. Tectono-
physics, 35(1-3), 115-136. https://doi.org/10.1016/0040-
1951(76)90032-9

Mejia, V., & Durango, J. (1981). Geologia de las lateritas ni-
queliferas de Cerro Matoso. Boletin de Geologia, 15(29),
117-123.


https://doi.org/10.1080/08120090500139406
https://doi.org/10.2113/gsecongeo.99.6.1197
https://doi.org/10.2113/gsecongeo.99.6.1197
https://doi.org/10.1023/A:1012658009195
https://doi.org/10.1007/BF00196366
https://doi.org/10.1007/BF00196366
https://doi.org/10.1144/geochem2018-048
https://doi.org/10.1073/pnas.0805794105
https://Doi.org/10.1029/2010Gm000945
https://Doi.org/10.1029/2010Gm000945
https://doi.org/10.1016/j.chemgeo.2007.08.005
https://doi.org/10.2113/gsecongeo.82.3.649
https://doi.org/10.2113/gsecongeo.82.3.649
https://doi.org/10.1007/978-94-011-3358-6_13
https://doi.org/10.1007/978-94-011-3358-6_13
https://doi.org/10.1590/S0103-50532004000600015
https://doi.org/10.1590/S0103-50532004000600015
https://doi.org/10.1344/105.000000368
https://doi.org/10.1344/105.000000368
https://doi.org/10.1016/0040-1951(76)90032-9
https://doi.org/10.1016/0040-1951(76)90032-9

Listvenites: new insights of a hydrothermal system fossilized in Cerro Matoso peridotites, Montelibano, Cérdoba Department, Colombia

Mora-Bohorquez, J., Ibafiez-Mejia, M., Oncken, O., de Freitas,
M., Vélez, V., Mesa, A., & Serna, L. (2017). Structure and
age of the Lower Magdalena Valley basin basement, north-
ern Colombia: New reflection-seismic and U-Pb-Hf in-
sights into the termination of the central andes against the
Caribbean basin. Journal of South American Earth Sciences,
74, 1-26. https://doi.org/10.1016/j.jsames.2017.01.001

Nasir, S., Al Sayigh, A., Al Harthy, A., Al-Khirbash, S., Al-Jaaidi,
O., Musllam, A., Al-Mishwat, A., & Al-Bu'saidi, S. (2007).
Mineralogical and geochimical characterization of listwae-
nite from the Semail Ophiolite, Oman. Geochemistry, 67(3),
213-228. https://doi.org/10.1016/j.chemer.2005.01.003

Neal, C., & Stanger, G. (1983). Hydrogen generation from mant-
le source rocks in Oman. Earth and Planetary Science Letters,
66, 315-320. https://doi.org/10.1016/0012-821X(83)90144-9

Neal, C., & Stanger, G. (1984). Calcium and magnesium hy-
droxide precipitation from alkaline groundwaters in
Oman, and their significance to the process of serpentini-
zation. Mineralogical Magazine, 48(37), 237-241. https://
doi.org/10.1180/minmag.1984.048.347.07

Neal, C., & Stanger, G. (1985). Past and present serpentini-
zation of ultramafic rocks; an example from the Semail
ophiolite nappe of northern Oman. In J.I. Drever (ed.), The
Chemistry of Weathering. Reidel, Dordrecht

Nosouhian, N., Torabi, G., & Arai, S. (2016). Amphibole-bea-
ring listwaenites from the Paleozoic Bayazeh ophiolite
(Central Iran). Italian Journal of Geosciences, 135(1), 109-
119. https://doi.org/10.3301/1]G.2015.04

Nosohuian, N., Torabi, G., & Arai, S. (2019). Petrological as-
pects of the Bayazeh Paleozoic ophiolite (Central Iran);
implications for Paleo-Tethys subduction. Periodico di Mi-
neralogia, 88(2), 155-184.

Pindell, J., & Barrett, S. (1990). Geological evolution of the Ca-
ribbean region: a plate tectonic perspective. In J. Pindell, &
S. Barrett, The Caribbean Decade of North American Geolo-
gy. Geological Society of America.

Pindell, J., & Kennan, L. (2009). Tectonic evolution of the Cari-
bbean and northern South America in the mante reference
frame. In J. Pindell, & L. Kennan, The geology and evolution
of theh region between North and South America (Special
Publication ed., p. 60). Geological Society of London.

Qiu, T., & Zhu, Y. E (2015). Geology and geochemistry of lis-
twaenite-related gold mineralization in the Sayi gold depo-
sit, Xinjiang, NW China. Ore Geology Reviews, 70, 61-79.
https://doi.org/10.1016/j.oregeorev.2015.03.017

Qiu, T., & Zhu, Y. F. (2018). Chromian spinels in highly altered
ultramafic rocks from the Sartohay ophiolitic mélange,
Xinjiang, NW China. Journal of Asian Earth Sciences, 159,
155-184. https://doi.org/10.1016/j.jseaes.2017.08.011

Rose, G. (1837). Mineralogisch-geognostiche Reise nach dem
Ural, dem Altai und dem Kaspischen Meere. In C. Berlin,
Eichoff (Verlag der Sanderchen Buchhandl) (Vols. I-VII).

Rosenbaum, J., & Sheppard, S. (1986). An isotopic study of si-
derites, dolomites and ankerites at high temperatures. Geo-
chimica et Cosmochimica Acta, 50(6), 1147-1150. https://
doi.org/10.1016/0016-7037(86)90396-0

Savin, S. M., & Epstein, S. (1970). The oxygen and hydrogen
isotope geochemistry of clay minerals. Geochimica et Cos-
mochimica Acta, 34(1), 25-42. https://doi.org/10.1016/0016-
7037(70)90149-3

Stanger, G., & Neal, C. (1984). A new occurrence of suoluinte,
from Oman. Mineralogical Magazine, 48, 143-146.

Stanger, G. (1985). Silicified serpentinite in the Semail nappe
of Oman. Lithos, 18, 13-22. https://doi.org/10.1016/0024-
4937(85)90003-9

Sumicol S.A. (2002). Caracterizacion mineraldgica de los tipos
de roca de la laterita niquelifera de Cerro Matoso S.A., Co-
lombia. Informe privado para Cerro Matoso S.A., 2 vols.

Taitel-Goldman, N., Ezersky, V., & Mogilyanski, D. (2008).
Study of Mn-siderite-rhodochrosite from the hydrother-
mal sediments of the Atlantis II Deep, Red Sea. Israel Jour-
nal of Earth Sciences, 57, 45-54.

Tsikouras, B., Karipi, S, Grammatikopoulos, T. A., & Hatzipa-
nagiotou, K. (2006). Listwaenite evolution in the ophiolite
mélange of Iti Mountain (continental Central Greece). Eu-
ropean Journal of Mineralogy, 18(2), 243-255. https://doi.
org/10.1127/0935-1221/2006/0018-0243

Ucurum, A. (1998). Application of the correspondence-type
geoestatistical analysis on the Co, Ni, As, Ag, and Au con-
centrations of the listwaenites from serpentinites in the Di-
veru and Kulunack ophiolitic mélanges. Turkish Journal of
Earth Sciences, 7(2), 87-95.

Ucurum, A., & Larson, L. T. (1999). Geology, Base-Precious Me-
tal Concentration and Genesis of the Silica-Carbonate Alte-
ration (Listwaenites) From Late Cretaceous Ophiolitic Mé-
langes at Central East Turkey. Chemie der Erde, 59, 77-104.

Ucurum, A. (2000). Listwaenites in Turkey: perspectives on
formation and precious metal concentration with refere-
ne to occurrences in East-Central Anatolia. Ofioliti, 25(1),
15-29.

Servicio Geolégico Colombiano

83


https://doi.org/10.1016/j.jsames.2017.01.001
https://doi.org/10.1016/j.chemer.2005.01.003
https://doi.org/10.1016/0012-821X(83)90144-9
https://doi.org/10.1180/minmag.1984.048.347.07
https://doi.org/10.1180/minmag.1984.048.347.07
https://doi.org/10.3301/IJG.2015.04
https://doi.org/10.1016/j.oregeorev.2015.03.017
https://doi.org/10.1016/j.jseaes.2017.08.011
https://doi.org/10.1016/0016-7037(86)90396-0
https://doi.org/10.1016/0016-7037(86)90396-0
https://doi.org/10.1016/0016-7037(70)90149-3
https://doi.org/10.1016/0016-7037(70)90149-3
https://doi.org/10.1016/0024-4937(85)90003-9
https://doi.org/10.1016/0024-4937(85)90003-9
https://doi.org/10.1127/0935-1221/2006/0018-0243
https://doi.org/10.1127/0935-1221/2006/0018-0243

84

Castrillén / Guerrero

Ulrich, M., Mufioz, M., Guillot, S., Cathelineau, M., Picard,

C., Quesnel, B., Boulvais, P,, & Couteau, C. (2014). Disso-
lution-precipitation processes governing the carbonation
and silicification of the serpentinite sole of the New Cale-
donia ophiolite. Contributions to Mineralogy and Petrology,
167. https://doi.org/10.1007/s00410-013-0952-8

Von Damm, K. L. (1995). Controls on the chemistry and

temporal variability of seafloor hydrothermal fluids. In
S. Humpbhris, J. Lupton, L. Mullineaux, & R. Zierenberg,
(eds.), Physical, Chemical, Biological, and Geological Inte-
ractions within Seafloor Hydrothermal Systems, vol. 91, 222-
247. https://doi.org/10.1029/GM091p0222

Boletin Geoldgico 47

Zheng, Y. E, Fu, B, Li, Y., Xiao, Y., & Li, S. (1998). Oxygen

and hydrogen isotope geochemistry of ultra-high pressure
eclogites from the Dabie mountains and the Sulu terrane.
Earth and Planetary Science Letters, 155(1-2), 113-129.
https://doi.org/10.1016/S0012-821X(97)00203-3

Zierenberg, R. A., & Shanks, W. C. (1988). Isotopic studies on

epi- genetic features in metalliferous sediment Atlantis II
Deep, Red Sea. The Canadian Mineralogist, 26(3), 737-753.


https://doi.org/10.1007/s00410-013-0952-8
https://doi.org/10.1029/GM091p0222
https://doi.org/10.1016/S0012-821X(97)00203-3

% Geologico 50

Boletin Geolégico, 47, 85-105, 2020
https://doi.org/10.32685/0120-1425/

Review of geothermochronological
@ - -
Ot and thermobarometric techniques

© Author(s) 2020. This work is distributed under

for the construction of cooling and

Received: June 1, 2020

exhumation curves or paths for

Accepted: October 23, 2020

intrusive igneous rocks

Revision de técnicas geotermocronologicas y
termobarométricas para la construccion de curvas o
trayectorias de enfriamiento y exhumacion en rocas igneas
intrusivas

Lina Maria Cetina?, Julidan Andrés Lopez-Isaza’, Mario Andrés Cuéllar-Cardenas?, Anny Julieth Forero-Ortega*

1. Direccién Técnica de Geociencias Bésicas, Servicio Geolégico Colombiano (SGC), Bogotd, Colombia.
Corresponding autor: Lina Maria Cetina, lcetina@sgc.gov.co

ABSTRACT

The present study reviews radiometric and thermobarometric techniques used to construct cooling curves or paths to charac-
terize intrusive bodies and to calculate cooling and exhumation rates. To construct these curves or paths, the temperature, time
and depth variables must be estimated in intrusive bodies by applying various analytical techniques, including thermobarometry
and U-Pb zircon, Ar-Ar hornblende and muscovite, fission track and (U-Th)/He zircon and apatite dating, in combination with a
geological framework of reference for each intrusive body. The authors recommend to determine the crystallization age by zircon
U-Pb dating, to quantify the emplacement depth using thermobarometry methods according to the composition of the intrusive
body, to calculate the initial cooling ages with hornblende and muscovite Ar-Ar methods, as well as to calculate the cooling/ex-
humation ages in the upper crust using low-temperature thermochronology methods. These cooling curves or paths in intrusive
bodies are highly relevant when studying compressive or extensional areas because they partly represent the thermal history of
the era, thereby providing data on the magmatic and tectonic evolution of the region. Thus, these studies are highly important for
designing geodynamic models and for their possible application in developing the tectonic model of the country.

Keywords: cooling and exhumation curves or paths, geochronology, thermochronology, thermobarometry in igneous rocks.

RESUMEN

El presente trabajo expone una revisién de técnicas radiométricas y termobarométricas para construir curvas o trayectorias de
enfriamiento aplicadas a la caracterizaciéon de intrusivos, asi como el calculo de tasas de enfriamiento y exhumacién. Para la
construccion de estas curvas o trayectorias se deben estimar en los intrusivos las variables de temperatura, tiempo y profundidad,
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aplicando diversas técnicas analiticas que incluyen termobarometria y geotermocronologia U-Pb en circon, Ar-Ar en hornblenda

y moscovita, y trazas de fisién y (U-Th)/He en circén y apatito, esto integrado a un marco geolégico de referencia para cada intru-

sivo. Se recomienda determinar la edad de cristalizaciéon mediante U-Pb en circdn, cuantificar la profundidad del emplazamiento

utilizando métodos de termobarometria segin la composicion del intrusivo, calcular edades de enfriamiento inicial con los mé-

todos Ar-Ar en hornblenda y moscovita, y calcular edades de enfriamiento/exhumacién en corteza superior mediante métodos

de termocronologia de baja temperatura. Estas curvas o trayectorias de enfriamiento en intrusivos son de gran relevancia para

estudiar areas compresivas o extensionales, pues representan en parte la historia termal de la zona y, por lo tanto, proporcionan

informacioén sobre la evolucién magmatica y tectonica de la region. Por lo expuesto, estos estudios son de gran importancia para

la formulacién de modelos geodinamicos y su posible aplicacion en la construccion del modelo tecténico del pais.

Palabras clave: curvas o trayectorias de enfriamiento y exhumacién, geocronologia, termocronologia, termobarometria en rocas igneas.

1. INTRODUCTION

Cooling processes inside the earth’s crust result from geological
events, and their characterization makes it possible to learn the
thermal history of a region and to obtain information about
their magmatic, metamorphic and tectonic evolution (cf. Dod-
son, 1979; Harrison et al., 1979; Zeitler, 1985; Green, Duddy,
Laslett et al., 1989, Corrigan, 1991; Gallagher et al., 1998,
Reiners and Brandon, 2006). In recent decades, different ra-
diometric dating techniques have been combined to construct
cooling curves or paths in rock bodies (since isotopic systems
are essentially a form of geothermometry) in order to under-
stand the dynamics of orogenic belts and sedimentary basins,
as well as their relationships with mineral deposits and petro-
leum systems (cf. Zeitler, 1985; Green, Duddy, Gleadow et al.,
1989; Hunziker et al., 1992; Gallagher et al., 1998; McInnes et
al., 1999; Armstrong, 2005; Bernet et al., 2006, Peyton and Car-
rapa, 2013 a, b; Bernet et al., 2019).

In regions with tectonic deformation, applying various ra-
diometric techniques may help to constrain the exhumation
time and rates, and if the exhumation results from tectonic ac-
tivity, these techniques may help to determine the time of the
tectonic events occurred (cf. Zeitler et al., 1982; Bernet et al.,
2006; Deeken et al., 2006; Peyton and Carrapa, 2013a); how-
ever, exhumation processes are also related to erosion and cli-
matic effects, as well as the combination of these processes to a
greater extent (cf. Zeitler, 1985; Brandon et al., 1998; England
and Molnar, 1990; Ring et al., 1999; Reiners and Brandon,
2006; Peyton and Carrapa, 2013a; Bernet et al., 2019).

Constructing cooling and exhumation curves for intrusive
igneous rocks is an excellent opportunity to partly retrace the
thermal and tectonic evolution of a region due to its extensive
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exposure. In addition, determining the formation age of the in-
trusive body can constrain deformation and post-deformation
times, and offer a first-order view of the uplift or subsidence
of the crust during tectonic processes (Harrison et al., 1979;
Zeitler, 1985; Hurford, 1986; Anderson et al., 1988; Clarke,
1992; Anderson, 1996; Foster et al., 2001; Anderson et al.,
2008; Glorie et al., 2017; Nieto Samaniego et al., 2019).

In Colombia, various radiometric techniques have been
used in intrusive rocks to determine crystallization and cool-
ing ages (e.g., Catalogo de dataciones radiometricas de Colom-
bia, cf. Gomez et al., 2015), as well as cooling and exhumation
studies in intrusive bodies using low-temperature thermo-
chronology techniques (e.g., Sdenz et al., 1996; Saenz, 2003;
Restrepo-Moreno et al., 2009; Villagomez et al., 2011; Cardona
etal,, 2011; Villagémez and Spikings, 2013; Van der Leljj et al.,
2016; Leon et al., 2018; Restrepo-Moreno et al., 2019). In turn,
few thermobarometry studies have estimated the emplacement
depth of igneous bodies exposed in the country (Martinez and
Zuluaga, 2010; Gil-Rodriguez, 2014; Cortés-Calderén, 2015).

Despite the large volume of geothermochronological data
on intrusive units published in the literature, few studies have
focused on constructing the cooling and exhumation curves
or paths of these units for understanding the evolution of
areas with magmatic belts. For this purpose, the authors of
this review suggest to consider that: a) reported radiometric
data should be statistically validated to increase the reliability
of crystallization and cooling ages of intrusive units, b) ther-
mobarometry studies should be performed in intrusive rocks
to quantify the emplacement levels of these bodies and c) ca-
rrying out systematic studies that combine the different tech-
niques used to the construction of cooling curves or paths in
intrusive rocks.
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The aim of this review is to present a proposal to construct
cooling curves or paths for studying the thermal history of in-
trusive units in Colombia, to perform a literature review on
the currently used analytical techniques, and to highlight the
importance of these cooling curves or paths as a complemen-
tary tool for determining the geological evolution of the res-
pective units through geodynamic concepts. These approaches
are useful to systematically calculate cooling and exhumation
rates, and these inputs may be applied to complete the tectonic
model of the country.

1.1 History of cooling and exhumation of intrusive
igneous rocks

The exposure of large intrusive bodies in the continental crust
suggests that these types of rocks play a key role in the evolu-
tion of the continents. Therefore, knowing their cooling and
exhumation histories is crucial for understanding the crustal
evolution that continental masses experience during tectonic
events (cf. Anderson, 1996; Foster et al., 2001; Anderson et al.,
2008; Mutch et al., 2016; Reiners et al., 2017, p. 197).

The history of cooling and exhumation of intrusive ig-
neous bodies (cf. Harrison et al., 1979; Harrison and Clarke,
1979; Hurford, 1986; England and Molnar, 1990; Foster et al.,
1992; George, 1993; Caggianelli et al., 2000; Parada et al., 2005;
Glorie et al., 2017; Bernet et al., 2019; Nieto-Samaniego et al.,
2019) can be determined by constructing cooling curves or
paths, thereby assessing the temperature, time and depth vari-
ables that characterize the body from its initial emplacement to
its final exposure on the surface (Figures 1 and 2).

These cooling curves or paths are based on the fact that
mineral phases dated by some isotopic method, show typical
closing temperatures. Therefore, cooling ages associated with
different temperature ranges can be determined in a sample,
and to perform temperature vs. age plots. In addition, by ther-
mal field modeling or by assuming a geothermal gradient in
the study area, the temperature-time data can be converted
into depth-time to estimate the cooling/exhumation rates that
are partly associated with tectonic events (cf. Wagner et al,,
1977; Zeitler et al., 1982; Zeitler, 1985; Hunziker et al., 1992;
Bernet et al., 2006; Reiners et al., 2017, pp. 105-122).
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Figure 1. Representative diagram of a hypothetical cooling curve or path of an intrusive body from its emplacement to its final exposure on the surface, indicating
the various geothermochronological and thermobarometric methods recommended for determining its cooling/exhumation history. The bars that accompany
each method correspond to the uncertainty associated with age and depth. The temperature shown correspond to the hypothetical temperatures of the host rock,
according to a geothermal gradient of 30 °C/km. Abbreviations: Zr: zircon; Hbl: hornblende; Ms: muscovite; Bt: biotite; ZFT: fission track in zircon; ZHE: (U-Th)/
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Figure 2. Representative diagram of the cooling curve or path of two intrusive bodies from their emplacement to their final exhumation on the surface showing the
field relationships and the geothermochronological and thermobarometric methods recommended for determining their cooling/exhumation history. The bars
that accompany each method correspond to the uncertainty associated with age and depth. The temperature shown corresponds to the hypothetical temperature
of the host rock according to a geothermal gradient of 30 °C/km. Abbreviations are described in Figure 1.

These cooling curves or paths were initially considered em-
pirically because they represent net histories, which involves
simplifying a scenario that may have actually had more com-
plex cooling paths (Zeitler, 1985). However, with sufficient
samples and geological data, these curves or paths are highly
reliable (Zeitler, 1985) using high-resolution and high-reliabi-
lity ages and onsidering some type of thermal modeling (cf.
Zeitler, 1985; Ehlers, 2005; Ketcham, 2005; Braun et al., 2012).

To properly construct this type of curve or path, the in-
trusive body should first be geologically characterized, iden-
tifying the field relationships with adjacent rocks and the type
of contact observed to establish its geological context for refe-
rence (Figure 2). This step establishes valid geological criteria
that support the interpretation of the findings through various
analytical methods. If the unit geological context is clear, coo-
ling and exhumation curves or paths can be constructed by
integrating various geothermochronological and thermobaro-
metric methods and by calculating the cooling and exhuma-
tion rates of the intrusive body.
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2. PROPOSAL FOR THE CONSTRUCTION OF COOLING AND EXHUMA-
TION CURVES OR PATHS OF INTRUSIVE BODIES

The following proposal combines various geothermochrono-
logical and thermobarometric methods for determining em-
placement (or crystallization) and cooling and/or exhumation
ages, according to the closure temperature of each mineral sys-
tem (Figure 3). These methods also provide key data on the
depth associated with each geological process. The application
of these analytical methods is conditioned to the nature of the
study bodies, that is, they depend on the presence of minerals,
such as hornblende, biotite, muscovite, zircon, apatite, and so
on. Thus, a sequence of steps is proposed below to gather the
necessary data to construct the cooling curves or paths of in-
trusive rocks:

1. Geological characterization of the intrusive units, deter-
mining their nature, geological context and field relations-
hips with adjacent units.
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Figure 3. Average closure temperatures of different geothermochronometers and their potential depths, assuming a geothermal gradient of 30 °C/km. Tempera-
ture thresholds retrieved from Harrison (1982), Grove and Harrison (1996), Harrison et al., (2009), Chew and Spikings (2015), Bernet et al. (2019) and references
therein. Abbreviations: Zr: zircon; Mnz: monazite; Rt: rutile; Ap: apatite; Ttn: titanite; Hbl: hornblende; Ms: muscovite; Bt: biotite; Kfs: potassium feldspar; Mo:
molybdenite; Grt: garnet; and FT: fission track.

2. Geological characterization of the units adjacent to thein- 8. Calculation of cooling (Atemperature/Atime) and exhu-
trusive bodies. mation (Atemperature/geothermal gradient/Atime) rates.
3. Calculation of emplacement (or crystallization) ages using 9. Evaluation of the possible cooling/exhumation mechanis-
the zircon U-Pb method. ms associated with tectonic events, erosion or both pro-
4. Quantitative estimation of emplacement depths using cesses.

thermobarometry techniques (e.g., aluminum in horn-
blende barometer), which are also applied to the host rock 3. ANALYTICAL METHODS
to estimate the geothermal paleogradient of the emplace-
ment environment. Obtaining the necessary data to determine the cooling curve
5. Calculation of initial cooling ages using high-temperature ~ or path of intrusive rocks requires applying specific analyti-
thermochronometers (hornblende and muscovite Ar-Ar).  cal methods, whose particular characteristics will influence
6. Calculation of cooling ages in the upper crust levels using  the possible interpretations of the results. The methods used
high-temperature thermochronometers (fission track and ~ to obtain data for constructing the cooling curve or path are
zircon and apatite (U-Th)/He dating). described below.
7. Determination of the thermal history of intrusive bodies
by combining geothermochronological and thermobaro-  3.1. Zircon U-Pb geochronology: emplacement age
metric data, assuming a geothermal gradient or from ther- ~ The emplacement age of an intrusive body can be correlat-
mal field modeling. ed with its crystallization age, which is determined by zircon
U-Pb dating (cf. Faure and Messing, 2005; Reiners et al. 2017,

Servicio Geolégico Colombiano

89



20

Cetina / Lépez-Isaza / Cuéllar-Cdrdenas / Forero-Ortega

pp- 197-199). Also, the crystallization age of zircon is assumed
to be the crystallization age of the igneous body because the
mineral has a closure temperature of approximately 900-
700 °C (Cherniak and Watson, 2001; Harrison et al., 2007) and
an average of 800 °C (Figure 3), at which a melt of intermediate
composition would reach 50% crystallization (Carroll and Wy-
llie, 1990; Harrison et al., 2007).

However, the emplacement of plutonic bodies may involve
multiple intrusive facies (cf. Miller et al., 2007; Reiners et al. 2017,
pp- 198-199), and due to the crystallization of a zircon mineral
depends on zirconium saturation and on the composition and
temperature of the melt (Harrison et al., 2007) a granite body
may contain zircon xenocrysts, anticrysts and autocrysts, which

o
=

- Xenoliths 2

gives rise to a wide range of zircon U-Pb ages (cf. Coleman et al.,
2004; Miller et al., 2007). Xenocrysts are zircons that are foreign
to the magmatic melt, which can be derived, for example, from
the source rock (in this case, termed inherited zircons) or from
the host rock. Anticrysts are zircons formed in the initial mag-
ma pulses, and autocrysts are zircons that grow within the main
intrusive pulse (Figure 4; Miller et al., 2007).

Based on the above information, the crystallization age of
the intrusive body (or emplacement age) corresponds to the
population of ages in zircons interpreted as autocrysts, with
statistically reliable parameters (cf. Vermeesch, 2018). Thus,
to correctly interpret the U-Pb ages in zircon crystals, the
following tasks are recommended: a) characterize the mor-

’ Inherited zircon (Source Rock)
- ’ Zircon Xenocryst (Host rock 1)
’ Zircon Xenocryst (Host rock 2)
’ Zircon antecryst (initial magmatic pulses)

’ Zircon autocryst (Main magmatic pulse)

-

Figure 4. Schematic diagram of the possible types of zircons present in a magmatic system, corresponding to inherited zircons, xenocrysts, anticrysts and auto-

crysts, according to the criteria by Miller et al. (2007)
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phological typology of the crystal (Pupin, 1980); b) classify
internal textures using cathodoluminescence images (Corfu et
al.,2003); ¢) cluster the ages obtained from crystals interpreted
as xenocrysts, anticrysts and autocrysts; and d) calculate inhe-
rited and crystallization ages using the Isoplot (Ludwig, 2009)
or IsoplotR (Vermeesch, 2018) programs.

To determine whether the calculated ages are statistically
reliable, the statistical parameter mean squared weighted de-
viation, MSWD (Wendt and Carl, 1991), should be used be-
cause this parameter indicates the level of data dispersion (Ver-
meesch, 2018) and makes it possible to indirectly assess whether
individual age weighting and uncertainty represent a single
population (Spencer et al., 2016). Accordingly, MSWD = 1
indicates that the calculated age neither underestimates nor
overestimates the associated uncertainties; MSWD < 1 indi-
cates overestimated ages, and MSWD > 3 indicates underes-
timated ages (Spencer et al.,, 2016; Vermeesch, 2018). Thus,
acceptable values of MSWD vary in the range of > 0 to 3, and
these values are in turn related to the number of analyses used
to calculate the age, as more analyses achieve better MSWD
values (see Figure 3 of Spencer et al., 2016). For example, for a
number of analyses (or spots) of N = 20, the acceptable MSWD
would range from 0.35 to 1.65, for an age calculated with 2o,
which guarantees a reliable age (Spencer et al., 2016). On the
other hand, statistically significant ages are those that present
a value of P (X?) 0.05 to 0.95, and this parameter indicates the
level of data dispersion with respect to analytical uncertainties
around the best-fit line (Vermeesch, 2018).

3.2. Thermobarometry in igneous rocks:
emplacement depth

To approximate the emplacement depth of an intrusive body,
the magma crystallization pressure and the crystallization tem-
perature near the solidus line must be simultaneously estimated
(Blundy and Holland, 1990; Holland and Blundy, 1994; Ander-
son, 1996; Anderson and Smith, 1995; Anderson et al., 2008;
Mutch et al., 2016). Various thermobarometers have been pro-
posed in the literature to determine these intensive variables
from the composition, equilibrium or saturation of mineral
phases present in the intrusive bodies (Table 1). The thermo-
barometers applied to intrusive rocks are described as follows:

Al-in-Hornblende barometer (Al in Hbl)
This barometer is based on the strong correlation between the
total Al content in Hbl and the crystallization pressure of an

intrusive (Hammarstrom and Zen, 1986). From this correla-
tion, various equations found in the literature are formulated,
generally based on experimental petrology, to estimate the crys-
tallization pressure. The equations differ in the initial experi-
mental parameters, such as the total composition of the host
rock, the nature of the fluid phase (H,0 or H,0-CO,), the tem-
perature range at which the experiment was performed and the
different empirical or experimental calibrations of each equa-
tion (Hammarstrom and Zen, 1986; Schmidt, 1992; Anderson
and Smith, 1995; Anderson et al., 2008; Mutch et al., 2016).
For a metaluminous granitoid of intermediate to felsic
composition with a mineral association of quartz + plagioclase
(An,,.) + hornblende + biotite + titanium and iron oxides +
potassium feldspar = titanite, which was most likely emplaced
from 2 kbar to 14 kbar at crystallization temperatures lower
than 800 °C, equation 1 (Anderson and Smith, 1995) is applied:

P(kbar) = 4.76 Al-3.01-[T°C — 675] x
85

[0.530 Al+0.005294(T °C — 675)] + 0.6 kbar (1)

Applying this barometer requires estimating the crystalli-
zation temperature (Anderson and Smith, 1995) because the
positive correlation between temperature and "VAl content
in Hbl (Blundy and Holland, 1990) generates overestimated
values of pressure at high temperature (>650°C) (Anderson
and Smith, 1995). To use this equation, the authors also recom-
mend ensuring high oxygen fugacity (fO,) in the system based
on Fe/(Fe+Mg) ratios in Hbl ranging from 0.4 to 0.61.

For granitoids with a mineral association of amphibole +

plagioclase (An . ) + biotite + quartz + alkali feldspar + il-

15-85
menite/titanite + magnetite + apatite at temperatures near the
solidus line (725 £ 75 °C), which are emplaced at low pressures
(from 2.5 to 0.5 kbar), equation 2 (Mutch et al., 2016) should

be used:
P (kbar) = 0.5+ 0.331(8) x Al + 0.995(4) x A + 16% P (2)

Wherein the numbers in parentheses correspond to the un-
certainty 1o expressed in the physical notation with the lowest
significant number (Mutch et al., 2016). To correctly apply this
equation, the crystallization temperature should also be esti-
mated, thereby ensuring the necessary conditions for its use,
which assumes a crystallization temperature of approximately
725 + 75 °C, as previously mentioned.
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Amph+Pl Thermometer
The Amph + PI thermometer is used to determine the crystalli-
zation temperature of a granitoid of variable composition (even
with rocks unsaturated in quartz) with a mineral association
between amphibole and plagioclase over a temperature range
of 400-1000 °C and a pressure range of 1-15 kbar (Holland and
Blundy, 1994). This thermometer is based on the equations of
equilibrium between edenite + quartz = tremolite + albite (for
associations with quartz, termed thermometer A) and edenite +
albite = richterite + anorthite (for associations without quartz,
termed thermometer B). This technique considers a non-ideal
mixture in both amphibole and plagioclase compositions and
calibrates the equations using a database of natural and synthet-
ic amphiboles to reach uncertainties of + 35-40 °C or higher for
iron-rich amphiboles (Holland and Blundy, 1994). The equa-
tions (3) and (4) are proposed by the authors.

Iterative calculations using this thermometer and the Al-in-
Hbl barometer can provide reliable pressure and temperature
ranges in metaluminous granitoids (cf. Anderson et al., 2008).

Thermobarometers based on the composition of calcic
amphiboles

A set of barometers and thermometers based on the chemical
composition of amphiboles, which is applicable under condi-
tions of temperature raging from 1130 to 800°C and under a
wide pressure range from 22 to 1.3 kbar, have been reported
for calc-alkaline and alkaline rocks with calcic amphibole (Ri-
dolfi et al., 2010; Ridolfi and Renzuli, 2012). These thermoba-
rometers are empirically formulated from data in the literature

Thermometer A:

-76.95 + 0.79P + Y,, + 39.4X4 + 224X, + (41.5 — 2.89 P) . X

regarding natural and synthetic amphibole compositions, with
multivariate least squares analysis of experimental compositions
of this mineral (Ridolfi et al., 2010; Ridolfi and Renzuli, 2012).

Thermobarometers based on the clinopyroxene-liquid
equilibrium

Thermobarometers based on the clinopyroxene-liquid equilib-
rium can be used in intrusive rocks of mafic composition un-
der conditions of pressure ranging from 0 to 30 kbar and tem-
peratures ranging from 1100 to 1475°C (Putirka et al., 1996).
These thermobarometers are recommended for rocks that are
not granitoids, because mafic rocks are exposed over wide ar-
eas in Western Colombia.

Other barometers
In peraluminous granitoids without the required mineral asso-
ciations to use the Al-in-Hbl barometer and without a suitable
composition of calcic amphiboles, pressure can be estimated
using empirical garnet + biotite + plagioclase + quartz (Wu et
al., 2004a) or garnet + muscovite + plagioclase + quartz (Wu
et al, 2004b) barometers developed for metapelitic rocks,
which are recommended for granitoids with this mineralogy
(Anderson et al., 2008). Similarly, in peraluminous plutons
with garnet and muscovite, where muscovite contains cel-
adonite, pressure can be estimated by barometry developed
in high-pressure metapelites (cf. Wei and Powell, 2004; 2006;
Anderson et al., 2008).

Moreover, the identification of stable mineral phases under
specific pressure conditions can constrain the calculation, such

3)

-0.0650 -R.In

27 . XA XD X s

256. XA X

where the term Y,, = 0, if >0.5; otherwise, Y,, = 12.0(1 — X,,)* — 3.0 kj; the empty box in X% corresponds to the vacancy in the

crystallographic site A of amphiboles.

7844 +Y

ab—an

Thermometer B:

—33.6X4 — (66.8 —2.92 P) X} + 785X + 9.4 X}

(4)

0.0721 -R.In

27 . XMs XIv, Xplag

64. XM XD . Xrlog

where the term Y

ab—an

=0, if X, > 0.5; otherwise, Y,

ab—an

=12.0 (2X,, — 1) + 3.0 kj, expressing the temperature as Kelvin, the pres-

sure as kbar, the composition X{ as the molar fraction of element i in mineral phase ®, and gas constant R = 0.0083144 kjK™'mol™"

(Holland and Blundy, 1994).
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as the presence of magmatic epidote, which suggests a pressure
> 5 kbar (Zen and Hammarstrom, 1984; Schmidt, 1993). The
emplacement depth of an intrusive body can also be estimated
when knowing the pressure and temperature conditions at the
contact aureole (e.g., garnet + biotite + cordierite equilibrium
[cf. Treloar, 1981] and with the aforementioned barometry in
peraluminous granitoids applied to the contact rocks [cf. Wu
et al., 2004 a, b]). Moreover, the depth of an intrusive body
can be qualitatively estimated in terms of epizonal (0-10 km),
mesozonal (6-16 km) and catazonal (> 10 km) emplacement
by characterizing the type of contact and by describing micro-
and mesostructures of the intrusive body and host rock (Bud-
dington, 1959; Paterson et al., 1996), although the resulting
ranges should be taken with caution.

Other thermometers
Other thermometers, which can be applied to intrusive bodies
of different compositions, are based on the saturation of ac-
cessory phases or on the content of the trace elements of these
phases (cf. Anderson et al., 2008), such as zircon (Watson
and Harrison, 1983) and apatite (Tollari et al., 2006) satura-
tion thermometers and titanium (Ti)-in-zircon (Watson et al.,
2006; Ferry and Watson, 2007) and zirconium (Zr)-in-titanite
(Hayden et al., 2008) thermometers.

Crystallization temperatures obtained by zircon saturation
and Ti-in-zircon thermometers are not always comparable,

and the crystallization temperatures tend to be more closely

zircons (xenocrysts) in the granitic systems that saturate the
magma with zircon during the melting process and not during
the crystallization process.

The Ti-in-zircon thermometer is based on both empirical
and experimental calibration, according to the abundance ra-
tio of titanium in zircon and to its variation as a function of the
crystallization temperature, and it is derived from equation 5
(Watson et al., 2006):

3765 } 5)

logTi(ppm) ., = 5.69 { ®

However, the substitution of Ti in zircon is related to the
activities of TiO, and SiO,. Therefore, a new experimental cali-
bration is required in a temperature range from 1450 to 590 °C,
which emphasizes the effect of these activities (Ferry and Wat-
son, 2007):

logTi(ppm),;ppn=5.711 —

4800
{ — log (ag0,) + log (agp,)  (6)

In turn, the Zr-in-titanite thermometer was empirically
and experimentally calibrated by Hayden et al. (2008), based
on experiments at temperatures ranging from 800 to 1000°C
and at pressures ranging from 10 to 24 kbar, and the variation
in the Zr abundance in titanite as a function of temperature
and pressure is described by using equation 7:

logZr(ppm) e = 10.52 — {LOS } - {960 x (PJQM)H

T(K) T(K)
associated with the temperature derived from the Ti-in-zir-
con method (Harrison et al., 2007) because zircon saturation - log (ag,,) — log (ay0,) (7)
temperature can be affected by the presence of pre-magmatic
Table 1. Thermobarometers that are potentially suitable for estimating pressure and temperature in intrusive rocks
Barometer/thermometer P and/or T conditions Compositional characteristics Reference

Pressure range = 2-14 kbar

Metaluminous granitoids Anderson and Smith (1995)

Al-in-Hlb Barometer
Pressure < 2.5 kbar

Metaluminous granitoids Mutch et al. (2016)

Hbl+PL Thermometer Pressure range = 1-15 kbar,

temperature range = 400-1000 °C

Granitoids with quartz (thermometer A)

Holland and Blundy (1994)
Granitoids without quartz (thermometer B)

Ridolfi et al., (2010);

Thermobarometers based on the composition of calcic
Ridolfi and Renzulli (2012)

Pressure range = 1.3-22 kbar,
amphiboles

temperature range = 1130-800 °C Calc-alkaline and alkaline rocks

Thermobarometer based on the clinopyroxene-liquid Pressure range = 0-30 kbar,

equilibrium

temperature range = 1100-1475 °C

Mafic igneous rocks

Putirka et al. (1996)

Gr+Bt+PLl+Qz barometer

Pressure range = 1-11.4 kbar,
temperature range = 515-878 °C

Peraluminous granitoids/
hornfels with this mineralogy

Wu et al. (2004a)

Gr+Ms+PLl+Qz barometer

Pressure range = 1-11.4 kbar,
temperature range = 505-745 °C

Peraluminous granitoids/ hornfels and/

or host rock with this mineralogy

Wu et al. (2004b)

Zircon-saturation thermometer

Near-solidus temperature

Intermediate to felsic granitoids

Watson and Harrison (1983)

Apatite- saturation thermometer

Near-liquidus temperature

Peraluminous granitoids

Tollari et al. (2006)

Ti-in-zircon thermometer

Temperature range = 1450-590 °C

Intermediate to felsic granitoids

Ferry and Watson (2007)

Zr-in-titanite thermometer

Pressure range = 10-24 kbar,
temperature range = 800-1000 °C

Intermediate to felsic granitoids

Hayden et al. (2008)
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This thermometer may underestimate the temperature if
the TiO, content is < 1, as expected in common intrusive bod-
ies without rutile (Hayden and Watson, 2007; Anderson et al.,
2008). Also, the apatite saturation temperature can be used for
peraluminous granitoids (Tollari et al., 2006).

3.3. High-temperature thermochronology: initial
cooling age

The interpretation of a cooling age in intrusive rocks is direct-
ly related to the concept of closure temperature. Closure tem-
perature is defined as the temperature at which a radiometric
system starts to accumulate the daughter isotopes produced by
the decay of the parent isotope, which reduces the diffusion
loss to almost zero (Dodson, 1973; 1979). Based on this con-
cept, various thermochronometers are sensitive to temperature
variations and provide information on the thermal history of
the rock, rather than mineral crystallization ages (cf. Dodson,
1973; Zeitler, 1985; Gallagher et al., 1998; Kelley, 2002; Reiners
and Brandon, 2006; Peyton and Carrapa, 2013a).

Thus, the cooling ages of intrusive rocks correspond to the
ages obtained using thermochronological systems with a clo-
sure temperature lower than the crystallization temperature
of the intrusive body (cf. Dodson, 1979; Zeitler, 1985; Kelley,
2002; Reiners and Brandon, 2006). The initial cooling ages
correspond to the post-emplacement ages that are close to
the crystallization age of the intrusive body. To calculate these
ages, high-temperature thermochronology is the most suitable
approach (cf. Harrison, 1982; Zeitler, 1985; Reiners and Bran-
don, 2006; Schaen et al., 2020). To clarity, the closure tempera-
tures of the systems will depend on the cooling rate of the rock
and on kinetics, geometry, composition and size crystal (cf.
Dodson, 1979; Harrison, 1982; Donelick et al., 2005; Reiners
and Brandon, 2006; Reiners et al., 2017, pp. 97-101; Oriolo et
al., 2018; Bernet et al., 2019).

Among the high-temperature thermochronometers (Fig-
ure 3), hornblende and muscovite “°Ar/*Ar methods stand
out because the radiogenic isotope argon is a noble gas, which
can be easily affected by diffusion in the minerals and which
is only fully retained when the intrusive rock is already at a
cooling stage (Dalrymple and Lanphere, 1969). Furthermore,
these thermochronometers have considerably higher closure
temperatures than other thermochronometers suitable for
calculating initial cooling ages (Harrison, 1982; Zeitler, 1985;
Harrison et al., 2009; Reiners et al., 2017, pp. 231-253; Schaen
et al., 2020) (Figure 3). In the biotite “*Ar/*Ar method, the
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thermometer is considered to be a low-temperature thermom-
eter (Figure 3) because the closure temperatures range from
330 to 280 °C (cf. Harrison et al., 1985; Grove and Harrison,
1996), thus recording younger cooling ages, which would not
correspond to the initial cooling ages of an intrusive rock. The
potassium feldspar “*Ar/*?Ar method shows a wide range of
closure temperatures (~350-150 °C) (Figure 3) and frequently
contains complex microstructures and degrees of alteration.
Thus, the potassium feldspar *°Ar/*Ar thermochronometer is
not recommended for plutonic and metamorphic rocks and is
accordingly more often applied to the geochronology of volca-
nic rocks (cf. Reiners et al., 2017, p. 240; Schaen et al., 2020).

“Ar/*Ar dating can lead to interpretation problems and
ages without geological significance. These caveats are relat-
ed to a) *Ar recoil, which disturbs the *°Ar/*Ar ratio and the
accuracy of age and affects fine-grained minerals and miner-
als with a high surface/volume ratio (e.g., micas) (cf. Kelley,
2002; Reiners et al., 2017, p. 240; Schaen et al.,, 2020); b) low
K concentrations (~< 2% wt K,O), which makes it difficult to
detect *Ar, and high Ca/K ratios, which can generate interfer-
ence problems due to reactions in the reactor, two conditions
that affect amphiboles (cf. McDougall and Harrison, 1999;
Kelley, 2002; Reiners et al., 2017, p. 241); c) argon loss by dif-
fusion, due to the density of defects in the crystalline structure
of the mineral (e.g., fractures) and to edge defects (cf. Dahl,
1996; Kramar et al., 2001; Kelley, 2002; Schaen et al., 2020),
and d) argon excess in the minerals resulting from fluid, melt
or solid inclusions, with the fluid and melt phases being high
reservoirs of “’Ar because the element is highly incompatible
(cf. Esser et al., 1997; Boven et al., 2001; Kelley, 2002; Schaen
et al., 2020).

Considering the above information, step heating should be
used in *Ar/*Ar dating because this approach may show the
behavior of a partly open system, the presence of non-radio-
genic “Ar in the sample and the *Ar recoil associated with the
surface of the crystal (cf. Turner, 1970; Kelley, 2002; Reiners et
al., 2017, pp. 243-246; Schaen et al., 2020). This technique gen-
erates an age spectrum as a function of the degassed fraction
of the sample from step heating, in which a spectrum with a
significant number of continuous steps and with indistinguish-
able ages will provide a plateau age, and this age is considered
to be a concordant age (cf. Lanphere and Dalrymple, 1971;
McDougall and Harrison, 1999; Fleck et al., 1977; Faure and
Mensing, 2005; Reiners et al., 2017, pp. 243-246; Schaen et al.,
2020). The plateau age should comprise at least 50% of the *Ar
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released, at a 95% confidence level for each age encompassing
the plateau age (Fleck et al., 1977), as well as include at least five
or more consecutive steps (Schaen et al., 2020).

The spectrum of ages shows the excess of **Ar in the sam-
ples, for example, the excess of *’Ar accumulated through fluid
inclusions when released at low temperatures, as well as the
excess of “’Ar accumulated through melt or solid inclusions
when released at high temperatures, which generates a U- or
horseshoe-shaped spectrum of ages with older ages at the ends
(cf. Lanphere and Dalrymple, 1971; Wartho et al., 1996; Kelley,
2002). Spectra with discordant ages that do not form plateau
ages are also observed and are attributed to *°Ar loss by diffu-
sion, ¥Ar recoil or *Ar excess (cf. Turner, 1970; Boven et al,,
2001; Reiners et al., 2017, pp. 243-246; Schaen et al., 2020).

Initial cooling rate

The initial cooling rates can be calculated using the horn-
blende and muscovite **Ar/*Ar method thanks to the different
closure temperatures of these thermochronometers (Figure 3).
In this case, the oldest cooling age would be recorded when
applying the hornblende “*Ar/*Ar method, which has a higher
closure temperature (between 550 and 480 °C) (cf. Harrison,
1982) than the muscovite “°Ar/* Ar method, which has a rela-
tively lower closure temperature (between 440 and 390 °C) (cf.
Harrison et al., 2009), thereby yielding younger ages. By calcu-
lating these ages, including the crystallization age, the initial
cooling rates of the intrusive rock can be estimated.

This initial cooling rate can be interpreted as a) cooling
associated with heat transfer by conduction or advection (cf.
Peacock 1989; Zeitler, 1985; Ehlers, 2005), or b) cooling at-
tributed to tectonic exhumation processes that decrease the
ambient temperature of the intrusive body (cf. Zeitler, 1985;
England and Molnar, 1990; Ring et al., 1999). To infer the pro-
cess that controlled the initial cooling, the tectonic context in
which the intrusive body was emplaced and the physical pa-
rameters that describe the heat transfer processes should be
considered (Ehlers, 2005). For example, one-dimensional heat
diffusion in a given intrusive body could be estimated using
equation 8 (Carslaw and Jaeger, 1959; Ehlers, 2005):
oT

oT _ o &T
ot ~ Koz (8)

where 0T is the temperature difference between the intrusive
body and the host rock, ot is the time that the system spends
decreasing its temperature, z is the parameter associated with

the dimensions of the intrusive body, and K is the thermal di-
ffusivity constant of an intrusive body (approximately 32 km?/
Ma) (Ehlers, 2005). The dimensions of the intrusive body can
be estimated with its exposed surface area, field relationships
and depth of emplacement, which is combined with geophysi-
cal techniques if available (cf. Clarke, 1992; Pitcher, 1997). The
variation in temperature as a function of time can be assessed
using the previously described thermometers and thermo-
chronometers, including thermobarometry in the host rock, to
determine the possible thermal paleogradient.

By applying equation 8 to a one-dimensional model and
assuming a flat body shape, the initial temperature of a surface
intrusive body with a diameter of 5 km, which affects a host
rock at a temperature of 50°C, decreases from 700 to 500°C
over 100000 years, which is exclusively due to heat conduc-
tion processes (Ehlers, 2005). In this model, the intrusive body
size (diameter) increases the amount of heat that affects the
host rock as its temperature decreases, as well as the duration
and distance of the heat source. Under these conditions, an
equilibrium should be reached between the temperature of the
intrusive body and the host rock, which is controlled by the
geothermal gradient of the environment (Ehlers, 2005).

Considering the above information, simple heat transfer
models should be applied to identify the prevailing cooling
process in each intrusive body, that is, whether cooling re-
sults from heat dissipation, from an associated tectonic event
or from both (cf. Zeitler, 1985; Ehlers, 2005). For this, it must
determine the cooling rates, the closure temperatures of the
geothermochronometers, the initial temperatures of both the
intrusive body and the host rock (thermobarometry, Table
1) and the relative dimensions of the rock bodies (cf. Clarke,
1992; Pitcher, 1997; Ehlers, 2005).

3.4. Low-temperature thermochronology: cooling/
exhumation age in the upper crust

Low-temperature thermochronology is suitable for studying
cooling processes at upper levels in the crust (cf. Gallagher
et al., 1998; Farley, 2002; Peyton and Carrapa, 2013a; Rein-
ers et al., 2017, pp. 105-127; Bernet et al., 2019) because this
approach includes thermochronometers with closure tem-
peratures lower than 300 °C, equivalent to shallow depths not
exceeding 10 km, for a geothermal gradient of 30 °C/km (Fig-
ure 3, Table 2). In general, this cooling is generated as rocks
move toward the surface through exhumation events resulting
from erosion processes or tectonic activity (cf. England and
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Molnar, 1990; Brandon et al., 1998; Ring et al, 1999; Reiners
and Brandon, 2006; Peyton and Carrapa, 2013a). These ages
can be associated with the exhumation ages of the rock body.
By combining different thermochronometers (with different
closure temperatures), exhumation rates can be estimated and
thermal histories can be modeled during the passage of rocky
bodies through the upper crust (Reiners and Brandon, 2006;
Peyton and Carrapa, 2013a; Reiners et al., 2017, pp. 105-127;
Bernet et al., 2019; Nieto-Samaniego et al., 2019).

The most commonly used low-temperature thermochro-
nology techniques (cf. Gallagher et al., 1998; Farley, 2002; Do-
nelick et al., 2005; Reiners and Brandon, 2006; Chew and Spik-
ings, 2015; Bernet et al., 2019) are zircon and apatite (U-Th)/
He (ZHe and AHe) and fission track (ZFT and AFT) dating.
To correctly apply these thermochronological methods, the
concepts of partial retention zone (PRZ), applicable to the (U-
Th)/He technique, and partial annealing zone (PAZ), appli-
cable to the fission track technique (Gleadow and Fitzgerald,
1987; Wolf et al., 1998; Brandon et al., 1998; Armstrong, 2005;
Reiners and Brandon, 2006; Peyton and Carrapa et al., 2013a;
Bernet et al.,, 2019) should be clarified, in addition to the con-
cept of closure temperature. These additional concepts must
be considered because the mineral may experience different
cooling processes, including a) constant, monotonic and rela-
tively fast cooling with a temperature that is always decreasing
over time, in which case the concept of closure temperature
would be applied, thereby assessing the cooling age (Table 2,
Figure 5A), and b) variable cooling over time, possibly remain-
ing in the temperature ranges of the PAZ and PRZ, in which
case the systems are partly open, thus generating partial re-
set ages (Table 2, Figure 5B) (cf. Gallagher et al., 1998; Wolf
et al.,1998; Brandon et al., 1998; Farley, 2002; Donelick et al.,
2005; Reiners and Brandon, 2006; Bernet et al., 2019). Hence,
thermochronological systems can follow different cooling
paths, and each technique must be adequately applied toward

understanding their thermal history and modelling cooling
and exhumation rates close to reality (cf. Gallagher et al., 1998;
Wolf et al.,, 1998; Farley, 2002; Reiners and Brandon, 2006;
Bernet et al., 2019).

(U-Th)/He dating is based on the accumulation of He par-
ticles in zircon and apatite crystals derived from alpha decay
in 28U ~>%Pb, 2*U->*"Pb, and **Th->**Pb decay systems (Wolf
etal., 1996). Because He undergoes diffusion processes at high
temperatures, He is only retained in the crystal below the clo-
sure temperature of each mineral (Figure 3, Table 2), thereby
recording the cooling age (Wolf et al., 1996; Farley, 2000; Far-
ley, 2002), or He might be partly accumulated in the partial re-
tention zones (PRZ) established for each thermochronometer
(Table 2), whereby the ages would be considered to be partial
reset ages (Wolf et al., 1998).

Fission track dating is based on the spontaneous fission of
238U that occurred in the crystalline structure of the minerals
that contain U (Fleischer et al., 1975). This fission generates
tracks (or damage) in the crystalline structure that are formed
constantly over time, as long as they are generated below the
closure temperature of each system, because fission tracks can
quickly annealed due to solid-state diffusion in high-tempera-
ture environments (cf. Gallagher et al., 1998; Donelick et al.,
2005; Reiners and Brandon, 2006; Bernet et al., 2019). The
density of tracks in a crystal sector and the concentration of
28U make it possible to calculate the age at which the mineral
cooled below the closure temperature, according to a thermo-
chronometer (Table 2), as long as the mineral has experienced
relatively fast, monotonic and constant cooling at rates of ap-
proximately 10 to 100°C/Ma (cf. Bernet et al., 2019) (Figure
5A). Conversely, if the minerals experienced slow cooling
(2°C/Ma), staying in the range of PAZ temperatures (Table 2,
Figure 5b), or overheating due to a thermal event (in intrusive
bodies), the tracks can partially annealed, thus recording par-
tial reset ages (cf. Bernet et al., 2019).

Table 2. Closure temperatures and temperatures in the PAZ and PRZ corresponding to the ZFT, ZHe, AFT and AHe methods under average conditions

Closure temperature PAZ/PRZ
Thermochronometers A ° Reference
(cooling rate at 10 °C/Ma) Temp. upper Temp. lower

ZFT (zircon with natural radiation damage) ~230°C 237.9°C 180.5 °C

ZHe ~190°C 197 °C 159.2°C

Bernet et al., (2019) and references therein
AFT ~110°C 114°C 61°C
AHe ~70°C 73.2°C 47.9°C
Conditions Monotonic and relatively fast cooling Slow cooling or overheating

Age interpretation Cooling age

Cf. Peyton and Carrapa (2013a); Bernet et
al. (2

Partial reset age 019)
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Figure 5. Possible cooling/exhumation curves of paths in the upper crust. a) Relatively fast and monotonic cooling curve; age derived from the closure temperature
step (cooling age calculation). b) Slow cooling curve with prolonged passage in the PAZ and PRZ (partial reset age calculation). Temperature thresholds retrieved

from Bernet et al. (2019) and references therein (see Table 2).

The AFT technique, in addition to calculating ages, re-
quires studying/understanding of partial annealing degree
experienced by the fission track (that is, how much they are
shortened or anneling) necessary to know if the sample re-
mained at PAZ temperatures, and for modeling the thermal
history of the mineral (Gleadow et al.,1983; Green et al., 1986;
Green, Duddy, Laslett et al., 1989; Gallagher et al., 1998; Ket-
cham et al,, 1999; Donelick et al., 2005; Peyton and Carrapa,
2013a). The partial annealing process is mainly controlled by
the time-temperature factor that affected the sample and by
the direction of tracks with respect to the crystallographic axis,
which is correlated with apatite composition (Gleadow et al.,
1983; Green et al., 1986; Ketcham et al., 1999; Donelick et al.,
2005). The temperature-time factor is determined by the dis-
tribution of horizontally confined track lengths, and the crys-
tallographic direction of tracks (and apatite composition) is
obtained using kinetic parameters (Gleadow et al., 1983; Green
et al., 1986; Green, Duddy, Laslett et al., 1989; Gallagher et al,,
1998; Ketcham et al., 1999; Donelick et al., 2005; Peyton and
Carrapa, 2013a; Bernet et al., 2019).

The track length distribution method is based on the
length-temperature relationship that exists in fission tracks,
which could be shortened if the mineral resides within the PAZ

temperatures for a significant time, consequently showing a bi-
modal track length distribution (cf. Green et al., 1986; Done-
lick et al., 2005; Peyton and Carrapa, 2013a). In this bimodal
distribution, the shortest tracks would be the oldest, and the
longest tracks would be the most recent, which are formed be-
low the PAZ temperatures (cf. Green et al., 1986; Donelick et
al., 2005; Peyton and Carrapa, 2013a).

One of the kinetic parameters is the chemical composition
of apatite, which is based on a strong track annealing depen-
dence on the chlorine/fluorine ratio, whereby chlorine-rich
apatites are more resistant to track annealing, whereas apatites
with fluoride experience faster partial annealing (Green et al.,
1985; Barbarand et al., 2003; Donelick et al., 2005). Because de-
termination of the apatite composition requires using destruc-
tive or complex and costly analytic techniques, an alternative
kinematic parameter is Dpar (Donelick, 1993; Barbarand et al.,
2003; Donelick et al., 2005).

Dpar is based on the solubility of the crystal to acid diges-
tion to reveal tracks (etching) and is defined as the diameter of
the geometric figure formed by the intersection between the
fission track and the polished surface of the crystal; low Dpar
values are typical of fluorine apatites, characterized by low an-
nealing temperatures, whereas high Dpar values are common-
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ly found in chlorine-rich apatites, characterized by high an-
nealing temperatures (Donelick, 1993; Barbarand et al., 2003;
Donelick et al., 2005).

In summary, the distribution of horizontally confined fis-
sion track lengths and the kinetic parameter Dpar should be
determined to modeling the thermal history of apatite (cf.
Green et al., 1985; Donelick, 1993; Gallagher et al., 1998; Bar-
barand, 2003; Donelick et al., 2005).

In the ZFT method, partial track annealing is controlled
by the temperature, time and accumulation of alpha radiation
damage (cf. Nasdala et al., 2001; Garver et al., 2002; Rahn et
al., 2004; Reiners and Brandon, 2006). Alpha radiation damage
occurs during 2*U, #?Th and **U decay and causes changes
in the crystallography of the mineral (or metamictisation), as
well as color accumulation in zircon due to point defects in the
crystals (Nasdala et al., 2001; Garver and Kamp, 2002, Garver
et al., 2002; Rahn et al., 2004).

Various studies suggest that zircons with alpha radiation
damage are more likely to show partial annealing at tempera-
tures below those faced by zircons with little radiation damage
and lower closure temperatures (cf. Brandon et al., 1998; Garver
et al., 2002; Rahn et al., 2004; Reiners and Brandon, 2006). Thus,
experiments with zircons without alpha radiation damage indi-
cate a closure temperature of approximately 342 °C, at a cooling
rate of 10 °C/Ma (Rahn et al., 2004; Reiners and Brandon, 2006),
which is considerably higher than that estimated in zircons with
natural radiation damage of approximately 230 °C under the
same cooling conditions (Brandon et al., 1998) (Table 2).

The closure temperature of zircons with radiation damage
is the most recommended value for most geological process-
es (Brandon et al., 1998; Reiners and Brandon, 2006). In turn,
the closure temperature of zircons with zero radiation damage
can be applied to environments where zircons show rapid cool-
ing and derive from high-temperature environments (>350-
400°C), causing little alpha radiation damage to these zircons
during closure (Reiners and Brandon, 2006).

Cooling and partial reset age

Various cooling ages can be calculated when an intrusive body
experiences a monotonic and relatively fast cooling (Figure
5a). Based on the age vs. closure temperature correlation, the
oldest ages would be recorded by ZFT and ZHe (closure tem-
peratures that would vary between approximately 230 and 190
°C, respectively; Table 2), which would provide data on the
time when the intrusive passed to a depth ranging from 7 to 5.6
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km, assuming a geothermal gradient of 30 °C/km and a surface
temperature of 20°C (cf. Gallagher et al., 1998; Farley, 2002;
Reiners and Brandon, 2006; Peyton and Carrapa, 2013a; Ber-
net et al,, 2019). Similarly, the youngest ages would be assessed
with AFT and AHe (Table 2), which would indicate the time
when the rock body passed at a depth of 3 km with AFT and
1.6 km with AHe (depths close to the surface) (cf. Gallagher et
al., 1998; Farley, 2002; Reiners and Brandon, 2006; Peyton and
Carrapa, 2013a; Bernet et al., 2019). Therefore, when combin-
ing the four thermochronological techniques (or at least two),
the cooling ages associated with exhumation processes can be
calculated at upper crust levels, as well as the cooling/exhuma-
tion rates (cf. Zeitler et al., 1982; Zeitler, 1985; Brandon et al.,
1998; Ring et al., 1999; Reiners and Brandon, 2006; Deeken et
al., 2006).

Conversely, if the rock body experienced slow and variable
cooling (Figure 5) or reheating events, such as through mag-
matism, hydrothermalism or burial metamorphism, it could
reside in the PAZ and PRZ, and the ages calculated using the
ZFT, ZHe, AZT and AHe methods would correspond to par-
tial reset ages, whose interpretation requires direct or indirect
thermal modeling based on numerical methods (Ehlers, 2005;
Peyton and Carrapa, 2013a; Bernet et al., 2019). The literature
contains programs and routines for modelling the thermal
history of one or more samples based on thermochronologi-
cal data, such as the HeFty (Ketcham, 2005), QTQt (Gallagh-
er, 2012) and Pecube (Braun et al., 2012) programs. The last
program solves the heat transfer equation in three dimensions,
which reduces exhumation scenarios, tectonic configurations
and time-temperature paths (thermal history) of study samples
(cf. Braun et al., 2012).

Considering the above information, two or more low-tem-
perature thermochronometers should be applied when stud-
ying the cooling/exhumation processes that intrusive bodies
have experienced in their passage through the upper crust, and
to thermal modeling when the calculated ages are interpreted
as a product of partial reset.

4. CONCLUSIONS AND FINAL CONSIDERATIONS

The path of an intrusive body from emplacement to final ex-
humation at the surface should be studied to determine its
cooling and exhumation history. For this purpose, geothermo-
chronology and thermobarometry techniques can be combi-
ned with field observations and relationships.
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The present review highlights the application of geother-
mochronological and thermobarometric methods to determi-
ne temperature-time-depth variables in intrusive bodies.

Granitoid emplacement ages are determined using the
zircon U-Pb method, and their depths can be estimated with
thermobarometry techniques (Table 1). Initial cooling ages
can be calculated with high-temperature thermochronology
techniques, including hornblende and muscovite *Ar/*Ar me-
thods. Initial cooling rates can also be calculated by combining
the crystallization age with the initial cooling age. These coo-
ling rates can be associated with heat diffusion processes (by
conduction or advection) or with tectonic events.

Low-temperature thermochronology techniques can be ap-
plied to study the passage of intrusive bodies in the upper crust
level (<10 km): zircon and apatite fission track (ZFT and AFT)
and (U-Th)/He (ZHe and AHe) dating. The ZFT and ZHe ther-
mometers provide data on cooling/exhumation ages at depths
ranging approximately from 8 to 6 km (assuming a geothermal
gradient of 30°C/km), and AFT and AHe thermometers record
cooling/exhumation ages at near-surface depths (approximately
from 4 to 2 km). If the mineral has remained in the PAZ and/or
PRZ zones, the calculated ages are considered to be partial reset
ages and require thermal modeling for correct interpretation.
Two or more low-temperature thermochronology techniques
should be combined to calculate exhumation rates at upper
crust levels and their possible correlations with tectonic events.

The different techniques proposed in this review may pre-
sent sources of uncertainty that are not normally included in
the error propagation calculation, such as sampling bias, num-
ber of statistically representative data, human errors in labo-
ratory work and interlaboratory standard calibration errors,
which increase the uncertainty around the final curve or path.

Finally, establishing the cooling/exhumation history of an
intrusive body is crucial for understanding the thermal and
tectonic evolution of a region. Furthermore, determining the
cooling and exhumation rates helps to limit the main tectonic
pulses associated with the construction of an orogenic belt or
with its collapse during crustal evolution.
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ABSTRACT

The Bogota savanna is a very important site for Colombian archeology. At this site, researchers have identified the settlements of
hunter-gatherers and agricultural farmers who inhabited the territory from the late Pleistocene to the late Holocene. These ar-
chaeological studies have established the ways of life, social dynamics and environmental interactions of these groups. To clarify
settlement processes, this article presents a detailed micromorphological and micromorphometric analysis of sediments collected
in archeological excavations conducted at the Tequendama and Aguazuque sites in the municipality of Soacha, Cundinamarca.
This analysis quantifies the contents of archaeological materials, such as bone and coal, as well as carbonate remains, which are
associated with various activities. The results show differences in the abundance of bones and charcoal between settlement le-
vels. Level 7A (dated 6,897-7,001 BP) of the Tequendama site shows the highest density of occupation and activities of all levels
analyzed in this study. Furthermore, based on paleoenvironmental interpretation, the presence of secondary carbonates indicates
arid conditions in the Bogotd savanna matching the regional climatic records.

Keywords: micromorphometry, hunter-gatherers, geoarchaeology, settlement processes, Holocene.
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RESUMEN

La sabana de Bogota representa un sitio muy importante para la arqueologia colombiana. Alli se han identificado asentamientos
de grupos humanos de cazadores recolectores, horticultores y agricultores que habitaron dicho territorio desde finales del Pleis-
toceno hasta el Holoceno tardio. Los estudios arqueoldgicos han permitido establecer formas de vida, dindmicas sociales e inte-
racciones con el medio ambiente de esos grupos humanos. Para esclarecer los procesos de ocupacion, en este articulo se presenta
un estudio micromorfolégico y micromorfométrico detallado de los sedimentos obtenidos de las excavaciones arqueoldgicas rea-
lizadas en los sitios de Tequendama y Aguazuque, en el municipio de Soacha, Cundinamarca. El analisis cuantifica los contenidos
de materiales arqueologicos como hueso y carbon, y restos de carbonatos, que pudieron estar asociados a diversas actividades.
Los resultados muestran diferencias en la abundancia de huesos y carbon, de acuerdo con los pisos de ocupacion, de manera que
en el nivel 7A (datado en 6,897-7,001 AP) del sitio de Tequendama se observa la mayor densidad de ocupacién y actividades, de
todos los analizados. Con respecto a la interpretacion paleoambiental, la presencia de carbonatos secundarios permite establecer

condiciones aridas en la sabana de Bogotd, que coinciden con los registros climaticos regionales.

Palabras clave: micromorfometria, cazadores-recolectores, geoarqueologia, procesos de ocupacién, Holoceno.

1. INTRODUCTION

The archaeological sites of Tequendama and Aguazuque are
located in the Bogota savanna. These sites are very important
because they contain evidence of the settlements of hunter-ga-
therers who inhabited Tequendama from the late Pleistocene
to the late Holocene (12,500-2,500 BP, approximately) and
Aguazuque from the middle Holocene to the early late Holoce-
ne (8,000-2,500 BP, approximately). These sites were excavated
in the 1970s and 1990s (Correal and Van der Hammen, 1977;
Correal, 1990) and again in 2014 in smaller columns (Triana,
2019; Triana et al., 2019). The identification of human burials,
lithic artifacts and animal skeletal and macroscopic plant re-
mains has shed light on the social dynamics of these groups; in
addition, the continuous presence of such archaeological ma-
terials across different stratigraphic units suggests that humans
established permanent settlements at these sites.

Features of the Tequendama section show that groups of
hunter-gatherers inhabited the rock shelter during the early
and middle Holocene (125,000-6,000 BP, approximately), fo-
llowed by a period without data corresponding to the middle
Holocene. Toward the beginning of the initial late Holocene,
humans returned to the site, as documented by human skeletal
remains, some ceramic fragments and animal skeletal remains
(Correal and Van der Hammen, 1977). In turn, the Aguazu-
que section shows a permanent settlement from approximately
8,000 to 2,500 BP. Abundant human burials, lithic artifacts and
animal skeletal and macroscopic plant remains provide data on
potential hunter-gatherers, with a transition to farming around
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4,000 BP (Correal and Van der Hammen, 1977; Correal, 1990;
Triana, 2019; Triana et al., 2019; Triana et al., 2020) (Table 1).

Micromorphological analyses of sediments from both sites
(Triana et al., 2019) account for different periods of occupation
and reflect activities developed during those periods. Similar-
ly, magnetic susceptibility and electrical conductivity values,
sediment micromorphology and archaeological data collected
by stratigraphic level show different activities of exposure to
fire and long periods of occupation in each stratigraphic le-
vel at the Tequendama site during the middle Holocene. The
period that reflects the most intensive occupation spans from
9,000 to 6,000 BP. At Aguazuque, soil micromorphology and
the aforementioned analyses mark a peak in occupation from
4,000 to 2,500 BP. The main modifications that suggest these
occupation lapses are high exposure to fire, strong compaction
of stratigraphic levels and an abundance of microscopic com-
ponents, such as fish spines, plant tissues and sand aggregates
(Triana et al., 2019).

In turn, micromorphometric analyses performed on thin
films observed under the microscope provide evidence of both
ancient human impacts (marked by the presence of bone frag-
ments, coal and other anthropic materials) and pedogenetic
processes such as newly formed carbonates, soil aggregates, Fe
nodules and other pedofeatures). The resulting evidence for-
ms the “edaphic memory” (Targulian and Goryachkin, 2004)
that records environmental changes and ancient human acti-
vity. The term micromorphometry was coined by Kubiéna to
designate techniques for quantifying the soil fabric, especially
changes in porosity and structure caused by soil management
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Table 1. Radiocarbon dates corresponding to Tequendama and Aguazuque

Dated

Archaeological site Stratigraphic level material Conventional **C age Calibrated *“C age (2 sigma) Laboratory code Reference
Tequendama 9 grainy brown Coal 2225 + 35 BP 2182-2308 BP Col 159 GrN-6536 Copeat and Vo Der
Tequendama  8Aslightly brownishgray  Coal 6990+ 110BP7090 % 7719.7926 BP 7844-7979 BP Col 163 GrN-6728 Col 164 GrN-6729 C°Q’aenilr;'2g’\ﬁ3“7$er
wamsougoon oo FSSESSIE:  pogummnT, cuouanaugones o
Tequendama 7A§r'§3’vi;§‘sﬁ'g°r‘g’; ©  Human bone 6080 +/- 40 BP 6897-7001 BP Col-AAA Triana et al, 2019

Aguazuque 5(2) dark gray loam Human bone 2725 + 35 BP 2789-2856 BP GrN 14.479. Col. 594 Correal, 1990
Aguazuque 4(2) brown loam Human bone 3850+ 35BP 4200-4365 BP GrN 14.478. Col. 593 Correal, 1990
Aguazuque 4(1) sandy loam Human bone 4030 + 35 BP 4453-4550 BP GrN 12.930. Col. 477 Correal, 1990
Aguazuque 3 reddish sandy loam  Human bone 5025 + 40 BP 5713-5866 BP GrN 14.477. Col. 1592 Correal, 1990
Aguazuque 5(2) dark gray loam Human tooth 3600 +/- 40 BP 3865-3965 BP Col-AAA Triana et al., 2019

(Stoops, 2009). However, these techniques have also been suc-
cessfully used to account for carbonate accumulations in soils
(Bui and Mermut, 1989), to evaluate porosity (Skwortsova et
al., 2000) and to determine the distribution of soil components
(Gutiérrez Castorena et al., 2017).

Triana et al. (2019) performed a qualitative micromorpho-
logical study in which informative features were recorded and
interpreted in both profiles. In this study, quantitative morpho-
logical methods were applied to extract a record of these featu-
res to compare them with archaeological evidence and regional
environmental proxies. This document focuses on evaluating
the morphological quantities and parameters of microscopic
anthropic materials (microartifacts). Rosen (1989, 1991) con-
firmed the importance of these components for detecting the
intensity and type of ancient human activity in archaeological
sediments; nevertheless, micromorphometric studies of these
features in sedimentary sequences are scarce.

1.1 Study area

The Bogota savanna is located south of the Altiplano Cundi-
boyacense [Cundiboyacense highlands] in the department of
Cundinamarca, which is located in the geographic center of
Colombia. The municipality of Soacha is located in this region,
at an average height of 2,600 meters above sea level (m.a.s.L.).
Soacha is characterized by two physiographic zones: the zone
of highlands and mountains, with Paramo and Subparamo
ecosystems, and the zone of dry and humid High Andean for-
ests. The archaeological sites of Tequendama and Aguazuque
are located in the municipality of Soacha. Due to their prox-
imity, these sites have similar environmental and ecological

conditions.

The Tequendama archaeological site is located in a rocky
shelter on the Tequendama hacienda, near the Chusaca toll-
booth, in the municipality of Soacha, Cundinamarca. Aguazu-
que is an open-air archaeological site located on private pro-
perty known as Aguazuque Hacienda. Currently, this property
is called Fute Hacienda and is located on the road to Mondo-
fiedo (Figures 1 and 2).

In geological terms, the sediments deposited in both ar-
chaeological sites are part of the Guadalupe Formation, which
corresponds to the Upper Cretaceous (Correal, 1990). Triana et
al. (2019) mention evidence of a sequence of fluvial and colluvial
deposits, which are described as red and brown sediments de-
posited during the Quaternary, in the periphery of the archaeo-
logical sites (Julivert, 1961) and a complex of black soils that
define the Siecha Formation (Helmens and Van der Hammen,
1994). The presence of sandstone in the rock shelter of the Te-
quendama site contributes to the accumulation of sediments. In
Aguazuque, additional colluvial deposits are present along with
the components resulting from fluvial processes.

The landscapes that originated in both sites were shaped
irregularly due to an atypical sedimentation of alluvial mate-
rials, with changes in the facies and the direction of transport,
which fostered a particular accumulation and erosion that
generated a diverse stratigraphy. The archaeological sites are
located in rocky shelters carved in the Guadalupe Formation,
which consists of fossiliferous limestones and sandstones from
the Upper Cretaceous, the alteration products of which contri-
bute to the alluvial and colluvial sediments found in Tequenda-
ma and Aguazuque. However, Triana et al. (2019) determined
that only sandstone is found in the Tequendama rock shelter.
Therefore, this rock shelter does not provide calcareous mate-
rial to the alluvial and colluvial sediments.
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Figure 1. Location map of the Aguazuque and Tequendama archaeological sites
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2. MEeTHOD

During the excavation phase, conducted in 2014, soil sam-
ples were collected from each stratigraphic level. These sam-
ples were identified and classified based on the presence of
archaeological material, the characteristics of the profile and
the stratigraphic levels identified by Correal and Van der Ham-
men (1977) and Correal (1990). Although the samples were
not oriented, they were exposed as little as possible to avoid
destroying the soil aggregates collected during the total sedi-
ment sampling of each level. Thus, samples from each soil level
were collected in bags to preserve the original structure. Subse-
quently, in the laboratory, an unaltered soil aggregate—which
retained the original characteristics of the outcrop and its ori-
ginal position, such as pores, coarse and fine particles, pedo-
features and even anthropogenic materials—was impregnated
with polyester resin, prepared and processed to assemble thin
sections of each stratigraphic level at each site.

The soil aggregate was impregnated to prevent disintegra-
tion, thereby preserving the natural relationships between di-
fferent components. These thin sections were prepared at the
Soil and Sediment Thin Section Workshop of the Institute of
Geology (Instituto de Geologia — IGL), National Autonomous
University of Mexico (Universidad Nacional Auténoma de Mé-
xico - UNAM) by impregnation. The impregnated blocks were
cut and polished to prepare 30-pm-thick thin sections, which
were observed under an Olympus optical microscope and
analyzed using the 2D image analysis software Image-Pro Plus.

Figure 2. Archaeological excavations in Tequendama (a) and Aguazuque (b)

In total, 14 thin soil sections were prepared from the two si-
tes using six samples from Tequendama and eight from Aguazu-
que. The microscopic study focused on quantifying the mate-
rials, rather than assessing their distribution. The entire slides
were scanned in a high-resolution scanner to generate a com-
plete image of the components. The thin sections were micro-
morphologically described using terminology from Stoops et al.
(2003) and adopted by Loaiza et al. (2015). In turn, the anthropic
components (microartifacts) were identified based on the work
of Courty et al. (1989) and Nicosia and Stoops (2017).

The method was applied in two sections. Initially, coal, bo-
nes and carbonates present throughout the thin section were
counted manually and semiautomatically to determine the
percentage of coal and bones in each thin section, with respect
to the solid matrix. The porous space was subtracted from the
measurement because the thin sections were derived from di-
saggregated materials and thus could not be considered in situ.
For this purpose, the pore space was selected using the “Color
selection and area calculation” dialog box of the Image-Pro
Plus software. Subsequently, this area was subtracted from the
total area of the thin section. The bone fragments were selec-
ted by visual observation, in both the microscopic and scanned
images, thus providing two observation and control scales. The
coal and carbonate fragments of each thin section were selec-
ted, counted and measured automatically.

The second methodological part focused on identifying
three soil aggregates in each thin section. These aggregates
were selected after a careful analysis to identify those that re-
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mained unchanged and contained coal, carbonates and bone
fragments. Once selected, each aggregate was measured, and
all coal, carbonate and bone fragments were automatically
counted in detail using the “Color selection” dialog box of the
Image-Pro Plus software.

3. ResuLts
The results section is divided into two subsections because,

methodologically, general counts were performed in the thin
sections, and detailed counts were performed in aggregates of

the same thin sections.

o
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The results show that bone and coal are less abundant at the
Tequendama archeological site than at the Aguazuque site. The
highest percentages of bone were found in the topsoil level and
in stratigraphic level 7A, dated from 8,500 to 9,500 BP (Figures
3c and 4a-b). The other levels showed low proportions of bone.
In stratigraphic level 7A, the burial of a woman was identified,
dated at 6,897-7,001 BP (Triana et al., 2019). In addition, in the
coal counts at Tequendama, only level 7A had a representati-
ve percentage of coal. These data corroborate the previously
observed increase in magnetic susceptibility values related to
burning (Triana et al., 2019). These findings indicate that this
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Figure 3. Stratigraphic profile (a) and micromorphological counts by stratigraphic level (b) at Tequendama; variation in texture (% sand, silt and clay fractions)
across the stratigraphic profile (c) and total bone (d) and carbonate (e) remains by stratigraphic level
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stratigraphic level had a high human occupation during the
transition from the Lower Holocene to the Middle Holocene.
The average size of the coals is 336 um, and they present a high
degree of thermal alteration.

The carbonates present at the Tequendama archeological
site appear more frequently in the first stratigraphic levels, top-
soil and level 9 (dated at approximately 2,500 BP) (Figures 3d
and 4c-d). Similarly, though to a lesser extent, level 5B (dated at
approximately 10,000 BP) also contains carbonates.

In the manual count at Aguazuque, the highest percentages
of bones occur between 2,500 and 4,000 BP. In these levels, the
frequency of bone remains increases, decreases and increases

Figure 4. Semiautomatic count at Tequendama;
a) thin section of stratigraphic level 7A; b) total coal (1) and bone remains (2) at level 7A (Image-Pro Plus); ¢) thin section of stratigraphic level 9; d) total coal (1)
and bone remains (2) at level 9 (Image-Pro Plus)

again toward the earliest stratigraphic level (Figures 5¢ and 6a-
b), in contrast to Tequendama, where the percentage of bones
is not as high as that in Aguazuque. In the coal count, the hi-
ghest percentages are found in the topsoil and in the first strati-
graphic level, dated at 8,000 BP (Figure 5d). These values differ
from those of Tequendama because the highest percentage of
carbon occurs only in stratigraphic level 7A. In the carbonate
count, the highest frequencies are found in stratigraphic level
6 and are associated with late periods (Figure 5e); toward the
middle Holocene, the frequency decreases and then increases
again in stratigraphic level 3, corresponding to the initial mi-
ddle Holocene (Figure 6¢-d).
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Detailed counts in aggregates

In the counts performed in three soil aggregates of each thin
section, coals, bones and carbonates were also identified. These
counts were performed using the Image-Pro Plus software. At
Tequendama, 1,638 bone fragments with medium-to-small si-
zes and an average size of 32.59 um were detected in the topsoil
(Figure 7a). Coals were abundantly found in aggregates from
level 9 (2,500 BP, approximately) and level 7A (8,500-9,500 BP,
approximately). Levels 8A (6,000-7,000 BP, approximately) and
4 (12,500 BP) also showed carbon fragments, but in lower pro-
portions than in the previous levels (Figures 7b and 8b). The

o

un o1

percentages of coals in the counts performed using the softwa-
re are higher than in those performed manually.

The percentage of carbonates present in aggregates at Te-
quendama increases in the earliest periods, that is, in levels 8A,
7A and 5B, which represent the transition from the early to
the middle Holocene (Figures 7c and 8c). Carbonate sizes are
larger in the later levels, averaging 30 um, and decrease toward
the earliest levels.

At the Aguazuque archeological site, the aggregate counts by
stratigraphic level showed that bone remains were only present
in stratigraphic level 3 (associated with 5,025 BP), in which 3,657
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Figure 5. Stratigraphic profile (a) and micromorphological counts by stratigraphic level (b) at Aguazuque; variation in texture (% sand, silt and clay fractions)
across the stratigraphic profile (c) and total bone (d), coals (e) and carbonates (f) by stratigraphic level
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very small fragments were counted (Figure 9a), in contrast to
Tequendama, where the bone counts showed a lower proportion
in the latest levels and were not as early as those at Aguazuque.
The average size was 0.32 um. The coal counts showed that the
frequency of occurrence is high in the earliest level, subsequent-
ly decreases, slightly increases toward the middle Holocene (be-
tween 4,000 and 2,500 BP), then decreases toward late periods
and finally increases in the topsoil (Figures 9b and 10b). The
coals found in Aguazuque had higher counts and larger average
sizes than those found in Tequendama.

At Aguazuque, the carbonates values are low in the earliest
levels; however, they rise and fall during the middle Holocene,
between 4,000 and 2,500 BP. In level 6, toward the late period,
carbonates considerably increase (Figures 9c and 10c); althou-
gh the presence of carbonates is higher at Tequendama, the va-
riation is similar, with values increasing toward later periods.
At Tequendama, the carbonates show an average size larger
than 10 pm and are thus larger than the carbonates found in
Aguazuque.

Figure 6. Stratigraphic profile and micromorphological counts at Aguazuque;
a) thin section of stratigraphic level 5.2; b) total coal (1) and bone remains (2) at level 5.2 (Image-Pro Plus); ¢) thin section of stratigraphic level 2; d) total coal (1)
and bone remains (2) at level 2 (Image-Pro Plus)
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Figure 7. Detailed count by aggregate at Tequendama;
a) topsoil level; total bone remains (2); b) level 7A; total coals (1); c) level 5B, total carbonates (3)
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Figure 8. Stratigraphic profile (a) and total aggregate counts at Tequendama with total coals (b) and carbonates (c) by stratigraphic level

116 Boletin Geol6gico 47



Quantitative analysis of micromorphological images in edaphosedimentary sequences of the archaeological sites of Tequendama and Aguazuque, Sabana de Bogotd, Colombia

Figure 9. Detailed count in aggregates at Aguazuque
a) level 3, total bone remains (2); b) level 2, total coals (1); ¢) level 6, total carbonates (3)
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Figure 10. Stratigraphic profile (a) and counts in aggregates at Aguazuque with total coals (b) and carbonates (c) by stratigraphic level
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4. DiscussioN

Activities of the groups that inhabited the Bogota
savanna in the Holocene
The manual counts show that the topsoil and 7A levels of the
Tequendama site contain bone remains in abundance. In turn,
coals are only identified in level 7A, whereas carbonates are
highly prevalent in the topsoil, in level 9 and, to a lesser extent,
in level 5B, thus matching the periods of highest human occu-
pation of the site (Correal and Van der Hammen, 1977).

Conversely, at the Aguazuque site, the percentage of bone
remains increases and then decreases over the occupation of
the site (Correal, 1990; Triana, 2019; Triana et al., 2019; Triana
et al,, 2020), although it sporadically and considerably increa-
ses from approximately 3,800 to 2,500 BP (initial late Holoce-
ne). Coals are only evident in the topsoil and in the first level
of occupation. Carbonates behave similarly to coals: they are
present in the latest levels, such as 6, and in the earliest levels,
such as 3, dated at 5,025 BP.

The automatic counts at the Tequendama site show that
bone remains are only present in the topsoil. Coals are present
in almost all stratigraphic levels, except in the topsoil; however,
levels 7A and 9 show high values. Lastly, carbonates increase
toward the earliest periods, dated from approximately 6,000
to 10,000 BP (levels 8A, 7A and 5B). The automatic counts at
Aguazuque show that bone remains are only present in level
3 (5,025 AP). Coal fragments are present in all stratigraphic
levels, but the topsoil has the highest values, followed by level
2, the earliest level of occupation. Carbonates are present in the
latest levels, such as level 6.

The results from both counts at the Tequendama site indi-
cate that bone remains are present in the latest levels, such as
topsoil; however, general micromorphological counts (Triana
et al,, 2019) and the frequency of the material during excava-
tion (Triana, 2019) have shown that bone remains are present
in all stratigraphic levels, although primarily in levels 9, 8A
and 7A (early and middle Holocene), and decrease toward the
late Holocene. This indicates that, in late levels, such as top-
soil, the frequency of microfragments is high, which can be
observed and quantified in both manual and automatic counts.
The frequency of bone remains in level 7A is in line with the
abundance of bone remains observed during the excavation
phase and with micromorphological observations. The above
findings support the hypothesis that the highest period of oc-
cupation of the Tequendama site is level 7A, with an absolute
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date of approximately 6,897-7,001 BP (Triana, 2019; Triana et
al., 2019; Correal and Van der Hammen, 1977).

The data from the coal counts show a higher presence of
microfragments in the automatic counts, and levels 7A and 9
have the highest values. These data indicate that occupation is
again identified in level 7A. In addition, level 9 (dated at 2,500
BP) also contains coals, which has not been identified in mi-
cromorphological observations or even in manual counts. This
level contained a stone floor in that period of occupation, asso-
ciated with the late Holocene (Correal and Van der Hammen,
1977), as well as ceramic fragments. The body of evidence sug-
gests that some activities were performed during this period in
which human groups were possibly developing farming prac-
tices; similarly, the presence of coals at this stratigraphic level
may be associated with food processing and cooking practices
that could have been conducted at the site.

This information can be complemented with reports on
changes in the social dynamics of the groups that occupied the
Bogota savanna. More specifically, some authors have argued
that the populations were more sedentary, that agriculture mar-
kedly outlined a subsistence economy and that the population
density would have increased around 2,500 BP. Accordingly,
different studies on individuals from this period confirm these
hypotheses because they show dietary changes that suggest a
dependence on crops, such as maize, and variable percenta-
ges in protein intake (Van der Hammen et al., 1990; Cardenas,
2002; Delgado, 2018; Triana, 2019; Triana et al., 2020).

The manual counts of Tequendama show that carbonates
tend to decrease in the latest levels (topsoil and layer 9) and
toward the earliest periods. However, level 5B (dated at 10,000
BP) shows an increase in these components. The automatic
counts are different because they show a significant increase
in carbonates; similarly, the latest levels, such as the topsoil
and layer 9, do not show a higher frequency of carbonates;
apparently, the frequency of these components increases to-
ward the earliest levels, especially in level 5B, where carbonates
peak, which corresponds to the transition from the end of the
Pleistocene to the early Holocene. These carbonates are newly
formed pedogenic phases, as explained below; as such, they in-
dicate the driest environmental conditions of that period.

Conversely, the peak of carbonates in level 5B at Tequenda-
ma matches the presence of lithic artifacts, bone fragments and
coals identified in micromorphological observations during
the excavation phase. This suggests the presence of human
groups in the Bogota savanna during the transition from the
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Pleistocene to the early Holocene, in an environment with con-
ditions very different from those of the late Holocene (Triana
etal., 2019; Triana, 2019; Correal and Van der Hammen, 1977;
Aceituno et al., 2013; Correal, 1993 and 1981; Correal et al.,
2005). The counts of bone remains at the Aguazuque site are
consistent with the frequency of archaeological material found
during the excavation phase; however, they differ from the au-
tomatic counts because bone remains are only identified in lev-
el 3 (dated at 5,025 BP; that is, the results show a high presence
of previously undetected microfragments.

The occupation of Tequendama lacks data toward the mi-
ddle Holocene, and the stratigraphic levels with abundant coals
at Aguazuque are levels 5.1, 4.2 and 4.1 of this period. These
findings suggest that, during the middle Holocene, the social
dynamics of the human groups were not limited to hunting and
gathering. The archaeological evidence-lithic artifacts such as
anvils, hammers, metates and quern stones used for plant pro-
cessing; dietary changes reported based on different analyses
of stable isotopes; burial patterns and diseases of individuals
who lived during this period-suggests that the inhabitants of
the Bogota savanna went from hunter-gatherers to potential
crop farmers. These data are complemented by the presence
of charred plants at Aguazuque from around the same period
(Correal 1990; Cardenas, 2002; Delgado, 2018; Triana et al.,
2019, Triana 2019).

Paleoenvironment in the Bogota savanna based on
the counts

An important result is the presence of carbonates at both sites,
the morphology of which is related not to primary carbonates,
but to secondary carbonates, formed in the soil environment.
In the region, the Guadalupe Formation is composed of fossili-
ferous limestones from the Upper Cretaceous; however, in the
thin sections, none of the carbonates match the petrography
of a fossiliferous limestone (Figure 11). In turn, the carbona-
tes are related neither to lacustrine calcareous sediments, the
morphology of which is linked to bodies of water, with lame-
llae or nodules with tangentially distributed crystals (Gutiérrez
Castorena et al., 1998), nor to coarse textures, such as sand or
gravel (which would show an alluvial or colluvial origin), but
they are instead micritic carbonates. Micrite and microspa-
rite form nodules or incrustations of plant tissue fragments,
which is typical of newly formed pedogenic carbonates (Tria-
na et al, 2019). These carbonates are formed by dissolution
and reprecipitation processes when the substrate is calcareous

and a primary carbonate source, serving as the basis for the
initial dissolution. At Tequendama, the rock shelter is formed
by sandstone without carbonates (Triana et al., 2019).

Consequently, the genesis of these carbonate accumulations
requires more complex processes: 1) the formation of carbonic
acid from CO,, a product of plant respiration; 2) the formation
of soluble bicarbonates (HCO,), from the weathering of prima-
ry, calcium-rich minerals, such as plagioclase and amphibole,
which were identified in the thin sections (Triana et al., 2019),
as well as the dissolution and migration of primary carbonates
present in local rocks, and 3) the precipitation of carbonates.
This precipitation process is conditioned by the loss of water, as
the main mechanism (Rabenhorst et al., 1984); therefore, high
ambient temperatures and low levels of rainfall are required be-
cause carbonate leaches under humid conditions. Therefore, its
presence indicates arid and semiarid conditions (Tanner, 2010).
Importantly, no carbonates were identified in the basal layers of
the Tequendama section (Triana et al., 2019).

Based on the above, the carbonates present in the thin sec-
tions indicate arid conditions starting from the transition from
the Pleistocene to the early Holocene (12,500-10,000 BP). This
shift represents a notable climate change at the beginning of
the Holocene, a period for which cold-humid conditions have
been documented, with Subparamo and forest vegetation (Del-
gado, 2018; Marchant et al., 2002; Van der Hammen, 1992).
Toward the beginning of the early Holocene (10,000 BP) a tem-
perature change is recorded: the environmental conditions be-
came more temperate, in line with the presence of ferruginous
nodules and Aristeidae and Gramineae phytoliths, which are

Figure 11. Thin section of rock from the rock shelter of the Tequendama ar-
cheological site showing no evidence of carbonates
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generally associated with temperate-to-warm environments,
in the lower stratigraphic levels of the study sequences (Tria-
na et al.,, 2019; Triana, 2019). From the initial early Holocene
(10,000-7,000 BP), the environmental conditions were warmer
and drier and gradually became more arid toward the middle
Holocene (Helmens and Van der Hammen, 1994; Torres et al.,
2005; Van Geel and Van der Hammen, 1973; Van der Ham-
men, 1992). Lastly, toward the late Holocene, the climate be-
came more humid on a regional scale. These climatic trends
match the presence of carbonates in the study sections.

At the Bogota savanna, in the middle Holocene, from
approximately 8,000 to 6,000 BP, the climate was dry and cold,
with dry and open areas and abundant Quercus plants throu-
ghout the savanna. From 5,000 to 2,500 BP, the water level of
the lakes decreased, and the forest variety increased; species
of the genera Quercus, Podocarpus, Urticaceae and Cecropia
were identified in this period (Triana et al., 2019; Delgado,
2018; Marchant et al., 2002; Van der Hammen, 1992). The abo-
ve is confirmed by the pH, electrical conductivity and phytoli-
th values from this period, which corroborate the permanent
settlement at the Aguazuque site; similarly, the high concen-
trations of silica skeleton phytoliths, which were apparently
deposited in the soil without being altered and were observed
in both the thin sections and the sediments, confirm the cons-
tant occupation of the site during these periods (Triana, 2019;
Triana et al., 2019; Nicosia and Stoops, 2017).

5. CONCLUSIONS

The data collected during the present study confirm that human
groups settled at Tequendama and Aguazuque. At Tequenda-
ma, the longest period of occupation spans from approximate-
ly 8,500 to 6,000 BP, while that at Aguazuque spans from 4,000
to 2,500 BP. Interestingly, the differences between the manual
and automatic counts show the high numbers of anthropoge-
nic components that had not been identified when using qua-
litative micromorphological techniques. The Image-Pro Plus
software more clearly defines the presence of anthropogenic
elements that are not visible to the naked eye. These computer
techniques enable us to determine features related to early hu-
man settlements (transition from the Pleistocene to the early
Holocene) in levels such as 5B at Tequendama.

On the one hand, at Aguazuque, low concentrations of
bone remains were found during the excavation and qualita-
tive analysis phases (Triana et al., 2019). Those counts were
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redefined during the present study. Thus, high percentages of
bone fragments were detected in level 3 (5,025 BP), thus indi-
cating an intensification of human activities in the middle Ho-
locene. Most likely, this high concentration of bone fragments
is related to the processing of faunal resources. On the other
hand, variables related to environmental conditions, such as
the presence of pedogenic carbonates, can be identified at the
microscopic level.

Consequently, quantitative analysis in archeological con-
texts identifies elements related to human occupation. In the
study of the Tequendama and Aguazuque sites, the implemen-
tation of this technique highlights the importance of approa-
ching data from different multidisciplinary perspectives by in-
tegrating the data and more clearly understanding the contexts
of each floor of occupation, as well as the corresponding social
and cultural dynamics. The information on the Tequendama
and Aguazuque sites has been expanded thanks to quantitati-
ve microscopic techniques, which provide very important data
on the occupation and environmental changes that may have
occurred at these sites.
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