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The study site La Chorquina ravine is located in the northern part of the Colombian in the western
Andes region, where three alluvial fans with different altitudinal levels have been identified, be-
ing one of them the object of this study. These sedimentary deposits have been associated with the
“El Guasimo” landslide, a downstream deposit that was considered responsible for the damming

of the Cauca River. Paleoenvironmental reconstructions carried out during the last years question
the existence of paleolakes, and support the hypothesis of a typical alluvial plain dynamic influ-
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enced by the Cauca River tributaries. In this research, two profiles were subjected to a complete

pedostratigraphic field characterization (structure, horizons differentiation, colour, porosity, and
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stoniness); Selected soil samples were submitted to physicochemical and mineralogical analyses, of
which 11 micromorphological analysis were performed, and carbonates, gypsum, iron and man-
ganese oxides, cutans, nodules, concretions and other pedological features were identified. The
research proved the predominance of alluvial soils under an alluvial sedimentary environment
with a predominance of features associated to the dynamic alluvial system characterized by little
mineral alteration and similar mineralogical composition. The presence of carbonates and gypsum

evidences seasonality changes in the climatic conditions. By means of the study of alluvial soils it
is possible to identify paleoclimatic seasonality through edaphological records, which makes these
soils a powerful tool for the study of Quaternary processes and paleoclimatic seasonality in tropical

fluvial environments.

1. Introduction

Quaternary alluvial fans are characterized by the complex-
ity of their genesis based on climatic and tectonic characteristics
(Gémez-Villar, 1996; Kumar et al., 2007), being affected by slope
conditions and lithology, with a radial distribution of the clasts
in a decreasing sense as they move away from the apex (Colom-
bo, 2010). Changes in the base level in response to tectonics or
weather conditions can lead the fan to incise (Harvey, 2002; Ku-
mar et al., 2007). Tectonic activity is considered to be critical in
the control of alluvial fan sedimentation in active orogenic belts
(Kumar et al., 2007; Viseras et al., 2003). Depending on climatic
conditions, there may be variations between wetland fans and
arid zone fans (Colombo, 2010; Benito et al., 2004).

The study area has been subject to various periods of an-
thropogenic occupation since 940 BP (Castillo, 1988). Humans al-
tered forests from the Pleistocene / Holocene transition through
plant dispersal and their concentration in anthropogenic patch-
es, domesticating the forest (Aceituno and Loaiza, 2015), which
favored the increase of sediment load (Vélez et al., 2013). Despite

the biological and socio-economic importance of the Cauca riv-
er through history, aquatic ecosystems, hydrological behavior,
sedimentological and climatically implications imposed by this
fluvial system, are still poorly understood (Martinez et al., 2013;
Valencia et al., 2017; Ceron et al., 2021). According to Vélez et al.
(2013), the Cauca River’s fertile floodplains, with their rich soils
and highly productive lakes and swamps, are a vital resource
for the economic and social development of the country. Several
authors affirm that Cauca River in this sector was blocked by
the Gudsimo mega-slides (6.5°N, 75.5°W, 550 m.s.n.m.) that im-
pounded the Cauca River, originating sedimentation processes
modeling the terrace system (Page and Mattsson, 1981; Martin-
ez-Sacristan, 2017). Ortiz and Pérez (1998) make a geological and
geomorphological characterization of the Guasimo Megaslide.
Page and Mattsson (1981) calculated the filling times of the
three lakes through the varve method, used in cool temperate
seasonal climates (Bradley, 1999); Mesa (2003) questions the use
of this methodology in tropical climate zones with a bimodal
regime and ENSO. The accumulation of sediments in the Cauca
paleolake start 6000 BP; however, four deposition environments
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were identified swamp, alluvial lacustrine, lacustrine and allu-
vial (Garcia et al., 2011). For Velez et al. (2013) the evolution and
dynamics of the ancient floodplain of the Cauca River and its
aquatic ecosystems, were related to swamps and ponds on the
floodplain formed for river connectivity; the establishment of
lakes and swamps that were probably fed by seasonal flows of
low energy. Several stratigraphic, geochemical, and organic mat-
ter studies of the late Holocene in relation to succession of the
Cauca paleolake in the middle part of Cauca Valley, northern Co-
lombia, suggests that it was deposited in a ria lake environment.
(Garcia-Castro, 2011; Martinez et al., 2013; Vélez et al. 2013; Mar-
tinez et al., 2015). These studies affirm that it was a laminated
deposition correlated with ENSO variability (2000 to 1500 yr BP),
which led to increased precipitation and to the transition from
an igapo (black water) to a varzea (white water) environment.
The La Chorquina Megafan offers a unique, high resolution
record to understand the genesis and pedogenetic development
of Holocene soils in a fluvial environment. Depositional dynam-
ics correspond either to a single event (Cauca river damming) to
several alluvial events. The micromorphological features will be
correlated with sedimentary and/or edaphic processes, these al-
low the interpretation of the different formation environments,
allowing the paleoenvironmental reconstruction of developed
alluvial soils. In this study, we used several pedostratigraphi-
cal analysis and techniques to answer the scientific question:
do the Quaternary paleosols of the La Chorquina creek reflect
flood events of great magnitude associated with damming of the
Cauca River or are they only the result of environmental chang-
es or the hydraulic dynamics of the fluvial system? The general
objective is to define the formation conditions and environmen-
tal changes of the terraces of La Chorquina from soil micromor-
phology. This study was focuses in the soils present in the two
levels of the La Chorquina stream and their relationship with
neighboring streams and study the genesis and evolution of the
soils of La Chorquina fan in relation to changes in climatological
conditions seasonality.
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2. Materials and methods
2.1. Study area

The study area is located in the Chorquina creek (7.6 km
channel), municipality of Santa Fe de Antioquia, eastern mar-
gin of the western Cordillera of the Andes, (Fig. 1). The study
site is located between 1470 to 450 m a.s.l in the middle part
of the Cauca river valley (south-north direction) with meander-
ing alignment, and braided as a consequence of the pull apart
basin configuration product of the combination of efforts of the
fault systems (Garcia et al., 2011; Vélez et al., 2013). The origin
of the deposits corresponds to successive events of deposition
of alluvial fans in a mountainous front; the occurrence of these
geoforms under current geomorphological conditions would be
limited by the short distance (2.67 km) from the mountain front
to the deposit. These conditions necessarily imply a change in
the base flow (Cauca river) due to tectonics or damming under
more humid climatic conditions (high rainfall regime) than the
current ones. The arrangement of the fans would break the
basic principle of fluvial geomorphology “highest is the old-
est”; according to Viseras (2003), in three superimposed levels
of alluvial fans the oldest is found at the base (greater exten-
sion and a greater degree of dissection), and youngest fan is on
the top of the sequence. In this case the height is related to the
dominant tectonic regime during the deposition of the materi-
als. Similar behaviors have been reported by Shukla et al. (2001)
for the Ganha megafan. The climate is widely influenced by the
Intertropical Convergence Zone (ITCZ), the trade wind pattern
where rainfall varies depending on the location of the moun-
tain ranges and circulation of humid winds comes from the East
or the Southeast (Poveda et al., 2006). The rain has a bimodal
regime (droughts December-March and July-August), with an
altitudinal rainfall gradient with of 850-950 mm/year (Vélez
and Rhenals, 2008). The relief has a marked influence on the
spatial variability of the precipitation towards the bottom of

Fig 1. a) Location of the study area La Chorquina Catchment, b) Profile 1, c) Profile 2.
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the Cauca river valley (475 m a.s.l) where the lowest values of
precipitation are present (850-950 mmy/year), this increases ac-
cording to the elevation (2000 m a.s.]) reaching maximum values
(2200 mm/year) in the highest areas (Espinal, 1992; Vélez and
Rhenals, 2008). La Chorquina is located in the Tropical Dry For-
est with a predominance of grasses and some relicts of gallery
forest and xerophytic vegetation (Espinal, 1992).

2.2. Caucariver geological framework

In the area of La Chorquina, the Cauca river basin has a
South-North direction, with a typically low sinuosity meandric
alignment pattern and a short section braided towards the
south; this change in the alignment pattern, according to Vélez
et al. (2013), is a consequence of the pull-apart basin configura-
tion in the area (Suter and Martinez, 2009; Suter et al., 2011),
product of the combination of stresses associated with the Cauca
Romeral fault system (c.f. Vinasco and Urbani, 2012), which com-
prises anastomosed faults with a predominant NNW direction,
and represents the limit between the Western and Central Cor-
dilleras. Tectonic activity in the area affects Quaternary deposits
(Paris et al.,, 2000; Suter et al., 2011). In this part of the Cauca
river basin, the Cretaceous oceanic Barroso Formation and the
Santa Fe Batholith, and the Oligocene-Miocene Amaga Forma-
tion are the main geological units (Gonzélez, 2001). The less well
defined more recent units are the El Tunal, Goyas, Anza and El
Llano sedimentary sequences.

The Barroso Formation is composed of basic volcanic rocks
of Cretaceous age that outcrop on the eastern flank of the West-
ern Cordillera; the basic volcanic component formed by intense
oceanic volcanism in an ophiolitic sequence, with aphanitic,
porphyritic rocks, basaltic and andesitic spills, diabase, spilite,
pillow lavas, with pyroclastic rocks such as agglomerates, brec-
cias, and tuffs, interbedded with concordant lenses of siltstones,
claystone, and black chert (Rodriguez and Arango, 2013).

The Santa Fe Batholith is a tonalitic unit that intruded Trias-
sic rocks from the Central and Western Cordilleras of the Colom-
bian Andes (Nivia and Gémez-Tapias, 2005); this intrusive body
has an assigned age between 100 and 90 Ma, product of partial
melting of mafic mantle rocks of the Colombian-Caribbean
Ocean Plateau (CCOP) (Weber et al., 2015). This unit is composed
of tonalites, quartz-diorites, gabbro’s and diorites. Tonalite the
most abundant rock, intruded by late dioritic dikes (Weber et
al.,, 2015).

The Amagé Formation is fluvial siliciclastic sedimentary
formation that has been divided into two members (see Silva-
Tamayo et al., 2020 and references therein): the Lower Member,
with conglomeratic banks, sandstones, conglomeratic sand-
stones, slaty claystones and sporadic coalbeds; the Upper Mem-
ber comprises coarse-grained sandstones and siltstones, without
coalbeds. The rocks of the Amagd Formation have a high degree
of consolidation and well sorted materials, with well-defined
bedding planes.

Locally the Amagéd Formation is overlain by se series of
sedimentary sequences. These are: 1) El Tunal Sequence, that
consists of an alternation of coarse to very coarse conglomerates
in a sandy matrix and intercalations of coarse sandstone strata

Alluvial soils as paleoclimatic indicators

with gravel, locally with calcareous cement. The composition
of the clasts corresponds to 98% dioritoids and 2% basalts. The
composition of the matrix corresponds to rock fragments and
minerals such as calcic- plagioclase, epidote and hornblende
(Parra-Sanchez, 1997). 2) The Goyds Sequence, composed of silty
sandstones, clayey siltstones, occasional peat lenses, and con-
glomerates with clasts less than 10 cm (Parra-Sanchez, 1997).
3) The Anza Sequence, made up of clast-supported conglomer-
ates composed of more than 60% of green aphanitic basalts and
white quartz, occasionally with andesites and tuffs from the vol-
cano-sedimentary Combia Formation. These conglomerates are
alternated with conglomeratic sandstones and silty sandstones
(Parra-Sanchez, 1997). 4) El Llano sequence, composed for differ-
ent strata, with phyllosilicates, amphiboles, opaque, quartz, feld-
spars, lamprophyre, glass, limonite, volcanic ash, tuffs, tuffite
and rock fragments, clayey silt texture; the silts have abundant
phyllosilicates and plant remains (Parra-Sanchez, 1997).

2.3. Field description and sampling

Sampling sites were selected based on studies conducted by
Mesa (2003), Suter et al. (2011), Garcia et al. (2011), Vélez et al.
(2013) and Johnstone (2014), two representative profiles locat-
ed in the lower part of the La Chorquina stream were selected.
The alluvial deposits where described in the field; and complete
stratigraphic characterization was doing through different lev-
els of the alluvial fan deposit. The description of the soil profiles
was carried out according to the criteria of soil survey manual
(SSS, 2018), the classification according to the Key to soil tax-
onomy (SSS, 2014) and IUSS Working Group WRB (2022). The
detailed description of the sedimentary materials also included
the identification of sedimentary facies indicating dissimilar
paleocenvironments in terms of humidity and pedogenesis and
the lateral variations of the facies, in order to mark and corre-
late the events that could represent abrupt changes in the sys-
tem or contributions of materials to them (Olivera et al., 2004).
Each soil profile was sampled for chemical, physical and min-
eralogical analyses, as well as for micromorphology according
to Loaiza-Usuga and Poch (2015) and Soil survey manual (SSS,
2018) methodologies.

2.4. Laboratory analyses

A total of 36 soil samples were taken, 10 in Profile 1 and 26
in Profile 2. Soil samples were analyzed in the soil laboratory
of Universidad Nacional de Colombia — Medellin (Colombia).
Size distribution of mineral particles (<2 mm) was analyzed by
Bouyoucos method (Day, 1965), soil reaction was measured with
a potentiometer (827 pH Lab Metrohm®) on a 1:1 soil-water ra-
tio, organic carbon was analyzed by moist digestion (Walkley
and Black, 1934). According SSS (2004) cation-exchange capac-
ity (CEC) and extractable bases were measured on a sample per-
colated with ammonium acetate 1 N at pH 7.0. Available phos-
phorus was measured with modified Bray-II method (Bray and
Kurtz, 1945). For mineralogical analysis of the sand fraction, the
dry sieving procedure was carried out by means of mechanical
separation of the sand contents, and the fine fraction by means
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of a 200 mesh (0.074 mm), according to the Porta-Casanellas
procedures (1986). Soil samples for sand fraction mineralogi-
cal analysis were studied with a petrographic microscope (Axio
Lab-A1l Zeiss®) according to Tauler and Canals (2015) counting
300 grains per sample. The undisturbed soils samples for micro-
morphology were dried for six weeks at room temperature, and
impregnated with polyester resin and let harden for another six
weeks. Slabs were cut with a diamond disc and polished with
a polishing machine (Thin Sectioning System Petrothin Buehler
Ltd®) to obtain a thickness up to 20 um. Thin section description
and interpretation were carried out with an Axio Lab-A1 Zeiss®
microscope, and were based on Stoops (2021) and Loaiza-Usuga
et al. (2015).

3. Results
3.1. Alluvial deposits

In the study site the lower fan corresponds to a yellowish-
brown and gray deposit (product of changes in the water regime
of the sequence) where fine sand-sized particles predominate
and a smaller proportion of silt with very few blocks (< 10 cm),
fine parallel lamination, and bands of thin irregular iron layers.
The matrix/block ratio in this deposit corresponds to a mud flow
with non-Newtonian behavior (Bingham plastic fluid); its granu-
lometry and composition is similar to the material of the active
channel (La Chorquina creek). However, the active stream de-
posit has little matrix and a larger number of blocks. This fan
was deposited under wetter conditions than today. The bound-
ary between middle and low fan is an erosional surface.

157400
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The middle fan corresponds to yellowish-brown silty sand
deposit, without lamination, with an easterly inclination of 6°
and thickness > 35 m. This fan has lower matrix content than
the lower fan; diorite blocks was smaller (< 4 cm diameter) and
angular than in the upper fan. The dissection degree is medium;
and there are undulations on the surface that give rise to a very
smooth hilly relief. The predominance of the matrix over the
block content indicates a behavior of non-Newtonian flow dy-
namics (Bingham fluid). In surface this fan is overlain by the most
recent and less extensive upper fan. Washing and accumulation
of poorly cemented calcium carbonates and sulfates is common.

The upper fan rests on the conglomeratic silty sandstones
and the Goyéas conglomerate sequence (Upper Miocene — Plio-
cene), they are gray and reddish materials, and these colors
show different dominant edaphic processes. This fan has east
inclination of 3°-6°, with a medium degree of dissection and un-
dulations that form a very smooth hilly relief, it reaches 35 m
in thickness. Alluvial fans are the typical landform in the Cauca
mountain front, characterized by blocks in a fine matrix associ-
ated to torrential flow; some fan relics (affected by alluvial ero-
sion) are observed on the right bank of the Cauca River.

3.2. Pedostratigraphic characterization

The soils are derived from mixed alluvial and colluvio-al-
luvial deposits, they are moderately deep to shallow with abrupt
and plane limits and limited by stoniness. Soils are well drained
with medium to moderately fine textures. Towards the base of
the profile, fine granular materials predominate with a parallel
and horizontal lamination with an inclination of 3-6° (Fig. 2a),
towards the upper part there is a clear fluvial influence, with

Fig 2. a) Minerals with very little
alteration from the upper part of
the basin with microcharcoal from
local fires; horizontal lamination
with inclination (PPL), b) Iron in-
ternal hypocoatings associated to
hydromorphic conditions 4x (PPL),
c) Charcoal fragments of direct
burning remains 20x (PPL), d) Mac-
ro charcoal in alluvial deposit, e)
Pseudomorphs of calcite, replace-
ment of lenticular gypsum crystals
by calcite (high order interference
colors and the crystallographic
symmetry) 4x (XPL), f) Juxtaposed
hypocoatings of calcite and iron
oxides 20x (XPL), g) Plant tissues
10x (PPL), h) Root channels with
tissues, soil aggregates and char-
coal fragments 4x (PPL), i) Gypsum
crystals (50 pm)
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sands and a cross stratification. The other horizons correspond
to changes in the hydrological regime that favors the remobili-
zation of iron oxyhydroxides under oxidation reduction condi-
tions, giving rise to stagnic and gley horizons (under reduction
conditions). Table 1, shows the most relevant characteristics
described during the detailed survey of the pedostratigraphic
column, color, soil structure, pedofeatures, limit and HCI reac-
tion. In profile 1 the materials are silt-clayey with the presence
of sand at the top of the B,. The presence of pedotubules in B,
are related to high organisms’ activity. The phenomena associ-
ated with redoximorphic conditions (Fig. 2b) are more evident
in Bg, and Bg,, where carbonation is observed. The presence of
charcoal (finer material) is common in various horizons (Fig.
2¢, 2d), being more abundant in Bg,, where it is laminated with
defined orientation, reaching a thickness of up to 1 cm. The
structure of all horizons is coarse angular to subangular blocky
without structure in the less weathered materials. The B,, B,, Bg,
and Bwk horizons have the presence of calcite associated with
root channels; and presence of gypsum crystals in B, (Fig. 2e,
2f). B horizons have pedofeatures than bioturbation structures,
remobilization of calcium carbonates inside the profile (high
reaction to hydrochloric acid), mottled by oxidation reduction
processes (olive and grayish gley matrix) with sporadic presence
of fine sand-sized charcoal and laminated materials rich in fine
and very fine sand, laminations of organic matter (OM) associ-

Table 1
Morphology of soil profiles 1 and 2, La Chorquina alluvial fan

Alluvial soils as paleoclimatic indicators

ated to alluvial deposition. This soil profile is characterized by
fine textures, with a neutral to moderately alkaline pH, with low
electrical conductivity (EC) throughout the soil profile, except
for B, (high EC), the OM content is low, and the calcium and mag-
nesium contents are very high. The potassium is low to very low,
sodium fluctuates from medium to high, and phosphorus is low
to medium. The B, horizon tends to be a salt-affected soil.

The Profile 2 has crumbly structures on the surface, suban-
gular blocks, columnar for materials with greater pedogenesis,
loose grain, laminar tendency and no structure for the less pedo-
genetically altered materials. This profile has a greater granulo-
metric variation with a clear fluvial influence in the upper and
middle part of the stratigraphic sequence. This soil has contrast-
ing coarse, fine, and medium textures up to 11.2 meters deep,
from there, silty and loamy clay textures predominate (11.2 to
13.5 m). At C, Bg,, and C, horizons there are a parallel lamina-
tion; with cross-stratification at Cg,,, C,, Ab.g, ., and Cg,, horizons.
These gravel and sand lenses of alluvial origin, as well as lenses
with parallel lamination and cross-stratification of sands and
clays, enriched with organic matter, with horizontal accumula-
tion of iron oxides (incipient irregular iron thin layer horizon).
The Cg,, horizon has subrounded gravels (< 6.5 cm diameter)
with redox evidences and imbrication to the East. The gley and
stagnic matrices with olive, gray and brownish colors, and strong
reaction to hydrochloric acid (due to carbonation processes).

Profile 1
Hz Depth Munsell color Structure pedofeatures Limit HCL reaction
(cm) (moist)
Ap 0-30 10YR3/2 T, Sbl, Ld Frequent root channels and fine roots; Lithics frag- C, S Non-calcareous
ments < 3cm
Bw, 30-200 5Y5/2 (70%) Shl Fine parallel lamination AS Non-calcareous
10YR6/8 (20%) 5Y7/2 (10%)
Bw, 200-216 10YR6/6 (60%), C, AbL, S, Green fine parallel lamination CS Moderately
5GY6/2 (40%) Cm calcareous
Bw, 216-229 2.5Y4/2 C, AbL S, Fe oxides lamination, fresh OM, high selection A'S Moderately
Cm calcareous
Bw, 229-238 2.5Y7/4 (60%) C, Abl, S, Laminations of organic matter and CaCO,, Musco- C,S Moderately
2.5Y6/1 (40%) Cm vite and CaCO, only present in laminations. High calcareous
selection, frequent pedotubules
Bw, 238-242 2.5Y4/1 (70%) C, AbL S, Green parallel lamination CS Moderately
2.5Y6/1 (30%) Cm calcareous
Bw, 242-250 Gley1 5/5GY C, Abl, S, Fine parallel lamination, remobilization of CaCO, A,S Moderately
Cm inside root channels (> 2mm diameter) calcareous
Bw, 250-252 5Y2.5/1 C, Sbl Transitional layer rich in OM, layers with gray clay C, S Slightly
in the upper part and concentrated in the base; mot- calcareous
tled root channels, highly bioturbated
Bw, 252-258 Gley1 4/5GY C, Sbl Fe Oxides mottled, highly bioturbation, profile high C, S Non-calcareous
content of muscovite
Ab, 258-297 Gley1 4/N C, Shl Fine charcoal random distributed CS Non-calcareous
C 297-X 7.5YR5/3 - - CS Non-calcareous
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Table 1 - cont.
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Profile 2
Hz Depth Munsell color Structure  pedofeatures Limit HCL reaction
(cm) (moist)
Ap 0-45 10YR3/2 Crb, F, Ld Frequent root channels and fine roots, Fe oxidesin C, S Non-calcareous
root channels, lithic fragments (< 3 cm diameter)
Bw 45-70 2.5Y5/3 Sbl, M, Ld Few fine root channels and vertical fresh and de- A, S Non-calcareous
and T, Cls, composed roots, frequent charcoal fragments, lithic
C,Ld fragments (< 3 cm diameter)
C, 70-230 Gley1l 4/5G/1 Ns Frequent fragments of diorite, tonalite and my- A, S Non-calcareous
lonite, crystalline and white quartz, bioturbation
evidences, frequent lithic fragments, nodules Mn
oxides, coarse sands
Bg, 230-280 2.5Y6/6(70%) Shl, Ld Incipient lamination (>5mm), frequent very fine C,S Moderately
Gley1 4/5G/1(30%) channels and root channels with Fe oxides coatings calcareous
and infillings, few horizontal and vertical roots chan-
nels, small lenses with sand fillings, low selection
C, 280-294 5Y6/4(60%) Ns Parallel fine lamination, deposition planes, few root A, S Non-calcareous
Gley1 5/5GY (40%) channels, frequent root channels with Fe oxides
coatings
Bg, 294-346 5Y6/4 (60%) T, Shl, Ld Parallel lamination, frequent root channels with Fe  C, S Moderately
Gley1 5/5G (40%) oxides coatings and infillings, frequent cracks calcareous
Cg, 346-368 2.5Y5/4 (60%) Ns Oxide reduction laminated sands, few root chan- A, S Moderately
Gley1 4/5G (40%) nels and frequent fine roots, frequent root channels calcareous
with Fe oxides coatings, leaf footprint (Gramineae),
good selection
Abg, 368-430 2.5Y6/4 (70%) Co, T,C,M, Few to frequent root channels and frequent root C,S Non-calcareous
Gley 5/10GY (30%) Sbl, Ld channels with Fe oxides coatings and infillings
(2.5YR4/8, 2.5YR3/6), horizontal charcoal (5 mm
diameter), Fe nodules and fragments (5YR5/6), low
selection
ABg, 430-560 Gley1 6/5GY (95%) T, Cls, M Few to frequent root channels, few fine roots, restof C, S Extremely
7.5YR5/6 (5%) roots (2.5YR3/6), abundant fine root channels with calcareous
Fe oxides coatings and infillings frequent fine char-
coal oriented horizontally, redoximorphic features,
low selection
Cg, 560-587 2.5Y6/4 (80%) Ns Few root channels and fine charcoal, abundant fine C, S Moderately
Gley1 4/5GY (20%) root channels with Fe oxides coatings and infillings, calcareous
calcite crystals, low selection
Abg, 587-639 Gley1 5/10GY T, Shl fine root channels with Fe oxides and calcite in- C, S Extremely
fillings, abundant fine roots, radial gypsum aggre- calcareous
gates, root channels with CaCO, infillings, frequent
charcoal (< 5mm diameter)
Abg, 639-670 Gleyl 5/10Y T, Shl Abundantroot channels with Fe oxides coatingsand A, S Non- calcareous
infillings, radial gypsum aggregates, abundant fine
and frequent coarse charcoal (< 3cm), low selection
Abg, 670-710 2.5Y7/3 (50%) Sbl, C, T, Root channels with OM infillings, abundant to fre- A, S Non- calcareous
Gley1 6/10Y (50%) Cls quent root channels and chambers with Fe oxides
coatings, few mottles, few gypsum crystals, few fine
roots, pedogenetic wetting and drying cracks, placic
horizon, low selection
Abg, 710-760 Gley1 5/10Y Sbl, C, T, Coarse and medium root channels with Fe and Mn A, S Non-calcareous
Cls oxides coatings and infillings, abundant nodules Fe
and Mn oxides (Imm), frequent fine and very fine
root channels, chambers with OM coatings, pedotu-
bules dense infilling, placic horizon
6
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Table 1 - cont.
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Hz Depth Munsell color Structure  pedofeatures Limit HCL reaction
(cm) (moist)
Abg, 760-845 Gleyl 6/N T, Shl Parallel fine lamination, abundant root channels, A,S Non-calcareous
abundant Fe oxides coatings and infilling in root
channel, frequent Fe and Mn oxides infilling in fine
root channels, frequent leaf footprint (Gramineae)
oriented horizontally, low gypsum crystals, sub-
rounded igneous lithics blocks in the base < 6.5 cm
diameter
Cg, 845-857 Gley1 5/10Y Ns Subrounded gravels < 3 mm diameter inside silty A, S Non-calcareous
matrix
C, 857-909 2.5Y4/3 (60%) Ns Frequent Mn oxides, few fine roots, few fine char- A, S Non-calcareous
2.5Y5/2 (30%) coal, sandy clay horizontal lenses with gypsum
Gley2 4/10BG (10%) crystals, frequent gypsum crystals, cross stratifica-
tion, low selection
Abg, 909-939 Gley1 4/10Y (30%) Sbl, M Root channels with Fe and Mn oxides, lenses and A, S Non-calcareous
Gley1 4/5GY (30%) root channels with Fe oxides coating and infilling,
2.5Y5/4 (40%) Clays with fine parallel lamination and good select-
ed sand lenses, lenses rich in OM in upper part of
the horizon, strong gleization
Cg, 939-1119 Gley1 4/10Y Shl, C, Ld Root channels with Fe and Mn oxides, Parallel lami- A, S Non-calcareous
nation, bioturbation, frequent gypsum crystals and
Mn oxides (Pyrolusite), irregular layer and sand
stratification, gypsum radial aggregates inside pe-
dotubules, low selection
Abg, 1119-1175 Gley1 5/N (60%) T, Sbl, M Root channels with Fe oxides, abundant roots slight- A, S Non-calcareous
5Y6/2 (40%) ly decomposed, frequent leaf footprint (Gramineae)
oriented horizontally, pedotubules infilling with
soil mineral material, sand concretions
C, 1175-1245 2.5Y6/4 Ns, Parallel inclined laminated fine sands and lens of C,S Non-calcareous
coarse gravels, accumulation of charcoal upper
part, placic and Fe oxides fragments (horizontal) in
the base
Abg, 1245-1299 Gley1 5/10Y (50%) SbL, M, T, frequent Fe oxides coatings in root channels, verti- A, S Non-calcareous
Gley1 5/N (25%) Cls cal roots, lens of Mn oxides (globular pyrolusite),
5YR5/1 (25%) charcoal, Fe oxides, abundant Mn oxides associ-
ated to gypsum and sulfur, placic horizons, burn
layer in the upper part of the horizon rich in char-
coal
Cg, 1299-1315  2.5Y5/4 (90%) T, Shl Few root channels wit Fe oxides, frequent Mn ox- A, S Non-calcareous
Gley 5/10GY (10%) ides, parallel fine lamination and sandy lens, good
selection
Abg, 1315-1335 Gley 6/N (90%) T, Sbl, F Vertical root channels with Fe oxides and sand in- C, S Non-calcareous
Gley 2.5Y6/3 (10%) fillings, preserved organic rests cover by Fe oxides,
stagnic matrix, hard horizon
Cg, 1335-1349 2.5Y6/4 (80%) T, Abl, C Abundant Fe oxides, parallel fine lamination CS Non-calcareous
2.5Y6/3 (20%)
C 1349-X 2.5Y6/4 Ns Frequent roots channels with Fe and Mn coatings, - Non-calcareous

frequent fragments of placic (Imm), frequents to
few roots’ channels, frequent fine roots, parallel
fine lamination, massive, good selection

Ns: not structure, Abl: angular blocks, Sbl: subangular blocks, Crb: Crumby, Cls: Columnar, PI: platy, Ld: low developed, F: fine, C: coarse, M: medium, Co:
compacted, S: slightly, T: tendency, OM: organic matter, A: abrupt, C: clear, S: smoot.
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The C3 is composed of sand and gravel. The profile 2 show
intercalations of finer materials (silty clay) with evidence of re-
doximorphic conditions with two phases: phase I correspond-
ing to the Ab,g., Ab,g., Ab,g., Ab.g, and Ab.g,, horizons, phase
IT is composed of the Ab.g.., C, Ab,g, ., Cg,,, Ab, g .. Cg, and C,
horizons. In these finer materials Abg,., C, Cg,.,, Cg,, and C,
horizons have a thin parallel lamination. The presence of grass
molds in the Cg,, Ab.g,,, and Ab,g, horizons is common, as well
as remains of vertical trunks in Ab, g ., which indicates periods
of stability (pauses in deposition) long enough for the develop-
ment of vegetation and incipient pedogenetic processes. The
well-preserved roots and plant tissues were covered with iron
oxides, pedotubules filled with material from the same hori-
zon, sands and iron oxides; with root channels filled with iron
and manganese oxides and charcoal fragments. In the lower
and middle levels root channels filled with iron oxides, fine
sands and calcite are common; including the presence of indi-
vidual and radial aggregates of gypsum crystals in the Ab,g,
Ab.g, Ab,g, Ab.g ., C,, Cg, and Cg horizons (Fig. 2e, 2f). The
presence of gypsum crystals sometimes is accompanied by the
presence of accumulations of sulphurous materials, recarbon-
ation processes, iron and manganese oxides, the latter can be
abundant in some horizons in the form of globular pyralusite.
The remains of charcoal in Profile 2 reach several centimeters
as in the C, (7 cm), Ab,g,, (6 cm) and Ab,g,. (9 cm) horizons;
charcoal was depositing horizontally following the lamination
of the horizons. The pH is neutral to moderately alkaline in the
first 7 m depth. From a depth of 7 m they tend to be moderately
to slightly acidic at depth. Electrical conductivity tends to be
very low at the top of the profile, medium in the middle part
of the profile increasing at high EC values towards the bottom.
The values for organic matter are high for most of the horizons,
except for Ab,g, ., which presents medium values. Calcium and
magnesium contents are very high while potassium is very low
to low, sodium fluctuates from medium to high and phospho-
rus is medium in the profile with high contents in Abg.. So-
dium increases its values in depth, the CICE is high throughout
the profile. A detailed physicochemical characterization of the
study soil profile is showed in the Table 2.

3.3. Mineralogical proxy

The sedimentary deposit is composed of silty and sandy
materials with parallel inclined lamination at the base, grad-
ing to silty sand and cross-laminated sand in the middle part
(profile) to silt with gravel and blocks in the upper part of the
profile, which shown its alluvial origin. Sand mineralogy had
the presence of lithic fragments of diorite and fine-grained
sedimentary rocks, with minerals such as hornblende, epidote/
zoite/clinozoite, feldspars, quartz, muscovite, biotite with little
alteration (little weathered), Table 3. The main source of mate-
rials is the upper part of the basin (mountain range). For profile
1, the first three horizons (Ap, B, and B,) have a very marked
presence of lithic diorite fragments (maximum 72.82%); only in
the B, there is 11.65% of lithic fragments of sedimentary rock.
From the B,, the presence of charcoal is evident in the B, hori-
zon reaching 22.7% as maximum.
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Profile 2 had a highest content of diorite fragments in the
upper part of the sedimentary sequence; in the C, horizon the
maximum value (diorite) is 30.6% with lesser values for C,
(18.1%), Cg, (6.8%) and Cg,, (7.7%). The lithic fragments of sedi-
mentary rocks were found in the lowest part of the sequence in
Cg,, (13.31% maximum value). The alluvial materials were the
source area of the sediments of both deposits (profile 1 and 2),
the source were Santa Fe Batholith rocks and reworked Terti-
ary fans materials (with the same parent material) from the
middle part of the basin. To summarize, hornblende was < 1%,
the dominant mineral is sericite (40%), and in smaller propor-
tions orthoclase, quartz, and biotite with medium to high de-
gree of alteration.

3.4. Micromorphological features

The most important micromorfological features of the
samples analyzed are discussed in this section; the micromor-
phological features are illustrated in the Fig. 2. In the study
profiles the soil has alternation of single grain microstructure
(monic) interspersed with combination of coarse and fine com-
ponents inside laminations (open to double spaced porphyric).
There is weakly to strongly developed subangular blocky pri-
mary microstructure, partially accommodated; single grain
to platy secondary microstructure. Simple and complex pack-
ing voids, root channels, chambers, vesicles and planes were
found. The micromass was grey, brown yellowish and reddish
brown. There is presence of hypocoatings and coatings (Fig. 2b,
2f), loose discontinuous infillings, typic coatings, layering and
compound layering of calcium carbonates, gypsum, iron and
manganese oxides inside channels (Fig. 2e, 2f). Soil impover-
ishment pedofeatures are associated with translocation and
accumulation of iron oxides. Low weathered in minerals, even
in the feldspars, mineralogy of the coarse fraction was very
homogeneous. The most important organic components were
charcoal, oriented, tissues, calcium oxalate phytoliths, earth-
worm excrement, diatom remains, opaline phytoliths, last two
only in Ab,g, (Fig. 2a, 2c). Presence of wormholes, roots and
cavities of soil invertebrates was common. Some plant tissues
are well preserved and the groundmass shown evidence of
gleization (Fig. 2g).

Profile 1 has subangular blocky and a single grain micro-
structure, double-spaced closed porphyritic, porostriated.
There is presence of root channels rough and partially ar-
ranged root channels and chambers. There are coatings and
hypocoatings of micritic calcium carbonate and gypsum, and
juxtaposed typic coatings of non-laminated clays (Fig. 2i, 2j). It
was found partially accommodated root channels (< 700 pm),
coatings and hypo-coatings of iron oxides, chambers associat-
ed with fauna passage dense complete sand infilling, and pre-
served plant remains; and evidences of mixing of the original
soil by organisms. Parallel lamination (marked by the orienta-
tion of the hornblendes) of silt and fine charcoal with inclina-
tion of 6° between the B, and Bg, horizons are found.

The upper part of profile 2, there is a common presence
of microstructures in very thick subangular blocks, weakly
separated and partially arranged. It is loosely grained with an
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Table 2

Physical chemical analysis profile 1 and 2, La Chorquina alluvial fan

Alluvial soils as paleoclimatic indicators

Profile 1
Hz Depth Sand Silt Clay Textural pH EC oM Ca Mg K Na P ECEC
cm % Class 1:1 dS m % Cmol/kg Mg/kg
Ap 0-30 28 36 36 clay loam 7.0 0.13 1.3 20.2 7.3 0.26  0.32 18 29
Bw, 30-200 54 26 20 sandy clay loam 6.1 0.47 2.0 13.4 5.4 0.55 0.25 17 19.6
Bw, 200-216 38 30 32 clay loam 7.8 4.87 0.80 36 19 0.14 5.45 25 60.6
Bw, 216-229 32 42 26 Loam 7.7 1.09 0.66 28.5 10.3 0.13 1.07 26 40
Bw, 229-238 30 42 28 clay loam 7.9 0.83 1.1 12.8 10.2 0.09 1.23 27 24.3
Bw, 238-242 32 38 30 clay loam 8.0 0.36 0.99 18.3 7.6 011  0.95 29 27
Bw 242-250 36 36 28 clay loam 8.0 0.25 0.93 18.7 7.7 0.11 0.62 24 27.1
Bw, 250-252 36 34 30 clay loam 8.1 0.22 1.2 19.6 8.2 0.12 0.60 28 28.5
Bw, 252-258 14 52 34 silty clay loam 8.0 0.26 1.1 19.9 8.1 012  0.82 33 28.9
Ab, 258-297 22 48 30 clay loam 8.1 0.26 1.0 21.1 8.5 0.11 0.65 30 30.4
C, 297-X 26 40 34 clay loam 8.2 0.16 1.1 21.6 7.2 0.06 0.44 26 29.3
Profile 2
Ap 0-45 28 36 36 clay loam 7.0 0.13 1.30 20.8 7.6 0.28  0.32 18 29
Bw 45-70 54 20 26 sandy clay loam 7.5 0.16 0.67 17.6 7.9 020  0.32 24 26
C, 70-230 80 12 8 loamy sandy 8.5 0.12 0.21 10.7 2.0 0.10 0.23 16 13
Bg, 230-280 54 26 20 sandy clay loam 8.0 0.08 0.28 17.7 5.5 0.11 0.31 21 23.6
C, 280-294 76 10 14 sandy loam 8.1 0.18 0.14 14.3 4.8 0.10 0.30 23 19.5
Bg, 294-346 34 38 28 sandy clay loam 8.4 0.18 0.52 26.6 84 0.16  0.50 17 37.7
Cg, 346-368 54 24 22 sandy clay loam 8.5 0.16 0.19 18.8 6.8 0.14 0.55 25 26.3
Abg, 368-430 28 38 34 clay loam 8.1 0.24 0.97 21.4 8.7 0.23 1.10 34 31.4
ABg, 430-560 26 44 30 clay loam 7.6 3.40 0.61 38 8.3 0.19 1.87 20 48.4
Cg, 560-587 66 16 18 sandy loam 7.7 0.91 0.20 15.7 5.3 012 053 38 21.7
Abg, 587-639 10 50 40 silty clay 7.7 1.55 1.30 29.6 9.5 019 0.84 32 40.1
Abg, 639-670 12 38 50 clay 6.8 1.36 1.20 27 11 0.22 0.76 33 39
Abg, 670-710 14 40 46 silty clay 6.9 0.67 1.40 25.5 10.2 0.24 0.68 28 36.6
Abg, 710-760 10 52 38 silty clay loam 7.1 1.82 0.59 24.5 9.4 0.18  0.65 42 34.7
Abg, 760-845 8 50 42 silty clay 6.2 5.67 1.0 28.8 11 0.22 0.72 28 40.7
Cg, 845-857 74 16 10 sandy loam 7.1 1.58 0.35 18.9 5.9 0.17 0.48 20 24.4
C, 857-909 70 14 16 sandy loam 6.5 1.17 0.20 15.1 5.8 0.12 0.50 16 21.5
Abg, 909-939 36 38 26 loam 5.9 2.10 1.10 16.9 7.1 019 057 25 24.8
Cg, 939-1119 64 24 12 sandy loam 6.7 0.43 0.21 17 7.2 0.17 0.62 22 25
Abg, 1119-1175 14 46 40 silty clay 5.9 4.43 1.70 30.1 10.7 0.26 0.87 32 41.9
C, 1175-1245 40 34 26 loam 6.0 3.84 0.58 20.2 8.5 0.10 0.73 34 29.6
Abg, 1245-1299 14 48 38 silty clay loam 5.7 3.70 1.10 232 10.2 019 092 38 34.5
Cg, 1299-1315 16 56 28 silty clay loam 6.4 1.58 0.47 214 8.8 017  0.82 36 31.2
Abg, 1315-1335 16 44 40 clay loam 5.9 5.32 1.10 26.3 11.5 0.23 0.97 25 39
Cg, 1335-1349 18 48 34 silty clay loam 6.3 5.33 0.48 24.2 10.6 0.19 0.86 36 35.9
C, 1349-X 32 42 26 loam 5.9 3.82 0.56 22.2 5.6 0.18 0.87 30 28.9
9
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Table 3
Mineral composition in the coarse silt fraction of the studied soils.
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Profile 1

Hz Depth (cm) Lfg Gm Qz Fp M FeO CaCo, G C
Ap 0-30 +H ++ + tr - _ - _ _
Bw, 30-200 - 4 - ++ + + - _ _
Bw, 200-216 - 4+ + ++ - tr + ¥ ¥
Bw, 216-229 - + +4++ 4+ - + + _ _
Bw, 229-238 - + e+ ++ + + + _ _
Bw, 238-242 - - - - - _ _ _ +
Bw, 242-250 - ++ +4++ 4+ - _ + _ +
Bw, 250-252 - - - ot . _ i _ _
Bw, 252-258 - - - e+ e+ + _ _ +
Ab, 258-297 - - ++ e+t o - _ _ ¥
C, 297-X et + e+ ++ - — _ _ _
Profile 2

Ap 0-45 + ++ +++ - + + - — —
Bw 45-70 +H+ +++ ++ ++ + + - - +
C, 70-230 bt ++ + - _ _ _ _ _
Bg, 230-280 ++ +++ ++ +++ - + + - +
C, 280-294 - e+t e+t - - + - - +
Bg, 294-346 ++ ++ ++ +H+ ++ + + _ T
Cg, 346-368 +++ +4++ + 44 — + + _ tr
Abg, 368-430 = - 4+ - ++ + — 4 T4
ABg, 430-560 = +++ - +++ - ++ ++ - ++
Cg, 560-587 + +++ o+t 44 - + + _ +
Abg, 587-639 - et et - _ ++ + i+ +
Abg, 639-670 - e+t e+t et - ++ - + ++
Abg, 670-710 - - + - 4+ ++ — + T4
Abg, 710-760 - - + - - ++ - et tr
Abg, 760-845 - - + - tr ++ - + ++
Cg, 845-857 e+t - - - _ _ _ _ tr
C, 857-909 ++ ++ ++ +H++ - - - ++ +
Abg, 909-939 ++ ++ e+t ++ ++ + — _ +
Cg, 939-1119 - ++ e+ - +++ + - ++ 4
Abg, 1119-1175 - - - - - + - - 4+
C, 1175-1245 ++ ++ +++ - - + — _ T4
Abg, 1245-1299 - - ++ e+ et + - ++ +
Cg, 1299 -1315 - 4+ +4++ - ++ ++ - _ +
Abg,, 1315-1335 - - - ot - + - + ++
Cg, 1335-1349 - - et ++ ++ + - 4 +
C 1349-X - +4++ o+ - + + _ + tr

5

Lfg lithic fragments, Gm green minerals, Qz quartz, Fp feldspar, M muscovite, FeO iron oxides, CaCO, calcium carbonates,
G Gypsum, C Charcoal, tr traces (< 1%), + present (5%-15%), ++ common (15%-30%), +++ abundant (30%-50%), ++++ more

abundant (> 50%), — not found
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inclined parallel lamination (6°-9°) marked by the orientation
of the minerals and the charcoal, the lamination is a character-
istic that is preserved throughout the entire profile. There are
channels with dense complete infilling and cross microlami-
nation of silt-clays and iron oxide coatings in brown, grayish
brown, grey groundmass. Hornblende and fine charcoal, with
low degree of alteration, are oriented. Root channels are inside
a greenish groundmass with coatings and hypocoatings of Fe
oxides (Fig. 2h). There is a gley horizon with vertical root ca-
nals in depth, horizontal planes, rubefacted calcium carbonate
nodules, fan-shaped lamination produced by dehydration of
mica, hornblende broken in steps, and abundant burnt organic
structures. There are reddening and accumulation of globular
manganese oxides. In depth was abundant preserved plant
vascular tissues, moderately decomposed organic residues,
coatings and hypo-coatings of Fe oxides. Redoximorphic ped-
ofeatures, as well as, coatings, hypocoatings and infillings of
iron oxides inside channels, calcium carbonates, gypsum, typi-
cal nodules of Fe and Mn oxides are observed in the overlying
horizons. Gypsum infilling surrounding Fe and Mn oxides and
iron oxyhydroxides are found. Biological activity is reflected by
the presence of coprolites; some horizon presents remains of
Bacillariophyceae diatoms, Naviculales order, Naviculales fam-
ily, Pinnularia genus, characteristic of wet riparian zones and
wetlands (Spaulding et al., 2010). There are coatings partially
covered by lenticular gypsum crystals, typical Fe nodules, con-
centric, fingered, mamillated associated with plant structures;
with typical and fingered Mn nodules and non-laminated clay
coatings.

4. Discussion
4.1. Geomorphic environment

The mineralogical evidence shows that parent material, de-
spite being deposited by alluvial phenomena, does not present
any mineralogical trait related to the sediments of the Cauca
River, which have a parallel lamination and a more varied com-
position. The origin of the sediments does not correspond to
materials resulting from the damming of the Cauca River, but
corresponds to the eastern flank of the Western Andes mountain
range rocky materials, with predominance of rocks of the Santa
Fe Batholith. The water level rise in the Cauca River product of
the “El Guasimo” damming or the result of successive increases
in the flow, would produce a counterflow that would favor the
deposition of sediments from the Cauca River in the tributaries.
The current river surface line analyzes of Garcia (2011), Garcia
etal. (2011) and Serna et al. (2015) indicate a decrease in the rel-
ative water level of La Chorquina creek, in the middle and lower
parts, as aresult of the activity of the west Cauca and central
Cauca faults. At the lower part of La Chorquina sedimentary se-
quences, there was an accumulation of Ca2, Mg, Fe* cations as
a result of the weathering of basic rocks, a dynamic favored by
the low slopes and geomorphological conditions in this part of
the basin; characterized by bottom valley conditions. The accu-
mulation, composition and distribution of terrestrial carbonates

Alluvial soils as paleoclimatic indicators

in semi-arid alluvial sedimentary environments are controlled
by physical (transportation energy), morphological (slope gra-
dient), chemical (precipitation, evaporation) processes and bio-
chemical interactions (Nickel, 1985). The inclination of the fans
towards the Cauca River, as well as the origin of the sediments
evidenced by the stratigraphic columns and the geomorphol-
ogy, show a sequence deposited from the mountain front and
not a product of the damming of the Cauca River. Base level
change, climate change, and changes in water and sediment
load affect the developed time hierarchy of deposition discharge
events (Shukla et al., 2001). The Cauca River has been an alluvial
system that has had vertical variations throughout its geomor-
phological history. Other authors than Martinez et al. (2015) hy-
pothesize; about the hydrologic change to higher-energy fluvial
conditions could reflect periodic damming caused by the Cauca
River, carrying a heavier sediment load, and thus forming the
varzea-type lakes.

4.2. Soil genesis and classification

The first stage was characterized by the deposition of silt
and clay particles (C, to Ab,g,. horizons), showing a discontinu-
ous sedimentation evidenced by exposure of plants tissues. For
C,, Cg, and Ab, g . horizons, pedogenesis starts under vegeta-
tion colonization conditions; subsequently Cg,, and Ab,g,, were
deposited followed by a period of stability and subsequently soil
was developed. The increase in sediment load could have been
the result of anthropogenic deforestation and a subsequent in-
crease of precipitation events (Vélez et al. 2013). The presence
of a horizon rich in coarse charcoal, evidences in situ burning
of plant material, and a fast deposition which occurs in C, and
Ab,g . horizons. Ab.g,. has higher contents of organic matter,
high content of Ca, Na, high electric conductivity, which make
evident dry environmental conditions under moderate pedo-
genesis and base-poor parent material.

Subsequently, a cycle of deposition of sandy materials oc-
curs, interrupted by the deposition of Ab,g . with lower ionic
composition. The later C-horizons correspond to a phase of
rapid and continuous deposition of materials; the following Ab
horizons were related to cycles of deposition of silt-clay materi-
als and greater pedogenetic stability evidenced by higher con-
tents of OM, phosphorus, bases and higher pH values. The most
important pedogenetic processes were a greater accumulation
of organic matter, calcium carbonate precipitation (nodules,
laminations and infillings), gypsum crystals and aggregates, re-
duction/oxidation processes and presence of pedotubules, root
channels and edaphoturbation product of the organisms action.
According to Buol et al. (2011), the solubilization of carbonates
occurs during the rainy season; whereas dissolved bicarbonate
migrates within the soil profile to some depth and reprecipitates
during the following dry season. The wet season is responsible
for the liberation of iron and lixiviation of bases by weather-
ing (Duchaufour, 1982). The increase of pedogenesis in the
floodplain was related to less frequent high-energy flows that
formed ephemeral evaporitic swamps (Vélez et al., 2013). Water
dynamics were associated to the presence of gley and stagnic
matrix product of water accumulation processes in the soil pro-
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file; these horizons are mottled, product of accumulation of iron
and manganese oxides. The recarbonation processes are ob-
served in root channels and iron oxide coating surfaces which
evidence drier climate conditions. Alluvial fans frequently con-
tain carbonate precipitates especially under semi-arid climates
(Nickel, 1985). The presence of gypsum crystals in the study site
will be associated with exceptionally dry periods in the over-
bank conditions. Gypsum, both inherited and pedogenic, is most
abundant in soils under arid or semiarid climates as evapora-
tive concentration is generally required for its formation (Poch,
2018). Gypsum crystals can develop in dry or ephemeral saline
lake environments, where seasonal variations in groundwater
level promote discontinuous growth of the crystals; these are in-
terpreted as a record of variations of environmental conditions
during gypsum growth (Mees et al., 2012; Poch et al 2018).

Accumulation of Fe and Mn were related to more humid pe-
riods, conditions of recent alluvial deposition with water table
fluctuation or shallow water table. Decalcification and second-
ary carbonate accumulation require a seasonal climate with
(semi) humid conditions providing excess rainfall and down-
ward transport of seepage water (Ortiz et al., 2002). The pres-
ence of fine materials (silt — clay) and fine laminations is associ-
ated to calm deposition dynamics favoring the development of
incipient A horizons; C horizons and low sorted deposits which
were linked with more intense alluvial deposition dynamics in
most humid weather conditions.

Despite the scarce pedogenetic development of these soils,
it is possible to recognize different paleoclimatic periods and
processes based on pedofeatures. From the taxonomic point
of view, the first profile is classified as Fluvic Calcaric Loamic
Oxyaquic Phaeozems, the second profile corresponds to a Gleyic
Fluvic Cambic Calcaric Loamic Pyric Phaeozems (WRB, 2022).
Fine-loamy Mixed Semiactive Calcareous Hyperthermic Tor-
riorthentic Haplustolls (SSS, 2014).

4.3. Pedofeatures as paleoenvironmental indicators

The presence of septaric calcium carbonate nodules found
on the study site is associated with more arid climatic conditions
(very dry tropical forest) than the current ones. Cremaschi et
al. (2015) report, on buried soils in alluvial sediments, the pres-
ence of carbonate leaching and slight hydromorphism as pedo-
genetical processes. The high content of charcoal in some hori-
zons indicate the occurrence of fires. Regarding the presence of
oriented and well-preserved charcoal fragments, they indicate
short-distance transport conditions. The presence of rubefacted
calcium carbonate nodules, fan-shaped micas due to dehydra-
tion, hornblendes broken in steps as a result of contraction, and
the presence of abundant burned organic structures are associ-
ated with in situ burning conditions.

Vélez et al. (2013) report Early Holocene human activities in
the area. Presence of finely comminuted charcoal, redistributed
calcitic wood ash, dusty clay coatings and phosphatic aggregates
records anthropogenic activities (Cremaschi et al.,, 2018). The
composed juxtaposed pedofeatures were related to sequences
of climatic changes. As a hypothesis is possible identify three
climatically phases: phase I a dry climate stage (micrite hypo-
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coatings), phase II with more humid conditions (iron oxide coat-
ings and hypocoatings) indicating wetland under border alluvial
environments and phase III a semiarid environment (gypsum
crystals or sparite). The channels with dense complete infillings
and crossed microlamination, as well as the presence of Fe oxide
coatings show not very long periodic humid climate, since the
charcoal and hornblende show little alteration. Preferred align-
ment of clay domains (stipple-speckled or granostriated b-fab-
ric) and levels affected by carbonate precipitation (calcitic-crys-
tallitic b-fabric), suggest alternating phases of pedogenic and
sedimentary inputs (Zarate et al., 2000). The low pedogenetic de-
velopment associated with scarce microstructural features, few
root channels and the presence of mica sheets, were the product
of fast rate of deposition.

The presence of olive and grey colors associated with root
channels covered by iron oxides, show stagnic conditions (oxi-
doreductive environment), variations from dry to humid condi-
tions which can be influenced by contrasting dry (Nifio phenom-
ena) and humid periods (Nifia phenomena); or the geomorpho-
logical conditions that favor the accumulation of the water in
the soil profile. Abundance of Fe coatings evidence long periods
of water saturation, and abundance of Fe hypocoatings are re-
lated to intermittent saturation periods (Vepraskas et al., 2018).
The Ab horizons present higher contents of organic matter, de-
spite not observing accumulations of calcium carbonate in the
morphological description, they have a high ionic content of Ca.
Burnt vascular tissues, high content of organic remains, hypo-
coatings of Fe and Mn oxides were identified. The absence of soil
features of carbonate accumulation in some layers, as well as
the presence of coatings shown the occurrence of reducing en-
vironments; the higher content of organic matter was related to
landscape stability and pedogenesis (phase II). The most recent
phases of soil developed are mainly characterized by pedoturba-
tion and calcite mobilization (Cremaschi et al., 2018). Redoximor-
phic features are associated with seasonal variation of the water
table throughout the year under tropical dry forest conditions
(phase I). The formation of concentric nodules occurs over mul-
tiple wet/dry cycles or fluctuations in the water table (Vepraskas
et al., 2018). The presence of well-preserved organic remains evi-
dences conditions of flooded soils quickly buried by deposition
phenomena; the presence of abundant coprolites evidences a
prolonged time of soil exposure without burial. Microlaminated
coatings of illuvial clays and iron oxyhydroxides partially cov-
ered by lenticular gypsum crystals show dry environments, with
a seasonal variation in soil moisture associated with the behavior
of groundwater (phase III). The diatom remains identified in one
of the horizons are characteristic of shallow inland waters (la-
custrine), or saturated soils (Spaulding et al., 2010). This regime
is subsequent to the deposition of the sediments, corresponds to
conditions of small basins close to the channel.

The presence of non-laminated clay coatings with striated
pattern, micrite coatings and hypo-coatings, and occasionally
sparite coatings, low minerals weathering, Fe and Mn nodules
and coatings, dense complete sand infillings and calcite coatings
in channels evidence changes from humid climate (ferralization
and mobilization of sand within the root channels) to dry cli-
mate (mobilization of carbonates) where polygonal structures
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of calcium carbonate associated with plant remains are present.
Ortiz et al. (2002), report discontinuous sedimentation and soil
development governed by pulses of tectonic uplift, whereby the
main pedogenic processes included leaching of carbonates and
clay illuviation, the degree of development of horizons varied
over time.

5. Conclusions

The results of the La Chorquina sediment sequence indicate
that the parent material originated by successive deposition of
alluvial fans on mountainous front formed by of the Guasimo
landslide. The alluvial deposits in the study area were associated
with several events of different causality, erosive events result-
ing from regional or local fires alternated with floods, and large-
scale alluvial-torrential phenomena. Periods of relative stabil-
ity were identified as responsible of the formation of incipient
paleosols in relatively short time periods, under conditions of
low weathering, which has allowed the preservation of the sedi-
mentological characteristics of the deposit.

The deposits evidence environmental changes of great mag-
nitude marked by three contrasting climatic periods, namely
period III under semi-arid conditions (Tropical very dry for-
est), period I dry conditions (Tropical dry forest) to period II dry
subhumid conditions. These changes in the climatic dynamics
of the area may be related to changes in the ENSO dynamics.
It is necessary to highlight that although the pedogenetic proc-
esses present in these soils are incipient, marked mostly by the
dynamics of water associated with seasonal changes in precipi-
tation, behavior of the water table and geomorphological posi-
tion of the soil, it is nevertheless possible to identify seasonal
paleoclimatic conditions through edaphological records in allu-
vial soils with little evolution, which makes these soils a tool for
the study of Quaternary processes and paleoclimates in tropical
fluvial environments.
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