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Abstract

The importance of the Norte Chico region in north-central Chile has long been recognized for
the paleoclimates recorded in its soils. This area lies in an extreme climate gradient between
the hyper-arid Atacama Desert in the north and a Mediterranean climate in the south, which
has made it very sensitive to past climate changes. Nevertheless, few paleoclimate studies
have been undertaken in the region, and these were mostly concentrated on the Holocene. We
studied Pleistocene climate changes recorded in soils that formed over a series of marine
terraces near Tongoy about 60 km south of La Serena. The calcrete and soil development took
place on four marine terraces associated with Marine Isotope Stages MIS 11, MIS 7e, MIS 5e,
and MIS 1. The different types of calcretes that developed on the three oldest terraces
containing calcareous material indicate that they developed during different periods, and that
climatic conditions favorable for the development of these soils existed in the area at least
from MIS 11 (412 ka) until post-MIS 5e (125 ka). The calcrete horizons show well-defined
development stages recording cyclic climate changes varying between arid and more humid
during the late Pleistocene. These climate changes recorded in the Tongoy soils are reflected
by sedimentological, geomorphological and pedogenic processes. Climate cycles have only
been recorded previously for the post-MIS 5e stage in the area, this study being the first to
include climate variations reaching MIS 11.

1. Introduction

The Norte Chico region in north-central Chile lies in a transition zone between the hyper-arid
Atacama Desert to the north and the Mediterranean climate of central Chile to the south,
which makes this region sensitive to Quaternary climate changes (Miller, 1976). However,
paleoclimate studies in this region have concentrated mainly on the Holocene, with very little
data on the Pleistocene (Grosjean et al., 1997, 1998; Lamy et al., 1998, 2000; Maldonado

and Villagran, 2002, 2006; Veit, 1996; Villagran and Varela, 1990). Up to now, paleoclimate
studies of the area have only gone back to approximately 120,000 yr BP (Lamy et al., 1998).
Despite controversies about the exact timing and duration of paleoclimate changes in the
region, all published records show an alternation of wet and dry periods (Latorre et al., 2007).
These are associated with latitudinal shifts of the climate zones along the South American
Pacific margin linked to north—south displacements of the Southern Westerlies (Lamy et al.,
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2000). Soils with carbonate accumulation are common in Mediterranean semi-arid regions
(YYaalon, 1997) and are characterized by calcium carbonates that are known to be important
paleoenvironmental proxies (Cerling and Quade, 1993; Durand et al., 2010; Gocke et al.,
2011; Tanner, 2010). Such soils commonly develop into calcretes forming sub-profiles within
the main soil profiles (Wright and Tucker, 1991). Despite the recognition by several authors
of “relict” pedogenic features in the soils of Norte Chico (Casanova et al., 2010; Franz, 1966;
Fuenzalida, 1951; Paskoff, 1970; Wright and Espinoza, 1962), only one study combined a
pedological interpretation with absolute dating in a paleoclimatic reconstruction of the area
(Veit, 1996). However, there are so far no paleoclimatic studies that are based on pedogenic
carbonates in the Norte Chico region, even though such studies have been carried out
successfully in the Atacama Desert by Berger and Cooke (1997), Latorre et al. (1997), Rech
et al. (2003), and Quade et al. (2007). The objective of this study is to reconstruct the
sequence of events in the development of the Tongoy soil profiles, to which end we examined
20 profiles distributed over four marine terraces, of which seven have been analyzed in detail.
This paper presents the complex geomorphological and paleoclimatic history of the Tongoy
soils, in an area of great interest to paleoclimatologists, geomorphologists and pedologists.

2. Regional setting and soil forming factors

The study area is located on the north-central Pacific Coast of Chile (Fig. 1) within the area
formerly occupied by the Tongoy paleobay (Le Roux et al., 2006). This depression forms part
of a Cenozoic basin filled with marine deposits of Mio-Pleistocene age that are known as the
Coquimbo Formation (Le Roux et al., 2006). The bayfill deposits include mudstones,
sandstones, coquinas and conglomerates that accumulated during a series of transgressions
and regressions related to tectonic movements combined with global sea level variations,
studied in detail by Olivares (2004) and Le Roux et al. (2006). Variation of the relative sea
level combined with continental uplift generated a series of wave-cut marine terraces since the
middle Pleistocene in the area, which have been studied by several authors (Benado, 2000;
Briiggen, 1950; Chavez, 1967; Darwin, 1846; Domeyko, 1848; Heinze, 2003; Herm, 1969;
Ota et al., 1995; Paskoff, 1970; Pfeiffer, 2011; Radtke, 1989; Saillard, 2008). Ota et al. (1995)
identified four marine terraces in the area of Altos de Talinay and three terraces in the Tongoy
paleobay, which they designated TII, TIIl and TIV in order of decreasing age. The T1 terrace
only appears in the Altos de Talinay area, so that the TII terrace is the oldest for the Tongoy
area (Fig. 1). Radtke (1989) made an unsuccessful attempt to determine the chronology of the
four terraces at Tongoy by Electron Spin Resonance (ESR) and U/Th disequilibria on marine
shells, obtaining a wide range of ages for similar geological and topographic conditions,
which he explained as being a result of deposit mixing during the different marine
transgressions that reoccupied the same terrace. This conclusion was also reached by Hsu et
al. (1989). However, at the Bay of Coquimbo north of the present study area, Radtke (1989)
successfully dated marine terraces using U-series on marine shells. These data were used by
Ota et al. (1995) to assign ages to the Tongoy terraces based on geomorphological correlation
with the Coquimbo Bay terraces, which are almost continuous with those at Tongoy.
According to this study, the relative ages of the terraces are Plio-Pleistocene for TI, middle
Pleistocene for TII, MIS 9 for TlI and MIS 5e for TIV. The Holocene level was later
assigned to TV by Benado (2000), incorporating the present beach as a terrace level, which
was previously studied and dated by Ota and Paskoff (1993). The latter authors recognized a
series of beach ridges that correspond to a Holocene marine regression episode, in which the
oldest beach ridge has a 14C age of 5400 yrs BP and the youngest a 14C age of 910 yrs BP.
Saillard (2008) undertook U-Th dating on marine shells of the TIl and TIV terraces and
assigned them to MIS 11 and MIS 5e, respectively. The TIV terrace age of Saillard (2008)
coincides with ages proposed by Ota et al. (1995) and Benado (2000). The TII terrace age
poses some questions: many authors agree that there is a geomorphological correlation



between the Tongoy and Altos de Talinay terraces, the latter having been dated by Saillard et
al. (2009) using 10Be, based on which the TII level was assigned to MIS 9. Regard et al.
(2010) proposed that this terrace, extending almost continuously between 15°S and 30°S,
formed due to repeated superimposed highstands during a prolonged period of uplift, in which
the latest marine transgression corresponds to MIS 11. Terrace TIII is assumed to be of the
same age in the Tongoy and Talinay areas according to geomorphological correlation (Table
1), having been dated and assigned to MIS 7e by Saillard et al. (2009). The gap from MIS 11
to MIS 7 existing between the TII and TIII terraces at Tongoy, could be explained by slow
uplift after MIS 9 that reoccupied the MIS 9 level during MIS 7 in the Tongoy area. A similar
process was described by Saillard et al. (2009) for the Talinay area. In this study we used the
terrace ages proposed by the authors mentioned in Table 1.

The soil profiles show two parent materials that are clearly separated by a discontinuity: a
marine substrate and an overlying eolian sand, (Herm, 1969; Paskoff, 1970; Pfeiffer et al.,
2011). The marine deposit is composed of (i) coarse, sandy Balanus coquina of the Coquimbo
Formation, as for example in the Almendros profile (Olivares, 2004), (ii) clay and silt
corresponding to deep bayfill deposits of the Coquimbo Formation described by Olivares
(2004) and Le Roux et al. (2006), as in the Las Lomas profile, or (iii) deposits corresponding
to marine regression after the sea level highstands of MIS 11 (Maitencillo, La Montosa and
Alamito profiles), MIS 5e (EI Rincon profile), or the Holocene regression reflected in the
younger beach profile (Ota and Paskoff, 1993). In all profiles, the surface eolian deposit
evolved into a sandy soil of 15 to 60 cm depth. The present climate of Tongoy is semi-arid
Mediterranean with precipitation concentrated in winter and a moisture deficit for at least 9
months per year. The mean annual precipitation for the locality is 85 mm with an evapo-
transpiration potential of 351 mm. The mean annual temperature is 13.6 °C, with a mean
annual minimum of 9.2 °C, and a mean annual maximum of 20.6 °C (CIREN, 1990). The
older soils have passed through different climate periods, with large-scale variations related to
glacial cycles. The latter were characterized by more humid periods during glacial stages due
to the latitudinal shift of the Southern Westerlies (Lamy et al., 1998, 2000). Smaller-scale
climate variations alternated between arid and moist during the Holocene (Grosjean et al.,
1997, 1998; Maldonado and Villagran, 2002, 2006; Veit, 1996). The natural vegetation is
composed of steppe forest (Gajardo, 1994), with a few tree species such as Acacia caven,
Porlieria chilensis and Lithraea caustica, and lowshrubs including Baccharis paniculata,
Ephedra chilensis, Flourensia thurifera, and Bahia ambrosioides, among others. Cactus
species include Eulychnia breviflora, Cumulopuntia sphaerica, Eryosyce sp. and Echinopsis
chiloensis, whereas herbaceous species are mainly of annual growth habit. About 30 km south
of the study area lies the Fray Jorge National Park, which corresponds to a temperate humid
forest in the Altos de Talinay area. Its existence is interpreted as a relict of Miocene age when
the climate was more humid than at present (Villagran et al., 2004). The study area has been
subjected to intensive agricultural activities over the past decades and the introduction of the
shrub Atriplex nummularia, which is used as forage for sheep and goat farming in the area
(Cuevas and Vega, 2006).

3. Methodology

We examined more than 20 soil profiles in trenches, road cuts and open pit mines, from which
seven profiles were selected for detailed field description and laboratory analysis. The
selected soil profile locations are shown in Fig. 2, and their ages were assumed to be the age
of the marine terraces on which they developed (Table 1). However, due to the great extent of
the TII terrace, we estimated approximate ages for the soil profiles according to the
chronology of marine retreat after MIS 11 proposed by Sidall et al. (2006) and the distance



to the inner border of the TII terrace, as shown in Fig. 3. For this estimation we considered
that impacting waves at Tongoy met the conditions for low cliff erosion of the terraces as
described by Anderson et al. (1999) for shallow marine shelves. Since the topography,
bathymetry and wave dynamics at Tongoy cause wave energy dissipation that does not
generate significant coastal erosion (Moraga and Olivares, 1993; Villagran, 2007) we
assumed the NW border of terrace TII to have been close to the maximum marine regression
(Fig. 3). Soils were described according to the methodology proposed by Schoenberger et al.
(2002) and calcrete soil profiles were classified following the Machette (1985) sequence of
calcrete development. Soil samples were taken from each genetic horizon for chemical,
physical, mineralogical and micromorphological analysis, those from the TII terrace being the
same as those used in a previous study (Pfeiffer et al., 2011). Particle size distribution was
determined by sieve and pipette analysis according to Bouyoucos (1936), after the removal of
carbonates with HCI, the destruction of organic matter, and dispersion with sodium
pyrophosphate. Bulk density was measured by the clod method, whereas excavation methods
were used for surficial horizons (Grossman and Reinchs, 2002). In order to classify the soil,
standard methods were applied in determining their properties as recommended for Chilean
soils by Sadzawka et al. (2004). Soil samples were analyzed at the Laboratory of Soil and
Water Chemistry of the Soil Sciences Department at the Universidad de Chile. Electrical
conductivity (EC) of the saturation extract was measured with a CON 510 Oakton bench
conductivity meter. Soil reaction (pH) was measured in water (1:2.5) with a Corning model 7
pH meter. Soil organic carbon content was determined according to the Walkley-Black
method and a standard conversion factor of 1.724 was used to convert Walkley-Black carbon
into organic matter (OM) content. Soil extractable cations (Na+, K+, Ca2+, Mg2+) were
extracted by ammonium acetate solution at a pH of 7.0 and the Ca and Mg contents were
determined by atomic absorption spectroscopy using a Perkin Elmer 3110 atomic absorption
spectrometer. K and Na were determined by flame photometry using Jenway PFP 7
equipment. Similarly, the Cation Exchange Capacity (CEC) was estimated by measuring soil-
extractable Na after NaOAc saturation using the same equipment. Thin sections were
prepared from undisturbed soil samples impregnated with resin, and studied under a
petrographic microscope. The descriptions of soil thin sections were made following Bullock
et al. (1985), Wright and Tucker (1991), and Stoops (2003). The soils where classified
according to the Soil Taxonomy (Soil Survey Staff, 2010) and World Reference Base for Soil
Resources (WRB) (IUSS Working Group WRB, 2006). Quartz grain surface analysis for
terrace TII profiles used in a previous study (Pfeiffer et al., 2011) are also presented, in
addition to new data from the Las Lomas profile (TIV), for which the same methodology as in
Pfeiffer et al. (2011) was used. In total, four profiles were used for quartz grain surface
analysis.

The clay mineralogy of 22 selected soil horizons was analyzed using X-ray diffraction
(XRD), based on the methodology described by Jackson (1975). The organic matter of
previously sieved samples (b0.0038 mm), was removed using an adjusted pH of 9.5 in a
sodium hypochlorite solution (5.25 wt.%). Clay was later separated by centrifugation as
described by the same author. Two subsamples of each clay suspension were washed with
HCI (pH 3.5). One of these samples was K-saturated using a 1 M KCI solution (hereafter
referred to as KCI treatment), while the other was saturated using 1 M MgCI2 (MgClI
treatment). XRD patterns of the oriented aggregate specimens were obtained using a Rigaku
model Ultima IV X/ray diffractometer with a Cu Kal target operating at 40 V and 40 mA.
Subsequently, the KCI treated samples were heated for 2 h, first at 350 °C (350 treatment) and
subsequently at 550 °C. The Mg saturated samples were then solvated with glycerol (glycerol
treatment) in order to differentiate between vermiculite, chlorite and smectitic species
(Whittig and Allardice, 1986). A semi-quantitative comparison of diffraction maxima at 1.42
nm (d-spacing) after different treatments was used to discriminate between vermiculite,



chlorite and poorly crystalline smectites. Diffraction maxima at 0.720 nm and 0.445 nm after
KCI treatment and disappearance after heating were used to determine the presence of
kaolinite. The presence of micas was determined using diffraction maxima at 1.01-0.99 nm
and 0.33. In order to differentiate between trioctahedral and dioctahedral micas we performed
low speed powder diffraction XRD analysis of selected samples with angles between 59.0 and
62.02. We used a low intensity peak at 0.150 nm to determine the presence of muscovite
(Fanning et al., 1989). Additionally, selected representative samples were subjected to
differential scanning calorimetry (DSC) to detect the presence of smectites (dehydration
between 25 and 250 °C), iron oxy/hydroxides and kaolinites (dehydroxylation between 450
and 600 °C) using a Netzsch model STA409 PC (Karathanasis, 2008). Whole-rock major
elements of seven laminar calcretes were determined at the SERNAGEOMIN (Chilean
Geological Survey) laboratory by acid digestion/fusion using atomic absorption
spectrophotometry and UV-visible spectrophotometry. Data were normalized to 100% on a
loss on ignition (LOI) free basis. Soil development was evaluated in order to construct
chronofunctions. Here we analyzed the redness index (RI) and structure index (SI) of Harden
(1982) obtained from field data, and compared the clay content over time. obtained using a
Rigaku model Ultima IV X/ray diffractometer with a Cu Kal target operating at 40 V and 40
mA. Subsequently, the KCI treated samples were heated for 2 h, first at 350 °C (350
treatment) and subsequently at 550 °C. The Mg saturated samples were then solvated with
glycerol (glycerol treatment) in order to differentiate between vermiculite, chlorite and
smectitic species (Whittig and Allardice, 1986). A semi-quantitative comparison of diffraction
maxima at 1.42 nm (d-spacing) after different treatments was used to discriminate between
vermiculite, chlorite and poorly crystalline smectites. Diffraction maxima at 0.720 nm and
0.445 nm after KCI treatment and disappearance after heating were used to determine the
presence of kaolinite. The presence of micas was determined using diffraction maxima at
1.01-0.99 nm and 0.33. In order to differentiate between trioctahedral and dioctahedral micas
we performed low speed powder diffraction XRD analysis of selected samples withangles
between 59.0 and 62.02. We used a low intensity peak at0.150 nm to determine the presence
of muscovite (Fanning et al.,1989). Additionally, selected representative samples were
subjected to differential scanning calorimetry (DSC) to detect the presence of smectites
(dehydration between 25 and 250 °C), iron oxy/hydroxides and kaolinites (dehydroxylation
between 450 and 600 °C) using a Netzsch model STA409 PC (Karathanasis, 2008). Whole-
rock major elements of seven laminar calcretes were determined at the SERNAGEOMIN
(Chilean Geological Survey) laboratory by acid digestion/fusion using atomic absorption
spectrophotometry and UV-visible spectrophotometry. Data were normalized to 100% on a
loss on ignition (LOI) free basis. Soil development was evaluated in order to construct
chronofunctions. Here we analyzed the redness index (RI1) and structure index (SI) of Harden
(1982) obtained from field data, and compared the clay content over time.

4. Results
4.1. Soil-terrace relationships

Calcrete is present in five of the seven studied profiles in all terraces except the youngest soil,
which is located in the Holocene terrace. The three soil profiles described on the TII terrace
reached stage VI of Machette's (1985) sequence of calcrete development, which corresponds
to the most advanced calcrete development stage. The Almendros and El Rincon profiles,
located on the Tl and TIV terraces, respectively, reached stage V of calcrete development.

All the profiles showing an advanced stage of calcrete development are located on carbonate
substrates, which are marine transgression deposits (Maitencillo, La Montosa, Alamito, and
El Rincon profiles) or belong to the Coquimbo Formation (Almendros profile). The Las
Lomas profile shows carbonate mottles assigning it to stage | according to Machette (1985).



However, this profile is located on a clayey unit of the Coquimbo Formation, so that it cannot
be used for a direct comparison between the soil profiles. The Holocene beach profile shows
weak soil development with no pedogenic carbonate in the matrix. All profiles have an upper
layer of eolian origin (hereafter referred to as topsoil) tentatively identified as such by Herm
(1969) and subsequently confirmed by Pfeiffer et al. (2011), based on quartz grain surface
texture analysis as observed under a scanning electron microscope (SEM). The older
Maitencillo profile, located near the inland border of the TII terrace, shows a Natric horizon
with a high sodium exchange percentage and columnar structure (Table 2), and is therefore
the only profile with calcrete that is classified as “Petrocalcid Solonetz” according to WRB
(IUSS Working Group WRB, 2006) and as “Natric Petrocalcid” according to Soil Taxonomy
(Soil Survey Staff, 2010). This profile is the only one containing calcrete that classifies
differently from the other profiles in both classification systems used here (Fig. 2). The soils
are Aridisols according to Soil Taxonomy, with the exception of the Holocene soil which is
an Entisol due to its weak pedogenic development. According to the WRB, the soils are
classified as Arenosol, Solonetz and Calcisol (Fig. 2).

4.2. Topsoil

All soils have an upper, unconformable layer, referred to here as topsoil. Four profiles were
selected for quartz grain surface texture analysis by SEM, as described by Pfeiffer et al.
(2011). These authors proposed an eolian origin for this topsoil and recognized different
earlier transport processes as indicated by microfeature groups that reflect a similar type of
motion in a specific transport medium (Bull, 1981; Higgs, 1979; Krinsley and Donahue, 1968;
Mahaney, 2002). In all samples, up to three successive microfeature groups were
distinguished in this way. The same analysis was used for the topsoil of the Las Lomas
profile, which gave comparable results. All samples underwent the same processes reflecting
first a high energy coastal environment, followed by eolian transport, and eventually silica
precipitation and solution. In all studied samples, the grains show more than 90% of coastal
environment features associated with periodic swash and backwash on a beach, although
some grains show evidence of longer transport distances, perhaps during terrestrial runoff. All
analyzed grains also show well-defined eolian transport and abrasion features, which increase
with the soil age (Fig. 4a). The last process, represented by silica dissolution and
precipitation, can be associated with pedogenic processes of weathering and clay illuviation.
Comparing some properties of the topsoil with the estimated profile age it is possible to
obtain some functions indicating the soil evolution over time. There are many methods
available to determine soil development, e.g. using field data to construct chronofunctions
(Sauer, 2010). Here we analyzed the redness index (RI) and structure index (SI) of Harden
(1982) obtained from field data, together with laboratory data such as the clay content. Soil
color properties such as hue and chroma change during soil evolution, in a process known as
rubification (Kubiena, 1970), which is associated with the synthesis of iron oxides
(Schwertmann, 1993). The average Rl (Harden, 1982) of the topsoil shows that rubification
increases with age at Tongoy (Fig. 4b). This process is favored in a Mediterranean climate
where humid winters induce chemical weathering and dry summers allow precipitation of iron
oxides (Torrent et al., 1980). The structure index of Harden (1982) shows the structural
evolution of the soils over time (Fig. 4c) and there is also an increase in the clay content with
soil age (Fig. 4d). Micromorphological analysis of the topsoil shows different stages of
mineral weathering and pedofeatures with increasing soil profile age. The youngest profile
shows little sign of soil development with minor weathering of minerals and initial stages of
clay formation, whereas the older soil profiles show an increase in clay coatings and iron
nodules as well as weathering features of siliciclastic grains. Carbonate accumulation in the
form of masses and fractions of laminar and massive calcrete within the topsoil are also
present. In some profiles there are shell fragments at the soil surface and near burrows of the



rodent Spalacopus cyanus, which is widely distributed in the area and is known for its
adaptation to hard soils (Bozinovic et al., 2005). Bioturbation of hard soils such as calcretes
by burrowing rodents has been also reported in the United States (Brock and Buck, 2009;
Hirmas and Allen, 2007; Johnson and Johnson, 2004).

The topsoil horizons' oriented clay XRD patterns of the studied profiles show a mixture of
primary (i.e. quartz, muscovite, biotite) and secondary minerals (kaolinites, vermiculites,
etc.). Figs. 5 and 6 show an XRD pattern comparison of surface and subsurface horizons of
each terrace, respectively. The three soil profiles studied on the oldest terrace (Alamito, La
Montosa and Maitencillo) present a clay mineralogy dominated by muscovite and kaolinite.
According to our DSC analysis the Bw horizon of La Montosa exhibits significantly higher
contents of Fe oxides/hydroxides (probably goethite with an endothermic area between 300
and 400 °C) and kaolinites (500-600 °C), than any other of the analyzed soil horizons. The
Bw/Bkm horizon of La Montosa is the only soil of this age that presents a peak for
vermiculites. On the other hand, the Los Almendros soil (TIII) presents a mineralogy
dominated by poorly crystalline smectites as well as vermiculites, chlorites and kaolinite. The
mineralogy of the Las Lomas profile, which represents an intermediate state of development,
is dominated mainly by poorly crystalline smectites, vermiculite, muscovite and kaolinites.
This profile presents a significant increase in peak intensity for vermiculite and poorly
crystalline smectites in the two deepest horizons (2Bt3 and 3C). Similarly, kaolinite shows a
relatively higher peak intensity in these two horizons. This relative content increase was also
corroborated by means of DSC analysis, which shows a clear endothermic area in the 450—
600 °C range. The topsoil of the youngest terrace (TV) shows an XRD pattern similar to that
of the Las Lomas soil, but with significantly higher intensities for vermiculite and kaolinites
in the surface horizons (A and BC1) (Fig. 5). However, based on the DSC analysis the
relative amounts of kaolinite in the youngest soil are significantly lower than that found on
the Las Lomas Bw horizon.

4.3. Calcrete

Soil profiles with calcrete were observed at Tongoy only in areas with biogenic carbonate
deposits. These calcretes comprise highly indurated calcium carbonate horizons and
correspond to petrocalcic horizons (Soil Survey Staff, 2010). Calcrete is locally known as
“losa” (Paskoff, 1970). The sediments of these soil profiles are associated with seaward-
prograding beach ridges that developed after the marine transgressions abraded the terraces
(Fig. 7). The only profile showing a calcrete developing directly from deposits of the
Coquimbo Formation is at the top of a stratigraphic sequence at Almendros, described by
Olivares (2004), which was Sr-dated at 1.4+0.5 Ma. However, the terrace level of the
Almendros profile is associated with MIS 7e (about 225 ka BP) when the terrace was formed
by abrasion. Calcrete profiles of the oldest level (TII terrace), show a sequence of an eolian
topsoil underlain by brecciated calcrete, which overlies a laminar calcrete capping a massive
calcrete.

Laminar calcrete shows tepee structures and pisolithic layers, which correspond to the most
advanced stage of calcrete development according to Machette (1985). There are no
considerable differences between the calcretes of the three profiles studied in the older TII
terrace. Pfeiffer et al. (2011), showed that at first a massive calcrete developed in which many
biogenic microfabric features were present (beta type), subsequently a laminar calcrete
developed in which precipitation was mainly related to physiochemical processes (alpha
type). The presence of gypsum and halite in the lower parts of the massive calcrete was
interpreted as reflecting periods of high evaporation rates (Pfeiffer et al., 2011) (Fig. 8a). Clay
coatings in the lower parts of the laminar calcrete along the contact with massive calcrete



reflect clay translocation before the formation of the laminar calcrete (Pfeiffer et al., 2011).
Clay coatings and carbonate hypo-coatings are also present in the Las Lomas profile (Fig. 8b,
c, respectively), where they are associated with high ESP (exchangeable sodium percentage)
levels. Calcretes of profiles Almendros (TIH — 225 ka) and EI Rincon (TIV — 123 ka) show
a sequence of eolian topsoil, underlain by a laminar calcrete and massive calcrete, both
profiles corresponding to stage V of calcrete development according to Machette (1985). The
laminar calcretes are separated by thin pisolithic horizons (Fig. 8d). No clear differences in
the stage of calcrete development are observed between profiles of the TIII and TIV terraces,
despite the age differences between them. The microfabric of massive calcrete in both profiles
shows an alveolar septal structure (Fig. 8e), which is related to fungal septa (Goldstein, 1988;
Wright, 1986; Wright and Tucker, 1991). However, the presence of equant cement at
Almendros suggests that diagenetic processes could have cemented the massive calcrete
during its initial stages of development, which was subsequently eroded and exposed to
pedogenic processes with biological activity so that laminar calcrete developed. At the El
Rincon profile, ooliths and peloids are abundant in some layers of massive calcrete, which
could be the result of calcification of fecal pellets in a carbonate substrate (Fig. 8f;
Braithwaite, 1983; Calvet and Julia, 1983; Klappa, 1978).

The laminar calcrete shows similar macrostructures and microfabric patterns in the five
calcrete profiles analyzed. It overlies the massive calcrete as a continuous layer composed of a
series of microlaminations with variable Munsell colors. It lies between 33 and 70 cm depth.
Locally, where the substrate is richer in siliciclastic deposits, carbonate precipitated as
interlacing laminations or honeycomb calcrete and macroscopic rhizoliths are locally present
(Fig. 9; Wright and Tucker, 1991). The upper part of the laminar calcrete is composed of four
to five microlaminae with different microstructures between them. Normally the upper
microlaminae present an undulating pattern, but they may also show microfractures with
microsparite cement (Fig. 10a). The microlaminae are composed of pure secondary
carbonates of micrite and microsparite, locally containing siliciclastic or bioclastic grains
(Fig. 10b). Pisoids and ooliths were also observed (Fig. 10c). At some profiles on terraces TII
and TIV, paleochannels cutting into calcrete are present, for example at terrace TIV where
they eroded the first sequence of laminar and massive calcrete, leaving the underlying
calcretes intact (Fig. 11). These profiles do not show calcrete development along the former
channel surface. The whole-rock chemical composition of the upper microlaminae in the
laminar calcretes at EI Rincén (123 ka), Almendros (225 ka) and La Montosa (370 ka) shows
an increase in the Si content, as well as a relative increase in Fe content of the oldest profiles
(Table 3).

5. Discussion

The studied soil chronosequence indicates different stages of soil development on the
different terraces and also between the soils of the large TII terrace. Depending on the stage of
soil formation, the eolian cover of the Tongoy soils, also shows differences in its structure,
redness index (Harden, 1982), and clay content. Moreover, calcretes of older terrace TII
profiles demonstrate a more advanced formation stage in comparison with the TIIl and TIV
profile, as shown in Fig. 12. After the marine regression of MIS 11, gypsum and halite
precipitation may have occurred as a consequence of high evaporation rates, which could be
preserved in the lower parts of the deposit due to subsequent cementation forming the massive
calcrete (Fig. 12). This process occurred in the three soil profiles of terrace TII, but no
evidence thereof is found in younger profiles on this terrace studied by Vera (1985) and
Aburto et al. (2008). This suggests that such arid conditions occurred shortly after the onset of
the marine regression, related to a vadose zone with brackish water, as suggested by the
presence of calcite columnar cement microfeatures (Adams et al., 1984). The presence of
brackish waters in coastal areas is commonly related to deficient freshwater recharge



(Kocurek, 1996). The formation of the massive calcrete on the oldest terrace was driven by
inorganic and biogenic processes, the latter being manifested as rhizoliths, peloids, alveolar
septal structures, and some structures similar to fungal conidia. This implies that a vegetation
cover existed at that time, which allowed the formation of these microstructures in the
calcrete; biomass was probably composed mainly of grasses as suggested by the near absence
of larger rhizoliths and the presence of gypsum and halite indicating scarce rainfall. The
distribution of kaolinite does not show a clear pedogenic threshold. Since kaolinite is
expected after intensive weathering processes (Murray and Keller, 1993) we may expect an
increase with increasing soil development. This apparent incongruence may indicate kaolinitic
parent materials or continuous additions of kaolinite-rich eolian sediments. The latter
possibility is supported by relatively higher amounts of kaolinite in the surface horizon (Fig.
5) relative to the deeper horizons in all studied soils (Fig. 6). It is important to note that the
greatest absolute amounts of kaolinite in the clay fractions were found in the Los Almendros
Bwl horizon (TIII). This may suggest that added neosynthesized kaolinites have been
preserved in this system. The Los Almendros profile (T111) also presents the highest intensity
for vermiculite. This mineral is also abundant in the youngest profile, while it is practically
absent from other, older profiles (Alamito and La Montosa). The presence of vermiculite in
the youngest profile (TV) could be the result of parent material inheritance, since it is a
mineral that is formed from the action of supergene solutions on biotite (De La Calle and
Suquet, 1988), a mineral common in the rocks of the area (Emparan and Pineda, 2006).
However, it is also possible that vermiculites were formed in situ as a result of pedogenic
biotite alteration. The analysis of powder nonoriented samples shows that both biotite and
muscovite are present in the youngest soil (TV), while only muscovite is present in the three
older soils (TII). The reduction in muscovite peak intensity in Los Almendros (TIII) along
with an increase in vermiculite peak intensity may indicate enhanced alteration of muscovite
to dioctahedral vermiculite in this soil. The relatively faster alteration of biotite to
trioctahedral vermiculites may explain the presence of the latter in the youngest soil (TV) and
the absence of the former in the more developed topsoils (TII). On the other hand, the
preservation of muscovite in the more developed topsoils could also be a consequence of a
relatively higher stability of muscovite with respect to biotite (Malstrom and Banwart, 1997).
According to Fanning and Keramidas (1982) muscovite is generally found in association with
kaolinite when the soil solution is supersaturated with Ca and Si under a high pH. Our
chemical analyses suggest that these conditions may be present in the studied soils, supporting
the preservation of muscovite in older profiles. The highest relative amounts of chlorite are
present in the youngest soil, whereas there is no chlorite in the clay fraction at Alamito and La
Montosa, suggesting that chlorite may have been altered to vermiculite. In summary, as the
topsoil developed, biotite along with other 2:1 and 2:1:1 clay mineral components tended to
disappear, whereas muscovite and kaolinite tended to be preserved within this sequence. Clay
films in the upper part of massive calcrete on the TII terrace suggest weathering and clay
formation in the sandy upper eolian layer, and that the rainfall increased to a level sufficient
for clay illuviation as shown by micromorphological features in the Alamito and La Montosa
profiles. The presence of impure clay pedofeatures has been explained to result from the
impairment of the parallel orientation of clay platelets induced by the disruption of both clay
and silt-size layer silicates in a Na-rich environment (Pal et al., 1994).

Clay pedofeatures alternating with CaCO3 coatings have also been understood to result from
climate change (Gile et al., 1966; Reheis, 1987; Reynders, 1972; Yarilova, 1964). Pal et al.
2003) reported that clay illuviation and the formation of CaCO3 in highly Na-rich soils from
India occur simultaneously in a moist, ustic soil regime. According to these authors, this can
occur when a high amount of sodium causes precipitation of soluble Ca2+ ions as calcium
carbonate (CaCO3), preventing the flocculation of clay by Ca2+. The impure clay
pedofeatures, high amounts of Na, and a low Ca/Na ratio match our results for the Maitencillo



profile (Table 2). The other two profiles of TIlI show different clay illuviation features and
ESP (Exchange Sodium Percentage); although due to the high mobility of cations in the soil,
these values should be interpreted with caution. In these profiles, clay coatings below the
laminar calcrete are well oriented and have a high birefringence. In addition to this, the Ca/Na
ratios are higher than 1, while in the Maitencillo profile the highest value is 0.07. These
differences in the Ca/Na ratio may explain the different precipitation of clay coatings in these
profiles. In the Alamito and Montosa profiles, thin coatings along the rims of grains were
emplaced before carbonate precipitated in the pore spaces between the grains. Clay coatings
engulfed by carbonates are interpreted as reflecting a climate change from wet to dry (EI-
Tezhani et al., 1984; Reheis, 1987). However, Bronger and Sedov (1997) and Cabadas et al.
(2010) proposed an alternative model for clay coating formation in soils of semi-humid
tropical or Mediterranean climates, which does not require climate change or the presence of
exchangeable Na. When a leached Bt or Bw horizon is present overlying a petrocalcic horizon
or calcareous bedrock, suspended clay mobilized in the leached upper horizons can be
translocated downward and precipitated along carbonate contacts at the leaching front.
However, the fact that these illuvial pedofeatures are separated from the present Bw horizon
by continuous laminar crusts, excludes their recent origin. It is also important to note that the
presence of brecciated calcretes implies the prior formation of a laminar calcrete, so that the
time span between the formation of massive calcrete and clay illuviation could be significant.
Despite the lack of age control of the soil components, it is clear that the eolian layer was
deposited previous to the formation of the laminar calcrete, as indicated by the presence of
clay films along the contacts between laminar and massive calcrete. The different stage of soil
development in this layer shows that it was also deposited after surface exposure subsequent
to the marine regression. The quartz grain surface textures indicating a coastal environment
confirm the coastal source of the sand, which was derived from sources feeding the five
valleys debouching into the Bay of Tongoy. The increase in the proportion of well-abraded
grains transported by wind with profile age indicates continuous reworking of sand until it
was stabilized and started forming soil. The characteristics of the sand cover at Tongoy meet
those of sand sheets, where dunes with slipfaces are generally absent (Kocurek, 1996).
Calcretes of the Almendros (THI — 225 ka) and EI Rincon (TIV — 123 ka) profiles show a
sequence of topsoil overlying a laminar calcrete above a massive calcrete (brecciated calcrete
is absent). Laminar calcretes are composed of multiple laminae, separated by thin pisolithic
horizons. These are associated with mature calcrete profiles that become indurated and suffer
cracks where the grains are free to move and nucleate around host objects, preferentially roots
(Wright, 1994). On the TIV terrace in a road-cut profile near the Tongoy River, a series of
erosion and calcrete reprecipitation processes can be observed in two well-defined laminar
and massive calcretes (Fig. 11). Radtke (1989) dated the laminar and massive calcretes of this
profile, but the age ranges are too wide to be used with confidence. The importance of this
profile is that in the time span between MIS 5e (123 ka) and the present, a massive plus a
laminar calcrete reaching at least stage VV (Machette, 1985) developed twice. These calcretes
were also eroded by channels in which no new calcrete developed. This implies that calcrete
development rates in the study area did not need the full time span required to reach stage V
as reported from other areas under semi-arid climates such as southeast Spain
(Mediterranean), where the mature stage required a time-span between 69 ka to 121 ka
(Candy et al., 2004). At Tongoy, the controlling factors for calcrete formation existed for a
significant period after MIS 5e, but apparently ended around the first occurrences of debris
flow.

Analysis of the chemical composition of the upper microlaminae from the laminar calcretes of
the El Rincdn (123 ka), Almendros (225 ka) and La Montosa (370 ka) profiles shows a higher
Si content in the oldest profiles (Table 3), as can be expected for mature calcretes where silica
saturation should be higher than in younger calcretes (Milnes and Hutton, 1983; Nash and



Shaw, 1998). The association of calcrete and silcrete occurs in continental basins with arid
and semi-arid climates (Arakel et al., 1989; Nash and Shaw, 1998; Summerfield, 1982; Watts,
1980). At Tongoy, the semi-arid Mediterranean climate could have induced the production of
CO2 during the wet season by the breakdown of organic matter and root respiration. The
introduction of CO2 to the soil solution would have resulted in a local reduction in soil pH
that affected calcite solubility and induced silica precipitation (Knoll, 1985; Siever, 1962).
Furthermore, an inverse solubility exists between calcite and silica at high pH levels, when
calcite precipitates simultaneously with silica dissolution, in turn increasing the silica
saturation in the soils (Goudie, 1983; Siever, 1962). The process of calcrete silification is
considered to be an integral part of their formation when silica is released during the
replacement of silicate minerals (Walker, 1960; Watts, 1980).

6. Correlation with paleoclimate data

Calcretes are known to develop under arid, semi-arid and Mediterranean climates with a
prolonged dry season (Alonso-Zarza and Wright, 2010, and references therein). The more
advanced calcrete development (stage V1) on the TII terrace in comparison to profiles on
terraces TIIl and TIV (stage V) indicates that calcrete development did not begin everywhere
at the same time. Furthermore, early cementation of the carbonate profile in terrace Il after the
MIS 11 highstand is supported by: the preservation of microrelief (Pfeiffer et al., 2011), and
of highly soluble mineral preservation (gypsum and halite), and the scarcity of rhizoliths. It is
also highly possible that the existence of a hyper-arid climate after MIS 11 and the presence
of a brackish vadose zone were followed by an arid or semiarid climate that led to the
development of a stage V calcrete with a laminar horizon. Subsequently, brecciation of the
laminar calcrete occurred and a more humid period commenced that allowed for weathering
of the sand cover and clay illuviation. Finally, a new laminar calcrete horizon developed.

Similar conditions of aridity were also maintained after MIS 5e, where a stage V calcrete
developed with similar characteristics of beta and alpha morphology for massive and laminar
calcrete, respectively. Without absolute dating of the soil components it is unclear if the
calcrete on the TIII terrace developed earlier than the TIV terrace calcrete, but the presence of
superimposed massive and laminar calcrete on the latter terrace indicates the prevalence of
arid climatic conditions for a long time after MIS 5e.

Paleochannels observed in the TIl and TIV terraces could be related to occasional intense
rainfall or debris flows such as recorded by Vargas et al. (2006) in the Atacama Desert for El
Nifio/Southern Oscillation events (ENSO). The absence of newly formed calcrete after the
channel incision into the older calcrete on the TIl and TIV terraces suggests either a change in
climatic conditions that did not allow calcrete development or that the channel erosion was a
more recent event that did not allow sufficient time for calcrete formation.

The clay mineralogy of the selected topsoil layers shows a clear tendency in the
disappearance of vermiculite, chlorite and smectites with increasing relative age of soil
profiles (Figs. 5 and 6). Surface horizons in the older profiles (TII) only show peaks for
kaolinite, muscovite and quartz, indicating complete alteration of more weathering-prone
minerals (i.e. biotite, chlorites, etc.). Interestingly, the subsurface Bw horizon in the La
Montosa profile presents small peaks for dioctahedral vermiculite and a reduction in the peak
intensity of muscovite. The highest peak intensities for vermiculite, smectite and chlorite were
found in the subsurface horizons of Los Almendros (TIII). Since its deposition, this soil may
have experienced conditions that initially favored alteration of biotite and a subsequent



condition that allowed its preservation. Some conditions that allow the preservation of these
minerals are reduced drainage or a silica-enriched environment (Allen and Hajek, 1989).

The sandy layer that covers the terraces shows high energy processes associated with
swashing on a beach, followed by eolian transport. Since the quartz grain surfaces show signs
of beach processes, it is likely that the Tongoy beach was the source area. The clay content,
rubification and structure of the sandy layer show a sequence of pedogenic development in
the soils, suggesting that deposition could have occurred at different times in response to
pulses of climatic conditions suitable for eolian transport.

Previous paleoclimatic studies of the Norte Chico proposed an alternation between arid and
relatively humid phases occurring at least over the last 120 ka, which is related to the
latitudinal displacement of the Southern Westerlies (Grosjean et al., 1997, 1998; Lamy et

al., 1998, 2000; Maldonado and Villagran, 2002, 2006; Veit, 1996; Villagran and Varela,
1990). Up to now, no paleoclimatic records have been available for the Norte Chico region for
periods preceding MIS 5e, but our results indicate that these alternating climate cycles go
back to at least MIS 11.

Fig. 12 summarizes the main sedimentological and pedological processes that occurred in the
Tongoy soil profiles of the TIl and TIV terraces. The TIII terrace is not shown as this soil
reached a similar stage to IV for the TII profiles. In the future these stages and their
correlation with past climatic events can be studied using isotope and dating techniques.
Beach ridge deposits associated with marine regression can be dated using U series, ESR and
U-Th disequilibria techniques on marine shells (McLaren and Rowe, 1996; Muhs et al.,
1989). These methods can also be used to date specific features of massive and laminar
calcrete, such as rhizoliths, pisoliths and laminae (Candy and Black, 2009; Candy et al., 2004;
Kugukuysal et al., 2011; Ludwig and Paces, 2002). Gypsum and halite minerals can be dated
by using U-Th series up to a maximum of 350 ka (Ku et al., 1998).

Isotopic methods pertaining to carbonate can also be applied in combination with absolute
dating methods to determine the vegetation in the area at the time of calcrete development.
013C records of pedogenic carbonates are powerful indicators of paleoecology, as the §13C
reflects the isotope composition of soil CO2, which is also representative of the vegetation
present at the moment of carbonate precipitation (Amundson et al., 1994; Deocampo, 2010;
Pustovoytov et al., 2007; Singhvi et al., 2010).

7. Conclusions

At Tongoy, located in the semi-arid region of Chile, four marine terraces (TII-TV) developed
over marine sediments corresponding to the Coquimbo Formation were studied. These
terraces correspond to wave-cut features that formed due to variations in the relative sea level
associated with marine isotopic stages MIS 11 for TII, MIS 7e for TIII, MIS 5e for TIV, and
MIS 1 for TV, according to previous studies.

Over the three older terraces (TH, TIII and TIV), a calcrete developed locally where the
parent material was calcareous. Terrace TV does not show any calcrete development because
of its young age.

According to Machete's (1985) stages of development, the Tongoy calcretes reached stage VI
on terrace TIl and stage V on terraces TIV and TIII.



In all the studied profiles where calcretes developed, massive calcrete is of the beta type, in
which organisms played an important role in CaCO3 precipitation. In laminar calcrete of
alpha origin, CaCO3 precipitated because of physiochemical processes.

The different stages of calcrete development on the respective terraces indicate that they
developed during different periods, which implies that climatic conditions favored their
development in the area from at least MIS 11 (412 ka) to MIS 5e (125 ka).

Soils in the Tongoy paleobay resulted from a series of sedimentological, geomorphological
and pedogenic processes that responded to climatic cycles of arid and more humid periods.
Previously, these climatic cycles have only been recorded in the area after MIS 5e. However,
the presence of well-developed calcrete soil profiles shows a clear sequence of events that can
be associated with arid and more humid periods in three marine terraces, the oldest of which
reaches MIS 11, suggesting that climate cyclicity in this area is older than 100 ka.

These climatic cycles recorded in the Tongoy calcretes present an outstanding opportunity for
future studies that could link datable pedological features with the pre-MIS 5e climate of the
area, allowing a precise sequence of events to be established.
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Figure 1. Location of the study area and distribution of soil profiles over marine abrasion
terraces at Tongoy. Numbers represent soil profiles: 1, Maitencillo; 2, La Montosa; 3,
Alamito; 4, Almendros; 5, El Rincon; 6, Las Lomas; 7, Beach.
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Figure 2. Soil profiles showing general stratigraphy, classification and relative topographic
and geomorphological distributions. Ombrothermic diagram at left bottom.
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Figure 3. Sea level curve around the MIS 11 and relative soil profile ages according to their
positions on terrace Tn. The SE border should coincide with the MIS 11 highstand, whereas
the NW border should coincide with the following sea level lowstand.
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Figure 4. Soil properties of the upper eolian cap according to the surface age. a) Soil age v/s
the percentage of well-abraded quartz sand grains; b) Redness index chronosequence; c)
Structure index chronosequence; d) Topsoil clay content chronosequence.
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Figure 5. XRD patterns for surface horizons of selected profiles indicating first and second
order peaks for: S, smectite; C, chlorite; V, vermiculite; M, muscovite; K, kaolinite
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Figure 6. XRD patterns for subsurface of selected profiles (Tv, Beach; Tiv, Las Lomas; T,
Los Almendros and Tu, La Montosa) indicating first and second order peaks for; S, smectites;
C, chlorite; V, vermiculites; M, muscovite; K, kaolinites;
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Figure 7. SSE-NNW section of stratigraphic profile near Maitencillo site. A: soil profile. B:
calcrete; C: fine sandstone strata with intercalation of siliciclastic and biogenic sand layers of
about 1 cm width, with low angle planar lamination; D: strata with high angle planar
lamination dipping east, containing shell fragments (5 to 10 mm) in sandy matrix, cemented.
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Figure 8. (a) Cross-polarized light (XPL) view of gypsum in massive calcrete in Alamito
profile. (b) Clay coating lining a pore in 2Bw horizon of the Las Lomas profile (XPL). (c)
Calcium carbonate hypocoating in 2Bt; horizon in the Las Lomas profile (XPL); (d) Fracture
in laminar calcrete (pisolithic layer) of the La Montosa profile; (e) Alveolar septal structure in
massive calcrete of the EI Rincon profile (XPL); (f) Peloids and ooliths in a micritic matrix
with vuggy porosity, massive calcrete in the El Rincon profile (XPL).
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Figure 9. (a) Macroscopic rhizoliths in a mainly siliciclastic sady matrix, Greditas area at
the western limit of the Tu terrace. (b) Honeycomb calcrete formation filling fractures of a
weakly cemented siliciclastic sandy matrix.
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Figure 10. (a) Upper microlaminae of laminar calcrete from El Rincén Profile. Calcium
carbonate is principally micritic with undulations and fractures filled with sparitic cement,
parallel-polarized light. (b) Upper border of laminar calcrete from Almendros profile. Note
the increase in number of siliciclastic and bioclastic grains at the bottom. Channel, vuggy and
mouldic porosity can be observed at the bottom, cross polarized light. (c) Oolithic grain with
a siliciclastic nucleus in a micritic matrix, laminar calcrete at EI Rincon, cross polarized light.
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TABLE CAPTIONS

Table 1. Ages and references of the wave-cut marine terraces in the Tongoy paleobay.

Level Elevation Marine Age Method References
(masl) isotopic (ka)
stage
T 200 MIS11 412 U-Th in marine shells Saillard, 2008
Saillard et al. 2009
Tu 48 MIS7e 225 ““Be in Altos de Talinay arlardeta
U-Th in marine shells Saillard, 2008
Tw 14 MIS 5e 123 Ota et al.. 1995
Geomorphologic correlation with Coquimbo aetal,
'%Be in Altos de Talinay saillard et al. 2009
Tv 9 MIS 1 6

14, . . Ota and Paskoff, 1993
Cin marine shells




Table 2. Soil horizon properties of profiles studied in detail. Abbreviations: Structure: 1
weak; 2 = moderate; 3 = strong, f = fine; m = medium; ¢ = coarse; vc = very coarse; sbk

subangular blocky; gr = granular; pr = prismatic; cm = columnar; mass = massive. | =
laminar; nd = not determined.
Profile Age Horizon Depth Color Structure B.D. sand | silt clay O.M. pH CEC EC ESP
(moist)
(ka) (cm) kgm? | %) [ W) (%) (%) 1:25 | cmolkg® | dSm? | (%)
Beach 0.9 A 0-6 2.5Y 5/2 1,f,sbk 1.61 nd nd nd 0.36 7.00 7 0.67 0.32
BC, 6-15 2.5Y 4/2 1,fm,sbk 1.57 nd nd nd 0.24 6.90 4 0.71 0.41
BC, 15-41 2.5Y 4/2 1,fm,sbk 1.59 nd nd nd 0.76 7.15 8 0.45 0.31
2C 41-60 5Y 5/2 mass. 1.58 nd nd nd 0.17 7.60 9 0.74 0.53
3Cy 60-78 2.5Y6/2 mass. 1.56 nd nd nd nd 8.80 11 0.81 0.72
3C, 78-122 5Y 6/2 mass. nd nd nd nd nd 8.60 9 0.34 0.03
Las Lomas 123 A 0-4 10YR 4/2 11l 1.61 56.1 32.6 11.3 1.10 7.35 10 0.85 4.06
Bw 4-12 10YR 4/3 1,m,sbk 1.56 58.0 29.7 12.3 0.28 7.35 11 0.94 5.17
2Bw 12-32 7.5Y 4/3 3,m,sbk 1.80 492 | 265 242 1.40 7.40 17 6.15 13.50
2Bt; 32-49 10YR 5/4 1,c,sbk 1.89 470 | 282 249 0.13 8.80 16 6.02 24.75
2Bt, 49-70 10YR 4/3 3,m,sbk 1.88 504 | 216 28.0 nd 8.90 21 12.81 20.14
2Bt; 70-115 10YR 4/3 2,c,pr-3,m,shk 1.87 48.8 17.7 335 0.11 8.92 23 15.38 20.39
3C 115-124 | 10YR5/4 mass. 1.80 781 | 5.2 16.7 nd 9.30 16 6.72 15.26
4C 124 mass. 92.8 1.0 6.2 nd 9.45 9 1.02 12.24
5C 124-130 2.5Y 5/3 mass. nd 91.7 4.0 4.2 nd 9.20 8 477 11.82
El 123 A 0-4 75YR4/4 | mass.
Rincon Bw 4-42 7.5YR4/4 | 1,fm,sbk 1.75 86.1 117 2.2 1.12 7.20 114 0.71 2.63
C 42-70 mass. 1.75 89.1 9.7 1.2 0.77 7.80 9.14 0.47 2.40
2Bkm; ~30-~70 | 7.5YR8/4 nd 82.0 10.7 7.3 0.38 8.30 105 0.64 3.71
Almendros 225 A 0-18 10YR 4/3 2,fm,sbk 1.63 900 | 6.7 3.2 0.56 7.80 9.24 0.53 1.73
Bwy 18-54 10YR 6/4 1,fm,sbk 1.75 894 | 53 5.3 0.27 8.18 7.45 0.35 1.88
Bw, 54-70 10YR 6/4 1,m,shk 1.76 91.0 3.7 5.3 0.24 8.10 4.61 0.41 4.34
2Bkm 70-81 10YR 7/3 nd nd nd nd 0.72 8.20 8.08 0.66 433
Alamito 350 A 0-1 7.5YR 3/2 | mass. 1.49 nd nd nd 1.35 7.5 12.00 0.51 6.25
Bw 1-5 7.5YR4/4 | 3,m,sbk 1.61 75.2 155 9.3 1.14 8.0 12.00 0.63 7.25
Bw/Bkm 5-23 75YR3/4 | 2,mc,sbk 1.56 81.1 11.6 7.3 nd 8.9 15.80 14.85 13.23
2Bkm; 23-33 7.5YR7/4 | mass. 1.78 76.1 142 9.7 nd 8.9 10.20 0.81 1.55
2Ckm; 33-58 10YR 8/2 mass. 1.62 74.1 17.6 8.3 nd 8.9 9.30 0.32 1.22
2Cky 58-70 2.5Y 6/2 mass. 154 85.4 9.4 5.2 nd 9.1 8.10 0.44 1.54
La 370 A 0-5 7.5YR3/4 | 3f0r 1.68 798 | 8.9 11.3 1.98 7.0 14.40 0.62 4.88
Montosa
Bw 5-23 7.5YR3/4 | 3,m,sbk 1.71 78.5 9.1 124 0.90 7.0 14.70 0.61 6.42
Bw/Bkm 23-36 7.5YR3/4 | 2-3,m,sbk 1.58 780 | 9.6 125 1.10 8.0 16.90 17.20 16.85
2Bkm 36-56 7.5YR8/3 | mass. nd nd nd nd nd 9.0 14.80 7.96 4.60
2Ck, 56-77 2.5Y 5/3 mass. 1.98 78.5 12.2 9.3 nd 8.4 11.40 5.20 11.65
2Ck, 77-102 5Y 6/2 mass. 2.15 70.2 16.5 133 nd 9.0 4.30 11.70 90.41
2Ckm 102-103 2.5Y 8/2 mass. 1.90 69.6 16.1 143 nd 8.9 7.80 83.70 93.66
2Ck3 103-136 | 5Y 6/2 mass. 171 73.6 16.1 10.3 nd 9.0 8.96 29.80 83.84
Maitencillo 390 A 0-4 75YR 3,for 1.50 86.3 | 6.5 7.3 1.00 7.3 5.27 62.10 91.22
3/270
Bw 4-12 7.5YR4/6 | 2,fm,sbk 1.61 85.2 5.5 9.3 0.90 7.0 8.32 12.80 86.94
Bt; 12-26 5YR 4/4 3,c.cm 1.78 66.9 11.9 21.1 0.59 6.4 7.66 20.60 93.12
Bt, 26-47 5YR 4/4 2,c,sbk 1.82 639 | 95 26.6 0.68 7.0 10.52 61.00 90.83
Bt,/Bkm 47-58 75YR8/2 | 2,fm,sbk 1.87 574 | 8.6 34.0 0.49 8.1 11.15 48.50 93.72
2Bkm 58-67 10YR 7/3 mass. nd nd nd nd nd 8.2 7.64 43.80 94.04
2Ck, 67-82 2.5Y 82 mass. 1.82 586 | 22.0 19.3 nd 8.5 4.30 18.30 96.37
2Ck, 82-106 2.5Y 6/4 mass. 1.88 836 | 5.1 114 nd 8.5 3.93 8.20 96.58
2Cks 106-123 2.5Y 8/2 mass. 1.77 68.3 16.2 15.4 nd 8.2 5.98 4.88 95.51
2Ck, 123-173 5Y 712 mass. 1.83 87.7 5.4 6.9 nd 9.1 6.02 20.60 94.13




Table 3. Total chemistry of selected laminae from laminar calcretes of three soil profiles from
Tongoy. (LOI: Loss on ignition).

Sample Si0O, AlLO; TiO, Fe,03 CaO MgO MnO Na,O K,O P,Os LOI SUM

La Montosa 1 7.32 19 036 235 4884 101 0.05 0.4 0.39 0.19 36.75 99.56
La Montosa 2 13.61 142 0.29 1.85 453 0.88 0.02 0.37 0.24 0.09 3554 99.61
La Montosa 3 11.36 3.01 046 311 4285 1.04 0.04 0.41 0.35 0.09 36.79 9951
Almendros 1 1.76 043 0.32 2.39 50.5 05 0.03 0.3 0.2 0.15 4311 99.69
El Rincon 1 3.82 1.37 0.6 221 53 114 0.04 0.39 0.3 0.25 36.5 99.62
El Rincon 2 1 0.01 0.08 033 5431 173 0.01 0.3 0.02 0.1 4172 99.61
El Rincon 3 0.01 001 0.17 053 5491 091 0.01 0.3 0.02 0.12 4255 99.54




