
 

 
 
 
 
 

Paleosol carbon isotope stratigraphy, major oxides, and rock magnetic record of climate 
change across the Paleocene-Eocene boundary in the Bogota Basin, Colombia 

 
 
 
 

A THESIS  
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Sara Eugenia Morón 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
MASTER OF SCIENCE 

 
 
 

David L. Fox, Advisor 
 
 
 
 

December 2011 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Sara Morón 2011 
 



 

 i 

Acknowledgements 
 
 
This research was partially funded by the Colombian Association of Geologists and 

Petroleum Geophysicists (Asociación Colombiana de Geólogos y Geofísicos del Petroleo) 

through the Research Grant Corrigan and Promotion of Young Investigators- ARES 

Found. I am really thankful to Dr. Murthy and Ms. Noruk, and to Dr. Zoltai for providing 

me their generous fellowships. The Unidad Administrativa Especial de Servicios 

Públicos provided access to the outcrops located in the Doña Juana sanitary landfill. 

Special thanks to the residents of the Mochuelo town for their logistic support. Thanks to 

L. Quiroz, F. Lamus, O. Montenegro, L. Jimenez, M. C. Ruiz, G. Jimenez, J. Moreno, 

and the ARES team for their help in the field. Thanks to the people in the Institute of 

Rock Magnetism for their help in the lab. Of course I want to thank my Colombian 

mentors –Dr. C. Jaramillo, C Montes, and G. Bayona - without them I would not be on 

this stage of my geological career. Thanks to Dr. D. Fox, J. Feinberg, K. Kleinspehn, and 

E. Nater, for their support and for helping me overcome all the difficulties I had during 

the project. I am deeply thankful with my family for all their patience and support 

throughout these years, as well as for understanding the path I chose is not an easy one. I 

am absolutely grateful with Simon Tierney for all his personal and academic support, 

thanks for being always there. Many thanks to all the people who made my life nicer and 

helped me go through difficult times while I was in Minneapolis (Amanda, Andrew, 

Arturo, Cindy, Elisa, Evan, Herb, Jen, Kit, Laura, Mateo, Paola, Roxanne, Sharon, 

Vania... keep in mind this is in alphabetic order) 



 

 ii 

Dedication 
 
This thesis is dedicated to the citizens of Latin America because I wish to show that 
education is the way to solve the complex geopolitical issues that hold back our 
countries. 
 



 

 iii 

Abstract 

Paleosols spanning the Paleocene-Eocene (P-E) in the Bogota Basin record an 

increase of chemical weathering around the P-E boundary due to climatic forcing. Rock 

magnetic properties and major element geochemistry allowed the identification of this 

increase in weathering while previously published palynological zones and a U/Pb date in 

volcanic zircons (56.13±0.87 Ma) established the P-E boundary in the section. I 

identified a significant anomaly in magnetic susceptibility in coalescence with an order of 

magnitude increase in all magnetic minerals (magnetite/maghemite, goethite, and 

hematite) in the interval within the margin of error of the radiometric age. Pedogenic 

features in the paleosols, lack of iron oxides as cement and friability of the sandstones, 

and the shallow burial of the section (<500 m) exclude the possibility that magnetic 

minerals were formed during burial. Thus, the signal provided by magnetic proxies is 

purely climatic. Fe2O3, Al2O3, loss on ignition, and rubification of paleosols also increase 

in this interval suggesting an enhancement in chemical weathering and moisture. The 

lack of carbonate nodules in this interval and a decrease in SiO2 also indicate an increase 

of precipitation. Thus I hypothesize that the intensification of chemical weathering may 

be related to perturbation of the hydrological cycle of the Paleocene-Eocene Thermal 

Maximum (PETM). However, poor reproducibility of the carbon record prevented 

confident identification of the negative carbon isotopic excursion (CIE) associated with 

the PETM. Therefore, the carbon isotopic record of the section needs to be improved to 

verify i) the correlation between the intensified chemical weathering and the CIE, and ii) 

to decipher whether the negative feedback of silicate weathering was the mechanism 
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yielding the long-term temperature stabilization of the globe’s surface, as proposed in 

previous studies.  
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1. Introduction 

 Soil sequences record hydrological conditions since water is involved in most of the 

physical, chemical and biogeochemical process that occur in soils. In particular, tropical 

soils record intense hydrological conditions mostly in the form of iron minerals since 

basic cations and silica are leached out, releasing iron and aluminum cations that then 

precipitate as iron oxides in the soil profile (Kronberg et al., 1982; Simas et al., 2005; 

Muggler et al., 2007; Burak et al., 2010). Therefore, magnetic minerals and refractory 

elements such as Si and Al can be used as a proxy for changes in precipitation. In the 

geologic record magnetic minerals have been used as an indicator of climatic changes 

such as the Paleocene-Eocene Thermal Maximum (PETM) (Villasante-Marcos et al. 

2009; Dallanave et al. 2010). The PETM was an event of rapid (~200ky) global climatic 

change that occurred at 56.3 Ma and is associated with a major negative carbon isotope 

excursion (CIE) that reflects an injection of a large mass of isotopically light carbon 

either as CO2 or in a form that would be rapidly oxidized to CO2, thus the PETM was 

characterized by high atmospheric pCO2. This massive release of isotopically light 

carbon into the linked ocean-atmosphere-terrestrial biosphere reservoirs of the global 

carbon cycle is also coincident with changes in climate, oceanic and terrestrial 

geochemistry, as well as marine and terrestrial ecosystems  (Zachos et al., 2001, Pagani et 

al., 2006; McInerney and Wing 2011). 

 Terrestrial records from mid- to high-northern latitudes suggest brief but intense 

warming across the Northern Hemisphere, but changes in the hydrologic cycle are 

controversial as paleoprecipitation estimates spanning the PETM vary widely (Wing et al, 
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2005; Clechenko et al., 2007, Kraus and Riggins 2007; Schmitz and Pujalte, 2007; 

McInerney and Wing 2011). Therefore, the use of magnetic minerals is valuable for 

understanding the effect of the PETM in tropical terrestrial sequences because existing 

paleoprecipitation proxies are based on paleosol elemental ratios that are calibrated only 

for temperate soils, where mean annual precipitation is less than 1500 mm per annum. 

However, many tropical regions receive much higher levels of precipitation, thus existing 

paleosol precipitation proxies cannot be used to identify past wet climate regimes with 

MAT greater than 1500 mm per year. 

In this paper, I present the first detailed geochemical and magnetic record of the 

Paleocene-Eocene paleosol sequence of the Bogotá Basin by using the following 

precipitation proxies: i) carbon isotopes in bulk paleosol organic matter; ii) magnetic 

susceptibility and magnetic mineral concentration (magnetite/maghemite, goethite, and 

hematite); and iii) major oxides in bulk sediment samples of paleosolsBased on the 

presence of a spike in the rock magnetic record and an increase in some major oxides -

such as Fe2O3 and Al2O3- around the Paleocene-Eocene boundary (56±0.1 Ma, Bayona et 

al., in press), I hypothesize that the paleosols of the Bogota Formation record local 

climatic changes associated with the Paleocene-Eocene Thermal Maximum (Zachos et 

al., 2001; Jaramillo et al., 2010, McInerney and Wing 2011). Apatite fission-track data, 

paleoelevation estimates from paleobotany, and geological structural data indicate that 

the Eastern Andean Cordillera attained maximum elevation between ca. 6 and ca. 3 Ma 

(Mora et al., 2008), thus any hydrological perturbations recorded in paleosols of the 
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Bogota Formation should be related to global climatic changes, rather than local or 

regional tectonics. 

 

2. Geological setting 

The Paleogene Guaduas, Cacho, Bogota and Regadera Formations represent the 

terminal, youngest sedimentation of a regressive cycle in the Andes of northwestern 

South America that started in the Late Cretaceous (Julivert, 1970, Gomez et al., 2005, 

Bayona et al., in press) and culminated with continental deposits during the early 

Paleogene. Paleogene strata are usually preserved in the axis of north- to northeast 

trending synclines in the Eastern Cordillera. Particularly in the Usme Syncline, the total 

thickness of these Paleogene units is approximately 2000m. 

The Usme Syncline (Fig. 1) is a north-trending syncline with a vertical to 

overturned western limb, exposing Upper Cretaceous to Oligocene units and preserving 

the most complete lower Eocene record of the Eastern Cordillera (Julivert, 1970, Bayona 

et al., in press). The units in the Usme Syncline become thinner in the shallow-dipping 

eastern limb (Julivert, 1970, Gomez et al., 2005). The syncline is bound to the west by 

major thrust faults that involve only Cretaceous units. 

The units present in the Usme Syncline accumulated before the major uplift of the 

Eastern Cordillera – Northern Andes (Mora et al., 2008, Parra et al., 2009, Horton et al., 

2010). Uplift of this syncline to its current height (~2600 m.a.s.l.) may have been 

achieved by thrust faults stacking eastwards while carrying the tectonic block of the 

Usme syncline in piggyback fashion (Gomez et al., 2005, Mora et al., 2008). 
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The age of the Guaduas and Cacho formations in the Usme syncline has been 

proposed as Paleocene based on the presence of the palynomorph Laevigatosporites aff. 

granulatus and the absence of typical Maastrichtian pollen assemblage (Bayona et al., in 

press). The depositional environment for the Guaduas Formation has been interpreted as 

flood plains with fluctuations in base level (Bayona et al., in press). The Cacho 

Formation has been interpreted as reflecting deposition of braided rivers (Hoorn, 1988) 

and as a coastal plain with tidal influence by Bayona et al. (in press). 

Early studies of the stratigraphy of the Bogota Formation assigned it a Paleocene-

Eocene age based on palynological assemblages (Hoorn, 1988). Mammal remains found 

in the Mochuelo Creek section are consistent with a Middle Paleocene age (Villaroel, 

1987). The age of the Bogota Formation has been further constrained by U/Pb age dates 

from volcanic zircons recovered from an interbedded tuff (56.13±0.87 Ma, Bayona et al., 

in press). This age also coincides with the termination of the Paleocene-Eocene Thermal 

Maximum, which has been recently proposed as 56.1 Ma (Westerhold et al. 2009, 

Jaramillo et al., 2010, McInerney and Wing 2011). Environments of deposition for the 

Bogota Formation have been interpreted as meandering rivers and flood plains with 

volcanic influence corroborated by the presence of a tuff (Hoorn, 1988; Bayona et al., in 

press). 

A late Eocene age has being assigned to the Regadera Formation in the Usme 

syncline based on the fossil pollen assemblage (Bayona et al., in press). Sediments in the 

Regadera Formation reflect deposition by braided rivers (Hoorn, 1988; Bayona et al., in 

press). Fig 2 compiles the Paleocene-Eocene age model of the stratigraphic section by 
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using published palynological zones and U/Pb dates (Hoorn, 1988; Bayona et al., in 

press). 

 

3. Materials and Methods 

3.1 Measurement of stratigraphic section 

A stratigraphic section was measured along Mochuelo Creek south of Bogota, 

Colombia using a Jacob’s staff.The zero meter datum of the section was set at the 

beginning of the exposures along the brick factories of the Mochuelo area, and previous 

geologic maps (McLaughlin and Arce 1975) confirmed the presence of the Guaduas 

formation, which is the most basal unit of this stratigraphic section. Standard lithologic 

descriptions and thickness of mudstone and sandstone beds were carried out in the field. 

In order to carry out carbon isotope and magnetic analyses, 417 samples were 

taken from trenched paleosols along the stratigraphic column. From these 417, samples 

90 were analyzed for the stable carbon isotope composition of bulk organic matter, 112 

for magnetic characterization, and 15 for major oxides. 

 

3.2 Carbon isotope methods 

In order to determine if the negative carbon isotope excursion associated with the 

PETM is preserved in the Mochuelo Creek section, I measured the carbon isotope 

composition of bulk organic matter. Samples were decarbonated with 0.5 M HCl for 24 

hours and then rinsed with distilled water to neutrality. Afterwards, samples were oven 

dried at 50º C and then pulverized with mortar and pestle. The decarbonated samples 
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were combusted in a Carlo Erba Elemental Analyzer, and the δ13C of the resulting CO2 

was measured with a Finnigan MAT Delta V gas source isotope ratio mass spectrometer 

in the Department of Earth Sciences at the University of Minnesota (UMN). Multiple 

samples of NIST 2711a were analyzed in parallel with each set of samples to normalize 

sample δ13C values, and Costech acetanilide was also analyzed with each set of samples 

for quality control. 

Repeated analyses of many Bogota Basin samples revealed poor reproducibility 

of individual samples, with standard deviations large than 0.5‰ and ranges for repeated 

analyses of the same sample up to 5.45‰. To overcome this problem three different 

approaches were undertaken: i) splits from the same samples were run at University of 

Florida (UF), to exclude the possibility of analytical error; ii) results from UMN and UF 

were filtered to remove samples with low reproducibility; and iii) samples were pre-

treated with 6N HCl under the assumption that low reproducibility was a result of the 

overprinting of pedogenic siderite. These methods are further detailed below. 

Samples run at UF were pre-treated with 1 N HCl overnight and rinsed three 

times with deionized water. Acidification and rinsing was repeated for samples that were 

still reacting with HCl. Subsequently, samples were dried at 60º C and re-pulverized and 

combusted in a Carlo Erba NA1500 CNS, the resulting δ13C released in the combustion 

was measured in a Finnigan-MAT DeltaPlus. USGS40 was used as a standard to 

normalize sample δ13C values and to determine analytical precision. 

Samples run at UMN and at UF were filtered in order to obtain a carbon isotopic 

record with an intra-sample variability of less than 0.5 ‰. Thus, the difference between 
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the maximum and the minimum of each sample was calculated and compared among 

runs. Samples analyzed multiple times that had δ13C values with ranges larger than 0.5‰ 

were excluded from the record. 

The 6N HCl pre-treatment was conducted following the method proposed by 

Larson et al. (2008), since pedogenic siderite could overprint the carbon signal from the 

organic matter. Samples were analyzed at UMN with the same equipment described 

before (First part of section 3.2). 

 

3.3 X-ray diffraction 

To confirm that the 6N HCl treatment was indeed removing the pedogenic siderite 

of the samples, X-ray diffraction was carried out (n= 3, samples 13.5, 547, 909.7) in a 

Rigaku Miniflex XRD unit using a copper target and a scintillation detector. 

 

3.4 X-ray fluorescence 

Major oxide concentration of the paleosols was determined in 15 samples by X-

ray fluorescence (XRF) at the ALS Minerals laboratory with a PANalytical AXIOS X-ray 

spectrometer with a detection limit of 0.01%. Samples were pulverized to 75 micron (200 

mesh) and homogenized in a tungsten carbide ball mill. STSD-4 and SY-4 were used as 

standards. 

 

3.5 Magnetic methods 

Magnetic susceptibility and mineral concentration were characterized in order to 
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identify any anomalies in the magnetic record that could be used as a proxy for 

perturbations in the hydrological cycle during the PETM. Figure 3 shows how increased 

precipitation should intensify silicate weathering via hydrolysis reactions involving 

carbonic acid. For Fe-bearing silicate minerals, these reactions liberate Fe ions, which are 

often sequestered in Fe-oxides such as goethite and hematite. Increased precipitation 

could also intensify pedogenic and biological activity in soils, enhancing production of 

biogenic magnetite and maghemite. These Fe-oxides all have distinct magnetic properties 

that are easily measured and potentially can be used as indicators of changes in 

weathering and precipitation. 

Magnetic properties and mineralogy of each sample were characterized at the 

Institute for Rock Magnetism in the University of Minnesota using measurements of low-

field susceptibility and various forms of laboratory-induced magnetization. In-phase 

magnetic susceptibility was measured using a Geofyzika KLY-2 KappaBridge AC 

susceptibility bridge with a nominal sensitivity of 4 x 10-8 SI (AC field of 300 Am-1 and 

frequency of 920 Hz). 

Laboratory induced magnetizations were measured within a shielded room with a 

background field less than 100 nT using a 2G Enterprises 760-R cryogenic SQuID 

magnetometer with a nominal sensitivity of 2 x 10-11 Am2. 

Measurements of in-phase magnetic susceptibility act as a proxy for the 

concentration of magnetic minerals within a sample. Susceptibility measurements were 

repeated four times per sample and the resulting standard deviation for each sample was 

less than 0.1E-9. To estimate the concentrations of remanence carrying magnetic 
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minerals, I imparted an isothermal remanent magnetization (IRM) along the Z-axis of 

each sample using a DC field of 1000 mT and a backfield of 300 mT. I distinguished 

between high-coercivity minerals, such as hematite (a-Fe2O3) and goethite (a –FeO(OH)), 

and low-coercivity minerals, such as magnetite (Fe3O4) and maghemite (g-Fe2O3), using 

S-ratios (S300=IRM300 mT/IRM1000 mT) (Bloemendal et al., 1992).  The remanence carried 

by magnetite and maghemite within each sample was calculated as Mmag/magh = S300 x 

M1T-Z-Axis. To estimate the concentration of remanence carrying goethite, samples were 

imparted with a 1000 mT IRM along the sample’s Z-axis prior to undergoing a 130˚C 

thermal demagnetization step in a Schonstedt non-inductively wound furnace.  The Néel 

temperature of goethite is 102˚C (Martín-Hernandez and García-Hernández, 2010) and 

the 130˚C thermal demagnetization step would have unblocked all remanence held by the 

iron-oxyhydroxide mineral. The 130˚C thermal demagnetization step may have also 

unblocked a small concentration of low-coercivity magnetite/maghemite. For this reason, 

the estimates of goethite concentration in this study should be viewed as maximum 

values.  The remanence carried by hematite within each sample was calculated as Mhem = 

M1T - Mmag - Mgoeth.  The concentration (in ppm) of magnetite/maghemite, goethite, and 

hematite within each sample was determined by dividing each mineral’s remanence by its 

saturation magnetization (80, 0.31, and 0.4 Am2kg-1, respectively). 

Room-temperature saturation isothermal remanent magnetization (RTSIRM) was 

performed (sample 947.4 m) to confirm the previous calculations for estimating goethite, 

hematite, and maghemite/magnetite and to determine whether siderite was present in the 

samples. The data were measured after the sample had acquired a thermal remanence 
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while cooling from 400 K to 300K in a 300 mT field. In a second step, the data were 

measure after cooling from 400K to 300K in zero field in order to demagnetize goethite. 

In order to determine whether siderite was present in the samples, field cooled 

magnetic remanence was measured during warming from 5 K to 300 K in sample 947.4 

m. The sample was analyzed in a Magnetic Property Measurement system in a Quantum 

Designs MPMS2 cryogenic susceptometer. 

 

3.6 Statistics 

To determine whether the changes in the magnetic properties and major oxides 

were statistically significant around the interval where the PETM should be, an unpaired 

t-test was conducted with 95% confidence interval. This tested the null hypothesis that 

the mean of the values in the interval between meters 828 and 1009 was the same as the 

mean of the values outside that interval. To determine whether different records showed 

significant correlation, r was calculated and a t-test was carried out (95% confidence 

interval). In this case the null hypothesis tested was that the slope of the correlation 

between two parameters was zero. All statistical analyses were carried out with the R 

Project for statistical computing (R Development Core Team, 2011). 

 

4. Results  

4.1 Carbon data 

Figure 4b shows the different carbon isotopic records for the UMN, UF and 6N 

HCl pre-treatment. All figures contain the margin of error of the U/Pb in zircon age, 
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which pinpoints the termination of the PETM at 56.13 Ma (McInerney & Wing, 2011) 

corresponding to the stratigraphic meter 928m. 

The δ13C in bulk organic matter of the samples analyzed at the University of 

Minnesota range from -28.91‰ to -22.18 ‰ (Table 1) whereas the University of Florida 

data are less negative and ranges from -25.6 ‰ to -21.94‰ (Table 2). After the filter was 

applied, 41% of the UMN analyses and 39% of the UF analyses were excluded from the 

record. In order to test whether the 6N HCl treatment improved the reproducibility, five 

replicates from two samples with low reproducibility (909.7, 979.7 m) were analyzed, 

obtaining a standard deviation of 0.16‰ and 0.37‰ respectively, whereas the standard 

deviations for these samples after the 0.5M HCl treatment were 1.97‰ and 2.24‰, 

respectively. The entire record displays values between -22.16‰ and -26.38‰. Assuming 

that the samples pre-treated with 6N HCl provide the most reliable record at least three 

isotopic excursions can be observed in this record: 1) around the stratigraphic meter 200; 

2) within the margin of error of the age range for the PETM (meter 828 to 1009); and 3) 

at stratigraphic meter 1149. 

Results from the XRD and the RTSIRM did not reveal the presence of siderite. 

Although the sensitivity of the XRD analyses is about 3%, the rock magnetic methods 

can detect siderite at ppm concentrations. Therefore, the non-identification of siderite is 

neither related to the detection limit of the XRD nor to the RTSIRM (see rock magnetic 

record section below). 
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4.2 Rock magnetic record 

4.2.1 Magnetic susceptibility 

Figure 4c shows the magnetic susceptibility record of the section. The background 

of magnetic susceptibility (1.0071e-07 m3/kg, dashed vertical line in figure 4) excluding 

the values between 828-1009 m allows establishing three main magnetic zones. Zone 1 (0 

-828 m) exhibits values lower than the background, while values in Zone 3 (1009-2020.5 

m) are higher than the background (Table 3). The interval where the PETM should be 

located (referred to as Zone 2), shows values significantly higher than the intervals before 

and after the PETM (p=8.7E-06, p<0.01). The section around meter 1132 also exhibits 

high values but a high-resolution sampling is needed to confirm whether that interval also 

records and anomaly in the rock magnetic record. 

 

4.2.2 Magnetic mineral concentrations 

Figure 4c shows the magnetic mineral concentration of the paleosol samples from 

the section. Hematite is the predominant iron-bearing magnetic phase in the samples. 

Goethite and magnetite were also identified in all samples, and magnetite concentrations 

were generally an order of magnitude lower than for the other minerals (Tables 3, 4). 

These proportions are consistent with the distribution of iron phases in tropical soils 

(Kaempf and Schwertmann, 1983; Torrent et al., 2006; Kumaravel et al., 2010). The 

three magnetic zones established in the magnetic susceptibility record are also 

recognizable in the concentrations of magnetic minerals. Hematite (p < 0.01) and 

magnetite/maghemite (p < 0.05) displayed statistically significant higher values in zone 2 
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relative to zones one and three. Additionally, an order of magnitude increase is observed 

in all magnetic minerals at the base of zone 2, where the onset of the PETM was expected 

to occur based on the zircon age reported by Bayona et al. (in press). Furthermore, all 

magnetic minerals showed a significant correlation (p < 0.01) with magnetic 

susceptibility and among each other, where magnetite/maghemite displayed the strongest 

correlation with magnetic susceptibility (r =0.77, p < 0.01).  

 

4.2.3 Field cooled magnetic remanence  

Figure 5 shows the field cooled magnetic remanence from the sample 947.4 m. The curve 

shows a gradual decrease in magnetization up to 300K, whereas previous published 

experiments demonstrate that siderite exhibits a dramatic decrease between 30 and 40 K, 

known as the Néel temperature (Housen et al., 1996). Thus, the absence of siderite in the 

sample is confirmed by the lack of a sharp decline in magnetization around 30-40 K. 

 

4.2.4 Room-temperature saturation isothermal remanent magnetization (RTSIRM) 

Results from RTSIRM corroborate the presence of magnetite/maghemite, 

hematite, and goethite are present in the paleosol samples. Three main features were 

identified in the curve: 1) a gentle decrease in magnetization; 2) a divergence in the curve 

at 110K; and 3) a saddle shape between 265 and 270K. Figure 6a shows that the gentle 

decrease in magnetization up to 300K corresponds to goethite. Figure 6b shows that the 

divergence of the curve at 110K corresponds to the Verwey transition allowing the 

identification of magnetite. Finally, figure 6c shows the first derivative of the warming 
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data, containing two points deviating from the polynomial curve at 265 and 270K which 

is characteristic of the Morin transition of hematite 

 

4.3 Major element geochemistry 

A consistent change in all major oxides is observed at the interval I am identifying 

as the PETM interval (Table 5). Figure 4d focuses on the behavior of Fe2O3, Al2O3, and 

SiO2 since these elements are crucial in the understanding of geochemical response of 

tropical soils, while all bases are leached out at the beginning of soil formation. (See 

discussion below) 

Bases (Na, Ca, K) increase by at least 30%, refractory elements by at least 17%, 

and Fe2O3 by 30% in the PETM interval relative to samples lower in the section. Silica 

decreased by 15% and was the only element to exhibit a decrease in the PETM interval. 

Loss on ignition (LOI) also showed a 5% increase at the base of the interval; P2O5 also 

increased 37%. Additionally, there is also a change at the termination of the interval. 

Al2O3 displayed an increase of 15% while all bases Fe2O3, and refractory elements 

decrease at least 24%. 

Within the interval interpreted as the PETM, Si and Al showed a strong negative 

correlation (r= 0.99) and a positive relationship with Fe2O3 (r= 0.96 and r= 0.92, 

respectively). Fe2O3 has a strong relationship with goethite and hematite throughout the 

entire record as expected (both p < 0.01). This correlation corroborates that there is 

consistency between the iron mineral phases identified by magnetic minerals and the 

elemental concentration of Fe2O3 determined by XRF. 
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4.4 Lithology   

Systematic changes in paleosol color and sandstone geometry were observed 

through the measured section The Guaduas Formation is a mudstone-dominated unit that 

contains interbedded red, purple, and grey mudstones with red, grey, and yellow 

redoximorphic features.  

The Cacho Formation is a sandstone-dominated unit with sandstone bodies up to 

17 m thick. These tabular bodies have been interpreted as coastal plain deposits with tidal 

influence due to the rhythmic intercalations of thin beds of sandstone and mudstone and 

the ripple-cross lamination (Bayona et al., in press). However, the lack of macro- or 

microfauna that indicates brackish conditions is suspicious. Taylor and Woodyer (1978) 

documented rhythmic alternations of sandstone and mudstone within point-bar deposits 

in inland Australia. Thus, the environment of deposition of the Cacho Formation could be 

re-interpreted as point-bars of meandering rivers. The sandstone beds of this unit are 

intercalated rhythmically with very thin beds of grey mudstone that present red 

redoximorphic features.  

The Bogota Formation is dominated by paleosol sequences (70% of the overall 

thickness) with interbedded sandstone bodies up to 10 m thick. Two main types of 

sandstone deposits can be recognized; one consists of lenticular channels and the second 

one of non-channelized deposits. Lenticular sandstone beds exhibit either scour bases or 

amalgamated channels with tabular, tangential, and trough cross-stratification up to 30 

cm; its depositional environment can be interpreted as meandering rivers. The non-
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channelized deposits consist of thinly laminated tabular arenites with thicknesses that 

range between 0.5 and 6 m. These beds have muddy intraclasts at the their bases and 

plane parallel lamination internally. They are composed of medium grained tuffaceous 

sandstones with twinned plagioclase and high volcanic lithic content (Bayona et al., in 

press).  

Three main paleosol types were identified in the Bogota Formation: alternating 

red, purple and grey mudstones; alternating red, purple and grey mudstones that contain 

carbonate nodules; and alternating red and purple paleosols with no grey horizons. The 

interval that contains only red and purple horizons is located in the interval in which we 

expect the PETM. This interval also has high concentration of magnetic minerals as well 

as high values of Fe2O3 and Al2O3, thus this interval presents pedogenic (color and lack 

of carbonate nodules), magnetic, and chemical features that indicate highly weather 

paleosols. The sequences above and below have only red and purple paleosols and the 

major oxide compositions and magnetic mineralogy are consistent with lower weathering 

rates than in the PETM interval.  

The Regadera Formation is a dominated by sandstone beds that have total 

thicknesses up to 21m. These beds are composed of sets of very thick to thick-bedded 

sandstone with tabular to subtabular geometries. Internally they exhibit plane parallel 

stratification or the lack of sedimentary structures. These beds are composed of coarse to 

medium grain sublitharenites to quartz arenites (Bayona et al., in press). These sandstone 

beds can be interpreted as the deposits of braided rivers because of their coarse grain, 
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their plane parallel stratification, and the presence of massive sandstone beds. Paleosols 

in the Regadera Formation are grey with red and yellow redoximorphic features. 

 

5. Discussion 

5. 1 Climatic implications 

Two main anomalies can be identified in the magnetic record. One anomaly 

occurs between 828 – 1009 meters and the second one around 1132 meters. Although, the 

anomaly close to 1132 meters could potentially be related to the Early Eocene Climatic 

Optimum, a higher sampling resolution is needed in the carbon isotopic record as well as 

a better constrained age model for this part of the section (e.g. high-resolution 

magnetostratigraphy). These additional data would enable a more accurate determination 

of significance for the climatic record of the section. 

This discussion will largely focus on the first magnetic anomaly (828- 1009 – 

Zone 2), since the values in the magnetic record show a significant increase in magnetic 

properties and because it is within the margin of error of the interval expected to include 

the PETM. This anomaly suggests enhanced chemical weathering around the P-E 

boundary, as evident from the following proxies: i) decrease in SiO2; ii) increase in Al2O3 

and Fe2O3 ; iii) increase in magnetite, hematite, and goethite; iv) increase in loss on 

ignition (LOI); and v) persistent red and purple paleosols. All five proxies show a 

correlation amongst each other in the magnetic, geochemical, and stratigraphic record. 

All observed changes in the geochemistry and mineralogy of the section are similar to 

heavily weathered modern surface soils in regions with intense precipitation (Burnham 
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and Johnson 2004). In such soils, silica is depleted because of intense leaching, leaving 

iron and aluminum cations in the soil profile from which hematite and goethite then 

precipitated (Simas et al., 2005; Kleber et al., 2007; Muggler et al., 2007; Anda et al., 

2008; Burak et al., 2010).  

As previously mentioned (see introduction) the PETM is characterized by high 

pCO2 levels as a result of a massive release of isotopically light carbon. Increased 

atmospheric CO2 should generally lead to higher chemical weathering by increased 

formation of carbonic acid, particularly in regions with high or increased precipitation. 

Therefore, enhanced chemical weathering may result from the coalescence of high CO2 

levels and a perturbation of the hydrological cycle during the PETM. CO2 allows intense 

weathering of Fe-bearing silicate rocks and rainfall fosters runoff and severe leaching of 

soils (Fig.7 a). The suggested increase in chemical weathering in the Bogotá Basin is 

consistent with high run off rates that have been identified in marine records at different 

latitudes by using magnetic (Villasante-Marcos et al. 2009; Dallanave et al. 2010) and 

clay minerals (Robert and Kennett 1994; Gibson et al. 2000; Bolle and Adatte. 2001; 

Dypvik et al. 2011). Villasante-Marcos et al., (2009) found a strong negative correlation 

between bulk magnetic susceptibility, hysteresis cycles, and isothermal remanent 

magnetization and the δ13C record in a marine section in New Zealand. Villasante-

Marcos et al., (2009) suggest an increase in clastic discharge associated with the 

intensification of the hydrological and weathering cycles. Dallanave et al., (2010) also 

found an increase in magnetic susceptibility at the same level as the PETM in a section in 

NE Italy. The inferred increase in weathering is also consistent with the presence of a 
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kaolinite-rich layer in marine sections along East Antarctica (Robert and Kennett 1994) 

and the Mediterranean coast (Bolle and Adatte. 2001; Dypvik et al. 2011). In addition, 

previous studies on the east coast of the United States (New Jersey) have suggested that 

the dramatic changes in weathering and sedimentation patterns during the PETM drove 

diversification of magnetite-generated marine organisms (Kopp et al. 2007, Schumann et 

al. 2008, Kopp et al. 2009).  

The observed increase in phosphorous of this section within the P-E should be 

examined in more detail, since recent studies have shown that phosphorous can be used 

as an indicator of productivity in modern wet tropical soils, where phosphorous levels are 

higher than expected (Dieter et al. 2010, Turner and Engelbrecht, 2011). Therefore, 

phosphorous concentration could be potentially used to test the effects of high 

temperatures and elevated CO2 levels of the PETM on forest productivity. Previous 

palynological studies have suggested increased productivity in tropical rainforests during 

the PETM (Jaramillo et al. 2010), although this conclusion is controversial because other 

studies speculated that tropical forest became arid during the PETM. 

The increase in LOI identified in this study may be related to the presence of 

hydroxyls in the mineral structures of gibbsite, goethite and kaolinite. The hydroxyls in 

these minerals are converted to water during heating. Thus, the increase in LOI could be 

also reflecting the presence of gibbsite and kaolinite in the samples, but further 

investigation is required to test this hypothesis (Alexander and Cady 1962; Fanning and 

Fanning 1989).  
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Several alternatives to enhanced weathering as a result of climate change during 

the PETM can be generally excluded, such as long-term exposure of soils, diagenesis due 

to burial, and changes in parent material. It is important to clarify that the heavy leaching 

observed in the paleosols of this section is not due to long-term exposure to pedogenic 

processes (e.g. Australian soils). This hypothesis is excluded because sediments were 

deposited in an active margin, with standard sedimentation rates of ~11 kym-1 (Mora et 

al., 2008, Parra et al., 2009, Horton et al., 2010). Furthermore, the origin of the observed 

iron oxides is not related to diagenesis during burial. Pedogenic features such as 

redoximorphic features and burrows with depletion zones are still preserved in the 

paleosols of this section. If their origin would have been related to diagenesis during 

burial these redoximorphic features would have been removed (PiPujol and Buurman, 

1994; Théveniaut and Freyssinet, 2002; Kraus and Hasiotis, 2006). In adittion, Bayona et 

al. (in press) report that burial was less than 500 m (Vitrinite reflectance Ro = 0.27), 

thermocronology data documents that exhumation occured since the Oligocene, and the 

interbeded sandstones in the section are friable and do not display iron oxides as cement. 

Thus, several lines of evidence are consistent with the interpretation that the iron oxides 

primarily reflectpedogenic processes. Changes in parent material are also unlikely to be 

causing the anomaly in the magnetic record, since hematite and goethite are formed 

during pedogenesis and are one of the most predominant minerals in tropical soils. 

Separate studies in Brazil (Muggler et al., 2007) and Thailand (Wiriyakitnateekul et al., 

2007) demostrated that hematite and goethite were present in soils that originated from 

different parent materials. 
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5.2 Controversy regarding the hydrological cycle. 

Although, worldwide records agree about the rise in temperature during the 

PETM, the response of the hydrological cycle is still unclear. Paleoprecipitation records 

from different terrestrial basins in the northern hemisphere differ as some indicate arid 

conditions whereas others suggest wet environments (Wing et al, 2005; Clechenko et al., 

2007, Kraus and Riggins 2007; Schmitz and Pujalte, 2007). This controversy may be 

resolved if both the heterogeneity of precipitation and limitations of geochemical 

methods are taken in to account.  

It is necessary to consider that precipitation values are spatially heterogeneous. 

The nature of regional and local variability of precipitation needs to be considered in 

climatic models reconstructing the PETM, since microclimates can affect the global 

signal.  

Additionally, the current methods used to estimate paleoprecipitation are not 

suitable for soils that developed under higher weathering conditions or high precipitation 

(i.e., <1500 mm/a) – such as during the PETM. Thus, it is necessary to develop novel 

geochemical methods to ensure that methods are calibrated for tropical and subtropical 

weathering conditions. For example, the chemical index of alteration without potash 

(CIA-K) is the ratio of mobile cations such as Ca and Na, relative to Al in the soil profile. 

The CIA-K has been used to estimate the extent to which the soil has been leached 

(Harnois, 1988, Sheldon et al., 2002). If the CIA-K value is low, then the soil has not 

been extensively leached; conversely, if the CIA-K value is large the soil has been 

intensively leached. The CIA-K has been used to establish paleoprecipitation in several 
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basins, such as, the Bighorn basin. However, Adams et al., (2010) attributes the lack of 

correlation between the rainfall values extracted from the leaf margin analysis and the 

CIA-K, in samples from the onset of the CIE in the Bighorn Basin to low sample sizes for 

fossil plants in that interval, hence poor paleoclimatic estimates from leaf margin 

analysis. However, the middle and upper part of the CIE have larger sample sizes yet the 

paleobotanical and geochemical estimates still differ by 300 and 131 mm/a in the two 

later parts of the CIE (Adams et al. 2010). This discrepancy could be because the CIA-K 

is not calibrated torainfall amounts characteristic of modern sub-tropical and tropical 

latitudes, and it is known that temperature gradients during the PETM were lower than 

they are today. As exemplified by this study, CIA- K would suggested a MAP range for 

the entire section of 1231–1559 mm/yr and a 220mm/yr decrease in precipitation which 

is neither consistent with the rock magnetic record, nor with the refractory elements.  

 

5.3 Low reproducibility of the carbon isotope data  

The absence of siderite confirmed that the low reproducibility of the data is not 

related to siderite. However, Yapp and Poths (1990) identified a carbonate bond in the 

crystal lattice of goethite, which means it could be possible that the carbonate in goethite 

that could overprint the carbon signal from the organic matter, instead of the carbonate 

from the siderite. Another possibility is that there is a stratigraphic variation in 

degradation of organic matter; and so additional analyses, such as compound specific 

isotope analysis of alkanes, which are only produced by terrestrial higher plants should be 

performed in order to confirm this hypothesis and to obtain a clearer isotopic record. A 
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third possibility is related to the analytical limitations of obtaining a carbon isotopic 

signal from samples with very low organic matter content, such as those from the Bogota 

Formation (mean TOC is 0.05%). Additionally, with the present carbon isotopic record 

from the Bogotá Basin I can not recognize the internal structure of the CIE in terms of the 

lower, middle, and upper intervals that have been previously identified in other records 

(Wing et al., 2005; Kraus and Riggings 2007; McInerney and Wing 2011).  

 

6. Conclusions 

All records (lithology, rock magnetic record and major oxides) utilized in this 

study allow recogition of at least three major zones: 

i) The zone below the Paleocene-Eocene boundary shows the lowest values of 

magnetic susceptibility and magnetic minerals. This behavior is also observed 

in Fe2O3, Al2O3, and LOI whereas SiO2 exhibits high values. All proxies 

indicate that chemical weathering was lower than the interval above and is 

concordant with the presence of carbonate nodules towards the top of this zone. 

Additionally, this zone contains deposits characteristic of meandering rivers.  

 

ii)  The second interval displays a significant anomaly in magnetic susceptibility 

accompanied by an order of magnitude increase in the concentration of 

magnetic minerals. Fe2O3, Al2O3, LOI and rubification of paleosols also 

increase suggesting an increase in chemical weathering. The absence of 

carbonate nodules also corroborates the suggestion that precipitation values 
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increased during this interval. The decrease in SiO2 supports the hypothesis of 

an increase in chemical weathering. Enhanced chemical weathering may result 

from a perturbation of the hydrological cycle during the PETM. Nevertheless, 

the carbon isotope record needs to be improved in order to corroborate whether 

an increase in CO2 triggered this chain of geochemical reactions. The results 

from the middle zone are consistent with the hypothesis that chemical 

weathering of silicate was a negative feedback mechanism for the long‐term 

stabilization of the Earth’s surfaces temperature (Walker et al., 1981, Kump et., 

al 2002) 

 

iii) The third zone exhibits a decrease in magnetic susceptibility, concentration of 

magnetic minerals and refractory elements, but values are not as low as in the 

zone at the base. Carbonate nodules are present again in this section. All proxies 

suggest a decrease in chemical weathering. The anomaly around meter 1149 

needs further attention, in order to corroborate if it is indeed related to the Early 

Eocene Climatic Optimum.  

The change from zone 1 to 2 suggests an increase in chemical weathering, an 

increase in precipitation, a change from meandering rivers to hyperconcentrated flows, 

and to highly weathered paleosols. Conversely, the change from zone 2 to 3 implies a 

decrease in chemical weathering and in precipitation as well as an alteration in 

depositional environments from hyperconcentrated flows to meandering rivers that 

finally change to braided channels. Paleosols also exhibit less weathering.  
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This study represents a first step in the study of the climatic response of terrestrial 

ecosystems in the Bogota Basin to the PETM. However, a high resolution 

magnetostratigraphy, evaluation of sedimentation rates, and compound specific stable 

isotope analyses of alkanes to isolate the terrestrial plant record in the paleosols are 

required to linked the observed changes in chemical weathering to the PETM. A more 

detailed paleosol micromorphology, textural analysis, and elemental composition will 

allow refining the pedotypes and physical changes related to the climatic forcing of 

sedimentation and pedogenesis during the PETM.  
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8.Table captions 

 

Table 1. δ13C values in bulk paleosol organic matter analyzed in UMN with 0.5M HCl 

and 6N HCl pre-treatments. 

 

Table 2. δ13C values in bulk paleosol organic matter analyzed in UF. 

 

Table 3. Summary of values from the rock magnetic record discriminated by the 

described zones in the text. 

 

Table 4. Total values from rock magnetic record. 

 

Table 5. Major oxide geochemistry  

 

 

 

 

 

 

 

 



 

 35 

 

Table 1. 

 

 



 

 36 

 
 
 
 
 



 

 37 

Table 2. 

 
 
 
 



 

 38 

 

 
 
 
 



 

 39 

Table 3. 
 

  

Magnetic 
susceptibility 
(m3/kg) 

Magnetite 
/Maghemite 
(ppm) 

Goethite 
(ppm) 

Hematite 
(ppm) 

Zone 1 (0-828)     
Max 1.2E-07 23.00 3762 43960 
Min 2.9E-08 1.00 124 758 
Mean 7.1E-08 7.07 1386 8704 
Zone 2 (828-1009)     
Max 4.8E-07 101.00 5380 39420 
Min 7.3E-08 5.00 162 3110 
Mean 1.9E-07 17.28 1577 10920 
Zone 3 (1009-2020.5)     
Max 3.2E-07 31.00 4005 18310 
Min 5.4E-08 0.10 29 87 
Mean 1.2E-07 9.019 1378 7138 
     
p-value 8.7E-06 1.2E-02 3.3E-01 2.9E-02 
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Table 5. 
 
Stratigraphic 
meter SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 LOI 

201.0 72.98 14.40 1.15 0.16 0.62 0.03 0.46 0.93 0.01 0.03 7.37 
203.3 58.75 18.69 6.73 0.29 1.52 0.10 1.79 0.81 0.02 0.10 9.66 
205.3 65.99 16.67 5.05 0.17 0.72 0.05 0.69 0.87 0.01 0.04 8.17 
875.0 71.26 12.88 3.38 0.54 0.65 0.66 0.87 0.85 0.01 0.04 7.02 
879.0 59.23 17.21 6.46 1.08 1.99 1.31 1.95 1.07 0.08 0.11 7.79 
883.5 61.70 17.35 6.05 0.83 1.62 1.24 1.97 1.09 0.05 0.04 8.00 
947.5 56.66 17.70 6.77 1.26 2.31 0.83 2.17 0.89 0.07 0.19 9.50 
957.8 59.56 16.06 5.04 1.39 1.71 0.90 1.50 0.84 0.05 0.09 10.95 
960.0 56.74 17.10 6.50 1.42 2.08 0.90 1.76 0.89 0.07 0.12 11.25 
965.3 57.21 16.00 6.54 1.52 1.66 0.84 1.50 0.83 0.06 0.06 12.10 

1026.0 57.74 19.06 3.28 1.16 0.86 0.42 0.54 0.72 0.01 0.02 14.55 
1136.0 58.33 17.37 6.92 1.10 2.12 0.97 1.87 0.94 0.09 0.12 8.94 
1145.0 64.43 15.05 4.61 1.11 1.10 1.01 1.21 0.84 0.02 0.05 8.85 
1153.5 54.93 19.82 8.38 0.80 1.30 0.51 1.98 0.83 0.03 0.11 10.30 
2020.5 58.21 25.66 2.46 0.06 0.44 0.15 1.31 0.90 0.01 0.05 9.95 
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9. Figure Captions  

Figure 1. Geologic map showing the location of the Mochuelo Creek section (black 

rectangle) and the Usme syncline Modified from (Bayona et al., in press). Index map 

shows location of the Bogota Formation in northwestern South America.   

 

Figure 2. Age model based on palynological zones (L. aff.g.= Laevigatosporites aff. 

Granulatus) and the U/Pb age in volcanic zircons from stratigraphic meter 928. Error bars 

are based on the margin of error of the radiometric age. The change in slope at meter 

1824 (no-solid symbol) is based on the change in stacking pattern of the sandstone 

bodies. After Bayona et al. (in press). 

 

Figure 3. Chemical weathering in soil and resulting magnetic minerals. Detailed soil 

profile after Guyodo et al. (2006). See text section 3.5 for details. 

 

Figure 4. Carbon stratigraphy, rock magnetic record, and rock geochemistry records of 

the Paleocene-Eocene Mochuelo section. From left to right: (a) chronological and 

palynological framework (Bayona et al., in press); lithostratigraphy of the section. (b) 

δ13C bulk organic matter record from UMN (black dots) and UF (green dots), filtered 

record, and samples pre-treated with 6N HCl all dashed curves display a 5-point moving 

average. (c) Rock magnetic record including magnetic susceptibility, concentration of 

magnetite/maghemite (Mag/Magh), goethite, and hematite, dashed vertical lines show the 
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average of each interval. (c) Rock geochemistry showing major oxides (Fe2O3, Al2O3, 

SiO2, LOI, CIA-K ), dotted vertical lines show the average of each interval. For all 

records horizontal dashed lines pinpoint the probable occurrence of the PETM by using 

the margin of error of the U/Pb date. 

 

Figure 5. Field cooled magnetic remanence measured on warming from 5 K to  

300 K. The upper curve shows the magnetic moment of sample 947.4 m. The middle 

curve shows the behavior of a siderite powder standard reported by Housen et al.  

(1996). The dramatic decrease in remanence at 30 to 40 K is the effect of the Néel 

temperature of siderite. The lower curve shows the behavior of a natural marine sediment 

from Barbados (156-948C-19X-5). The marine sediment also shows a trace concentration 

of pure magnetite as evidenced by the Verwey transition at 110 to120 K. It is important 

to note that the sample 947.4 m from this study shows absolutely no indication of the 

siderite transition at 30 to 40 K.  

 

Figure 6. Room-temperature saturation isothermal remanent magnetization (RTSIRM) 

data for sample 947.4 m. (a) The black data was measured after the sample had acquired 

a thermal remanence while cooling from 400 K to 300K in a 300 mT field. The blue data 

was measured after cooling from 400K to 300K in zero field (thereby demagnetizing the 

goethite). The red data shows the remanence held by goethite (black minus blue data). (b) 

Expanded view of the blue data in (a).  The cooling curve is shown in blue whereas the 

warming curve is shown in red and the difference between these curves has been rescaled 
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and is indicated by the black points. The two curves deviate at roughly 110 K, which is 

the expected temperature for the Verwey transition in magnetite. (c) First derivative of 

the black warming data from (a). The solid line shows a third-order polynomial fit to the 

derivative data. The largest deviations from this best fit occur at 265 and 270 K (yellow 

points), which is consistent with the Morin transition of hematite.  

 

Figure 7. Conceptual model of climatic changes during: (a) the Paleocene-Eocene 

boundary; and (b) Background conditions. Provenance analysis from Bayona et al. (in 

press) reports detritus from the Central Cordillera of Colombia (CCC) in the Bogotá 

Basin. See text section 5.1 for discussion. 

 

 

 

 



 

 50 

Figure 1. 
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Figure 3.  
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Figure 5. 
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Figure 7.  
 

 
 
 
  
 
 

 
 


