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Abstract

T ime series of a suite of geochemical elements 
measured in a 60-m long sediment core from 
the Lake Fúquene, Northern Andes (5°N, 

73°W; 2540 m altitude) were analyzed and relation-
ships with histories of past environmental change 
were explored. Data were produced by XRF analy-
sis at 1-cm increments along the composite record. 
Time series of Fe and Zr were used to support in-
tercore correlation. The age model (Groot et al., 
2011) showed the sediments reflect the period from 
284 to 27 ka and temporal resolution of the record 
is ~60 a. Geochemical inferences were embedded 
in available reconstructions based on fossil pollen, 
organic carbon content, and grain size distributions. 
A water body was continuously present in the lake 
basin and rates of sediment input varied little. We 
assess the potential of XRF-measured elements to 
better understand relationships between abiotic and 
biotic changes and processes in the drainage basin. 
Geochemical fractions could be attributed to distinct 
source areas. Principal Component Analysis (PCA) 
on the basis of log (element/Ti) ratios suggests con-
trasting weathering intensities. PCA indicated that 
coarse sediments associated with Si, Ti, Zr origi-
nated from proximal and distant quartz sandstone 
sources from the nearby Churuvita and Guadalupe 
Formations and were transported with substantial 
mechanical energy. Fine silts and clays associated 
with clay minerals and other phyllosilicates (Si, Al 
and K) originated from mudstones from all sedimen-
tary series exposed on the slopes, and were transpor-

ted and accumulated in a lacustrine environment. Ca 
and Sr are associated with calcareous and carbona-
ceous mudstones. Fe, Zn and S are associated with 
pyritic levels of the San Rafael-Conejo Formation. 
Oxygen rich mud deposits led to oxidation of Fe2+ 
and S2- to Fe3+ and SO4

2- yielding an acidic chemical 
environment resulting in dissolution of carbonates. 
Subsequently, dissolved Ca2

+, (Sr2+), SO4
2- and (Zn2+) 

species were transported in solution and Fe3+ in sus-
pension as hydrolyzed colloidal particles (Fe(OH)3) 
In contrast, reductive anoxic environments as well 
as neutral to alkaline environments in swamps re-
sulted in reprecipitation of carbonates and sulfides, 
thereby inhibiting the fluvial transport in solution 
of the before mentioned ions. Given its relatively 
high solubility gypsum (CaSO4.2H2O(s)) as well as 
associated Cl- concentrated in the lake sediments 
only during periods of high evaporation. Vegetatio-
nal and climatic reconstructions are mostly inferred 
from biotic proxies (e.g. pollen, diatoms) extracted 
from the sediment archive in lake basins. However, 
geochemical analysis of the same sediments show 
the lake basin itself also experienced a dynamic 
history in which geological source areas, chemical 
weathering, sediment transport and pH changes of 
depositional environments interact.

Key words: XRF geochemical analysis, Fúquene 
Basin, lacustrine environments, Pleistocene, sedi-
ment source areas
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1. Introduction

G eochemical analysis of lacustrine sediments 
has become a promising source of information 
to better understand the complex relationships 

between the abiotic and biotic processes in a lake 
basin. Information from time series of elements is 
informative for changes of the water body as well as 
for changes at the scale of a full drainage basin (i.e. 
Mackereth, 1965, 1966; Engstrom and Wright, 1984; 
Engstrom and Swain, 1986; Robinson et al., 1993). 
Down-core variation in the elemental geochemistry 
from lacustrine sediments allowed an assessment of 
changing salinity levels (Dominik and Stanley, 1993; 
Li et al., 2000; Fedotov et al., 2004), redox conditions 
in the water column and the sediments (Brown et al., 
2000), variation in weathering, soil development 
and erosion (Ewing and Nater, 2002; Ng and King, 
2004; Jin et al., 2006; Felton et al., 2007). Elemental 
geochemistry of lake sediments have also allowed 
for inference of past and recent human influence on 
basins (Koinig et al., 2003; Boyle et al., 2004; Julià 
and Luque, 2006; Brncic et al., 2009).

Analogous to marine sediment records, time series 
from lacustrine sediments also show correlations 
between element concentration, and/or their ratios, 
as well as global climate cycles including episodes 
of abrupt climatic change. Such correlations have 
mostly been reported from temperate and high la-
titudes lakes. For instance the studies from Lake 
Baikal and Lake Teletskoye (Rusia; Phedorin et al., 
1998; Goldberg et al., 2000, 2001), Lake Khubsugul 
(Mongolia; Fedotov et al., 2004), Lago Grande di 
Monticchio (Italy; Robinson, 1994; Robinson et al., 
1993; Brauer et al., 2007), and Lake Owens (USA; 
Li et al., 2000). Geochemical studies from tropical 
lake basins are scarce; we mention Lake Tanganyka 
(Tanzania: Felton et al., 2007), paleo-lake Pachapa-
dra (India; Roy et al., 2008 b), and Lynch’s Crater 
(Australia; Turney et al., 2006). Many of these stu-
dies related abundance/ratios of elements to weathe-
ring and associated changing redox environments 
and placed these geological processes in the time 
frame of a glacial-interglacial cycle where possible.

In Central and South America geochemical studies 
were carried out in a.o. Lake Tecocomulco in Mexi-
co (Roy et al., 2008a), Lake Valencia in Venezuela 
(Curtis et al., 1999), Lake Tapakos in Brazil (Irion 
et al., 2006), Lakes Puyehue and Chungurá in Chi-
le (Bertrand et al., 2008; Moreno et al., 2007), and 
Lake Potrok Aike in Argentina (Haberzettl et al., 
2005). We select Lake Valencia as an example whe-

re geochemical analysis of sediments (Ca, Mg, Fe, 
K, Na, P) together with calcium carbonate, organic 
matter content, and stable isotope analyses allowed 
reconstructing paleoclimate in the basin and lake 
level fluctuations during the last 12.6k cal a BP. The 
correlated high concentration of K and Fe, organic 
matter and carbonate characterized increased rain-
fall and high lake levels from 8.2 to 3k cal a BP. 
During the last 3k cal a BP high Na concentrations 
indicate desiccation and a higher salinity. Studies 
performed at Lake Puyehue covering the last 8k cal 
a BP reconstructed changes in temperature and pre-
cipitation. Al and Ti variations indicated changes in 
the terrigenous fraction of the sediment transported 
by rivers to the lake, which were linked to past pre-
cipitation regimes (Bertrand et al., 2008).

For a comprehensive environmental reconstruction 
that explicitly includes the interactions between bio-
tic and abiotic changes in a lake basin, geochemical 
analyses should be applied in tandem with other en-
vironmental proxies. The objectives of the present 
study were to apply such a multi-proxy approach to 
identify contrasting palaeoenvironmental conditions 
in the Colombian Fúquene Basin. Specifically, we 
focus on the Fúquene-9C record (Fq-9C) elaborated 
by Groot et al. (2011) reflecting the period from 284 
to 27 ka BP within the 58 to 2 m core interval. To 
this end X-Ray Fluorescence (XRF) based time se-
ries of geochemical elements of record Fq-9C were 
combined with the results from previous studies of 
fossil pollen and changes in organic matter content 
(OMC) (Bogotá-A et al., in review; Groot et al., in 
review b) and downcore changes in grain size distri-
butions (GSD) (Vriend et al., in review). This paper 
is considered as an initial study and the conserved 
core sediments allow for additional analysis.

2. Geological and climatic setting

2.1 Geography

Lake Fúquene (5˚27'N, 73˚46'W) is located at 2540 
m altitude in the Eastern Cordillera of Colombia 
(Figs. 1a, 1b). The drainage basin covers 1750 km2 
and extends between 5°35' N and 5°19' N, and bet-
ween 73°54' W 73°35' W (IGAC, 2003). At present-
day Lake Fúquene has a surface area of ~25 km2 
and its current water depth varies between 2 and 
6 m. The present lake covers only the floor of the 
central part of the Fúquene Basin (CAR, 2000; San-
tos-Molano and Guerra-C, 2000; Sarmiento et al., 
2008). Field observations at several locations in the 
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basin evidenced that lacustrine sediments have been 
deposited up to ~20 m above the present-day lake 
level. In absence of evidence of tectonic activity 
during the late Quaternary this indicates that in the 
past Lake Fúquene was never deeper than ~25 m 
for a significant period of time. Lake level recons-
tructions based on aquatic pollen and GSD (Vriend 
et al., in review) showed that cool and cold periods 
are mostly characterized by high lake levels while 

lake levels were low during warm interglacial pe-
riods (see also Van ‘t Veer and Hooghiemstra, 2000; 
Torres et al., 2005). As the topography of the basin 
floor is very flat, small lake level changes have a 
large impact on the lake surface. During maximum 
lake level stands the surface of Lake Fúquene in-
creased an order of magnitude and covered the com-
plete basin from Ubaté in the south to Chiquinquirá 
and Saboyá in the north (Vriend et al., in review).

Fig. 1. (a) Geological map of the drainage basin of Lake Fúquene, Eastern Cordillera of Colombia, showing the main depo-
sits, formations, folds and faults. After Sarmiento et al. (2008) with permission; (b) Topographical view on the Fúquene Ba-
sin; (c) Mean monthly rainfall and temperature records for the Fúquene Basin from five different meteorological stations.
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2.2 Geology, mineralogy and geochemistry

The Fúquene Basin consists of sedimentary rocks 
from Late Cretaceous to Early Tertiary age. The 
lower parts of the basin are covered by Quater-
nary sediments (Ingeominas, 1991; Sarmiento et 
al. 2008) (Fig. 1a). The main mineralogical and 
chemical characteristics of geological formations 
are presented in Table 1. The physico-chemical en-
vironment influences the equilibrium positions in 
geochemical reactions in the weathered exposed 
surfaces, in the transporting rivers, and in the de-
positional environments of the lake. During glacial 
conditions, which dominate during the time span 
covered by the record, levels of erosion and trans-
port of clastic materials are high (Van der Hammen 
et al., 1980/81; Sarmiento et al., 2008). During in-
terglacial and interstadial conditions most of the 
drainage basin was covered by vegetation, stabili-
zing slopes and allowing soil formation (e.g. Van 
Geel and Van der Hammen, 1973). In all likelihood 
the contribution of materials from soils to the in-
fill of the lake basin is insubstantial compared to 
materials from eroded rock formations. However, 
quantitative records of the relative contribution of 
both sources are lacking.

Sandstones and fine sediments from oxic shallow 
marine environments underlay calcareous mudsto-
nes and black shales from marine anoxic environ-
ments (early Late Cretaceous). These rocks crop 
out in the neighboring slopes of the lacustrine va-
lley. The Churuvita Formation is a source of Si, Zr, 
Al and K from quartz and phyllosilicates, the San 
Rafael Formation is a source of Ca and Sr from li-
mestone, whereas Conejo Formation is a source of 
Fe, Zn and S mainly in the form of pyrite, but also 
with minor contributions of other iron rich sulfides 
and siderite. Additionally, Si, Al and K are the main 
constituents of clay minerals in mudstones existing 
in those sedimentary units (Gaviria et al., 2005). In 
the southern part of this unit a brine source of Cl 
is recognized which comes from a non-outcropping 
diapiric structure. In the southern and eastern side 
of the basin quartzite sand units from Guadalupe 
Formation is present and reflect shallow marine 
environments. This formation includes syncline 
structures with clayey/soft and sandy/hard paleoge-
ne units of transitional and continental belonging 
to Guaduas, Cacho and Bogotá Formations. Coarse 
sedimentary rocks are source of Si, Ti and Zr from 
sandy residual sediments; fine grained sedimentary 
rocks are the main source of Si, Al, Fe and K from 
clay minerals produced in anoxic-oxic weathered 

environments. The sediments of the Fúquene Basin 
have received sporadic wind transported volcanic 
ash from eruptions in the Central Cordillera (Rie-
zebos, 1978).

2.3 Hydrology and climate

From a hydrological point of view Lake Fúquene is 
an open lake. There are inlets from the Ubaté River 
and a number of small creeks in the south and east 
of the basin; the Honda Creek is the most impor-
tant one. The basin has one outlet in the northwest: 
the Suarez River (Fig. 1a) (Sarmiento et al., 2008). 
Creeks occur where the surrounding slopes of the 
lake are steep and sediments travel over shorter dis-
tances (Fig. 1b). Generally, creeks at steeply sloping 
grounds transport sediments at higher energetic le-
vels as is the case of the Ubaté River and Honda 
Creek. At present only the southern part of the basin 
(~900 km2) works as a catchment area for the lake. 
The northern part of the basin (~850 km2) is currently 
covered by swamps and grasslands. There, precipi-
tation pours into the Suarez River and directly leaves 
the basin at the Saboyá Dam (Montenegro-Paredes, 
2004; Sarmiento et al., 2008). Sediments delivered 
by the Ubaté River come from the southern slopes 
and travel the longest distance along the high plain 
before reaching the present-day lake.

The almost equatorial position of Lake Fúquene ex-
plains its climate; the study area is mainly driven by 
the annual migration of the Intertropical Convergen-
ce Zone (ITCZ). Two dry seasons, from December to 
January and from July to August, alternate with two 
rainy seasons from February to June and September 
to November; both rainy seasons show a similar pro-
portion of precipitation (Fig. 1c). The annual precipi-
tation ranges from 770 mm in the south to 1100 mm 
in the north (CAR, 2000). Mean monthly temperatu-
res vary from 13.7 to 15.4 °C with the coldest mon-
th occurring during the dry season. In contrast to the 
small annual temperature range, the daily temperatu-
re range is large and during the dry season night frost 
may occur at the elevation of the lake (IGAC, 2003).

2.4 Vegetation

The quality of the vegetation cover in the basin is 
relevant for the production of organic matter, the 
degree of weathering, erosion and superficial se-
diment transport along the slopes. The lake is cu-
rrently located in the upper montane forest which 
extends between 2300 to 3200 m elevation. Above 
the upper forest line (UFL) vegetation of dwarf trees 
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and shrub (subpáramo) extends from 3200 to 3500 
m. In the study area grass-dominated páramo ex-
tends from ~3500 to the highest tops at ~3700 m. 
Under present-day climatic conditions superpáramo 
and glaciers are not present in the drainage basin. 
However, during the last glacial maximum (LGM) 
when the UFL was at ~2100 m altitude Lake Fúque-
ne was located in the belt with grasspáramo vegeta-
tion and during the wettest glacial periods in parti-
cular glaciers reached as far as ~3000 m elevation in 
the valleys (Van der Hammen, 1974; Van ‘t Veer and 
Hooghiemstra, 2000; Wille et al., 2001).

3. Methods

3.1 Sediment collection, age model, and the 
matrix of proxies

Sediments were drilled with Longyear equipment in 
intervals of 100 cm length and 7.5 cm diameter from 
a floating platform at the deepest part of the lake 
(Fig. 1a). First consolidated sediments were reached 
at ~6 m below water surface. From parallel sediment 
cores Fq-9 and Fq-10 the composite core Fq-9C 
was constructed by comparing lithological changes, 
downcore variation in GSD, and relative abundance 
of Fe and Zr between the cores (Groot et al., 2011). 
The age model (Fig. 2b) was elaborated by frequen-
cy analysis in the depth domain, identification of or-
bital drivers of climate change (temperature), and tu-
ning of the arboreal pollen (AP) record to the marine 
LR04 benthic stack of δ18O record (Lisiecki & Ray-
mo, 2005) (Groot et al., 2010). The age model shows 
that sediment accumulation rates are approximately 
stable for most of the record. We present data along 
a linear age scale and we use marine isotope stages 
(MIS) to discuss main intervals of time. In this paper 
we make use of the information from proxies of core 
Fq-9C published elsewhere: for pollen Groot et al. 
(in review b) and Bogotá-A.  et al. (in review a), and 
for GSD and OMC Vriend et al. (in review).

3.2 Geochemical analysis

XRF based geochemical analysis is a non-destructi-
ve procedure that determines the chemical compo-
sition of measured sediments as element intensities. 
Attempts to convert XRF core scanner output to 
element or mineral concentrations by mean of linear 
regressions have shown linear and non-linear corre-
lations (Jansen et al., 1998; Richter et al., 2006; Wel-
tje and Tjallingii, 2008). As a result the technique is 

regarded as semi-quantitative. XRF measurements 
on Fq-9C sediments were carried out at 1-cm reso-
lution using the Avaantech X-ray core scanner of the 
Netherlands Institute of Sea Research (Jansen et al., 
1998). We used a sampling time of 30 seconds and 
element intensities were measured with a generator 
setting of 10 kV for the elements Aluminum (Al) 
through Cobalt (Co), and 30 kV for the elements 
from Zinc (Zn) through (Bi). In this paper we focus 
on the concentrations of Al, Si, S, Cl, K, Ca, Ti, Fe, 
Zn, Sr, and Zr. These elements were selected as they 
are most abundant in surrounding rocks. Geoche-
mical results are expressed as additive log-ratios 
of element intensities in order to provide the most 
accurate estimations of sediment chemical compo-
sition (Aitchison, 1986; Rollinson, 1993; Weltje and 
Tjallingii, 2008). Measurements of Ti were selected 
as an inert common denominator to establish the 
respective XRF element log-ratios, and therefore 
the different log-ratio time series. Ratios against Al 
were also evaluated since Al is an insoluble element 
under oxic and anoxic conditions at the prevailing 
pH values in the sedimentary environment and fre-
quently of terrestrial origin (Brown et al., 2000, Fel-
ton et al., 2007). In comparison to Al, Ti is abundant 
in nature and more stable with respect to diagenetic 
processes. Contrary to Al, Ti is hardly affected by 
hydrolysis and/or complexation processes in orga-
nic rich and acidic environments where Al can be 
easily soluble (Mourier et al., 2008). Comparisons 
of the element log-ratios based on Al and Ti (not 
presented here) showed us similar patterns in varia-
tion of chemical composition.

3.3. Zonation and statistical analysis

A geochemical zonation was attained based on strati-
graphical constrained cluster analysis using the total 
sum of squares (CONISS; Grimm, 1987; Gill et al., 
1993). We used the data of intensities obtained by 
XRF analysis of the selected elements. Inclusion of 
ordination multivariate analysis such as PCA has been 
effective in highlighting the underlying environmen-
tal processes associated with the accumulation of se-
diments in marine and lacustrine basins (Giralt et al., 
2008). The consecutive axes explain percentages of 
the variance in a decreasing way. The corresponding 
scatter plots arrange those variables based on their 
spatial distance. The smaller the distance, the stron-
ger the correlation with the underlying environmen-
tal conditions and processes. A principal component 
analysis (PCA) was carried out using the log (ele-
ment/Ti) to establish relationships among elements 
records (Giralt et al., 2008). To assess correlations 
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Fig. 2. (a) Arboreal pollen record reflecting mean annual temperature change at the elevation of Lake Fúquene com-
pared to the marine LR04 δ18O temperature record from Lisiecki and Raymo (2005) plotted on a linear time scale. 
Marine isotope stages are indicated; (b) Depth versus time graph of the Fúquene-9 Composite record (Fq-9C). Modi-
fied after Groot et al. (2011).

between regional climate change, lake level changes 
and the chemical composition of the sediments we ran 
a second PCA including XRF log ratios and selected 
information from pollen analysis, GSD, and OMC.

Since information from GSD is compositional (Vriend 
et al., in review), a log-transformation was performed 
to eliminate the constant-sum constrain and further 
possible misinterpretation of the covariance structu-
re of the data. Thus we used the centered log-ratios 

transformation for each group as suggested by Ait-
chison (1986, 1999), Kucera and Malmgren (1998) 
and Pawlowsky-Glahn and Egozcue (2006). Con-
trary to the additive log-ratio used for geochemical 
data in which one variable is chosen to be the com-
mon denominator for the rest of the variables, cen-
tered log-ratio coefficients are obtained by dividing 
each variable by the geometric mean among the va-
riables analyzed per sample. Therefore, the whole set 
of variables can be used for posterior analysis. Prior 
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to the log ratio determination, a zero-replacement (or 
rounding-error replacement) procedure was applied 
to the GSD compositional data. This transformation 
was done according to solution in Fry et al. (2000) 
and Martin-Fernández and Thiò-Henestrosa (2006). 
In the case of OMC, which was measured as loss-on-
ignition (LOI) (Vriend et al., in review), we directly 
used the original percentage data.

We used pollen concentration values (pollen cm-3 of 
sediment) to perform analyses without the constant-
sum-constrain effect present in pollen percentage 
data. In this exercise we determined additive log-ra-
tio for selected taxa or vegetation groups. For the re-
gional vegetation data we used concentration values 
of Asteraceae as denominator. For the local vegeta-
tion data we used concentration values of the sum 
of shallow water taxa. This choice is justified by the 
fact that asteraceous taxa and taxa of shallow water 
vegetation were almost continuously present along 
the record (Groot et al., in review b; Bogotá-A et al., 
in review). Where time series showed a zero value, 
as well as for all other pollen time series used in our 
analysis, we applied the simplest zero-replacement 
(Aitchison, 1986; Kucera and Malmgren, 1998; Fry 
et al., 2000). To explore relationships with biotic 
proxy records we considered the log-transformed 
records of AP, grasspáramo vegetation, the dwarf 
tree Polylepis, subpáramo vegetation (Asteraceae, 
Ericaceae, and Hypericum only), and indicators of 
dry vegetation. AP, grasspáramo and subpáramo ve-
getation minus Polylepis mainly reflect variations 
in mean annual temperature and Polylepis and dry 
indicators serve as an approximation of climatic 
humidity. Ecological ranges are according to Ho-
oghiemstra (1984), Van ‘t Veer and Hooghiemstra 
(2000) and Bogotá-A et al. (in review). Similarly, 
for changes in lake level/lake surface we used the 
log-transformed records of shore vegetation, swamp 
vegetation, and open water vegetation (a category 
including vegetation of shallow and deep water). All 
PCAs were run with the program Multivariate Sta-
tistical Package MSVP 3.1 of Microsoft.

4. Results and environmental interpreta-
tion

4.1 Sediment chemical composition

In the geochemical time series we recognized seven 
main zones which reflect variations in the geoche-
mistry of the sediments (Fig. 3). Although the hie-

rarchical levels to subdivide the Fq-9C record varies 
between proxies the zonations based on geochemi-
cal data are in depth and age in agreement with the 
pollen zones (Groot et al., in review b; Bogotá-A et 
al., in review) and the main zones recognized on the 
basis of GSD and OMC (Vriend et al., in review). On 
the basis of pollen analysis and zonation (up to the 
fifth ranked level) 20 zones were recognized, while 
on the basis of GSD 9 zones were identified. In all 
cases cluster analysis recognized the glacial-inter-
glacial transitions MIS 8-7 and MIS 6-5 (Fig. 4).

Interpretation of the CONISS-based zones is based 
on PCA ordination using the log-ratio time series. 
The first component accounted for 37.5% of the va-
riance, the second component explained 21.1% more 
and the third component added another 11%. In total 
maximally 69.9% of the variance was explained (Ta-
ble 2). Principal component 1 (PC1) includes Ca, Sr, 
S, Fe, Zn, and Cl (all negative values) and Zr and to 
a lesser degree Si and Al (with positive values). The 
PC2 positively clusters Al, Si, and K. Finally PC3 
positively correlates with K, while negatively with 
Cl and Zr (Fig. 5). PCA ordination of the geochemi-
cal element composition showed a correlation with 
the geological source areas of sediments allowing 
five types of geochemical settings (Fig. 6).

Geo-setting I (Figs. 3-6)

Geo-setting I corresponds to periods of lowest PC1 
values. These periods, e.g. the 245-237 ka interval, 
are characterized by maxima of Ca and Sr, presen-
ce of Fe, S, Zn, and Cl to a lesser degree (Fig. 3). 
Those maxima represent deposition of Ca(Sr)CO3 
in the lake with Sr representing a minor isomorphic 
substitution. The most likely origin of the Ca and 
Sr, as well as the prevalent S, Fe, and Zn found in 
the sediments at this stage is weathering of calca-
reous rocks and black shales of the San Rafael and 
Conejo formations (Fig. 1a). These rocks, rich in 
Ca, Sr and iron carbonates (calcite and siderite res-
pectively), pyrite or other Fe2+ (Zn) sulfide phases, 
where Zn represents also a minor isomorphic subs-
titution, were deposited in a marine and alkaline 
environment. Under this scenario the drained and 
aerated sulfide minerals became unstable and oxi-
dation produced sulfate and protons giving Fe2+ and 
Zn2+ to the solution lowering pH to values below 
4.0 (Carson and Dixon, 1983). As a result carbona-
tes in the rock were dissolved producing HCO3

- and 
Ca2+, Sr2+ that were fluvially transported together 
with sulfates and Zn2+. Subsequent oxidation of Fe2+ 
under the oxic conditions in the drainage system led 
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Fig. 4. (a) Comparison between changes in arboreal pollen, open-water vegetation, organic matter (dark gray), and 
coarse-grained sediment fraction (silt and sand) in record Fq-9C (values shown as percentages) and three first axis 
derived from PCA of XRF log (element/Ti) ratios. For comparison the marine benthic stack δ18O LR04 (Lisiecki 
and Raymo, 2005) and Marine Isotopes Stages (MIS) are shown at the left. (b) General comparison of zonations used 
for pollen analysis (see text), grain size distributions (see text) and XRF chemical analysis (this paper). Dashed lines 
indicate zone boundaries supported by two or more proxies.

Table 2. Principal component analysis of XRF log (element/Ti) data from record Fq-9C. Negative loading with hig-
hest correlations are shown in bold.
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Fig. 5. Biplots based on principal component analysis of ten log (element/Ti) ratios of record Fq-9C. Elements showing 
geochemical variation associated to differences in physical and chemical weathering group together and are indicated 
by circles. Wide arrows show the most important elements in axes one which explain ~60% of variance expressed in 
two main groups (see text).
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to the formation of insoluble Fe(III) salts that were 
transported to the lake in the form of colloidal sus-
pension with associated sediment particles. Upon 
entering the lake its buffering capacity in all likeli-
hood increased the pH to neutral or slightly alkali-
ne values, promoting precipitation and subsequent 
accumulation of carbonates containing Ca and Sr 
in calcite, and Fe(II) in siderite and sulfides. It is 
plausible the latter was caused during episodes of 
low lake levels when chemical weathering of se-
diments dominated. In the lake occurred reduced/
anoxic conditions facilitating Fe(III) reduction to 
Fe(II) that undergo precipitation and accumulation 
as insoluble products.

Geo-setting II (Figs. 3-6)

Related to the positive values of PC1, the record 
of Zr is negatively correlated with the main trends 
for Ca, Sr, S, Fe and Zn (Fig. 3). Its meaning is 
better explained by the PC2 (Fig. 5a) in which 
high concentrations of Zr and Si correlate and 
constitute Geo-setting II. This suggests an inten-
sified supply of coarse-grained sediments to the 
lake (Stiles et al., 2003), associated with transport 
of material from quartz-rich sandstones from the 
Guadalupe Group and Cacho-Bogotá formations, 
located mainly in the distal upper part of the ba-
sin, and from the Churuvita Formation, exposed 
in the proximal foothills around the lake (Fig. 1). 
The correlation of Si is not easy to interpret be-
cause it is the principal constituent of all silicates 
common to all formations. During humid condi-
tions intensified physical weathering of silicates 
and intensified energetic transport of sediments 
are reflected in formations located at greater dis-
tance in the basin. During dry conditions coarse 
particles arrived by fluvial transport from sour-
ces at short distance to the lake. The Ubaté River 
was the most important source of fluvial sediment 
transport to the lake (Vriend et al., in review). 
However the Honda Creek is proximal to the co-
ring site and therefore possibly more responsible 
for the supply of coarse sediments to the coring 
site, e,g, during the period from 203 to 190 ka 
(Vriend et al., in review). In Fig. 3 similar periods 
are indicated with an asterisk.

Geo-setting III (Figs. 3-6)

Al, K and Si (associated with positive PC2; Fig. 
5a) in particular, are integral parts of characteris-
tic aluminosilicate clay minerals and originated 
mostly from fine grained sedimentary rocks such 

as the Churuvita Formation, rich in pyrophyllite 
(Si, Al) and illite (Si, Al, K), the Conejo Forma-
tion, rich in kaolinite (Si, Al) and illite, the Gua-
duas and Bogotá formations, rich in kaolinite, 
illite, chlorite (Si, Al, Fe) and interlayered clay 
minerals (Si, Al, Fe, Ca). Fe is also present on 
the surfaces of colored clay minerals in the form 
of free oxide (Gaviria et al., 2005). The almost 
constant loading values of this second PC and the 
related loadings of associated elements may be 
interpreted as Geo-setting III (Fig. 6d). In Geo-
setting III low energy transport of mainly clay 
characterized almost constant calm lacustrine 
sedimentary conditions in the lake, for example 
during the periods from 284 to 244 ka, and from 
180 to 133 ka (Fig. 3). However, when input of Zr 
dominates, and correlates with input of Si, such as 
during the period from 271 to 265 ka, high ener-
getic transport from the Guadalupe Group and 
Cacho-Bogotá formations is suggested.

Geo-setting IV (Figs. 3-6)

PC3 correlates with sporadic input of Cl associated 
to Zr (Fig. 5b) characterizing Geo-setting IV (Fig. 
6e). Periods with significant concentrations of Cl 
correlate well with episodes of high accumulation 
of elements belonging to PC1 negative values, i.e. 
from 243 to 240 ka, and from 117 to 114 ka. Rela-
tive high values of Cl are interpreted as increased 
concentrations of soluble salts in the lake with eva-
poritic rocks as a source. It reflects dissolution by 
infiltration of water inside the rock massif, fluvial 
transport, posterior concentration during periods of 
high evapotranspiration and, finally, accumulation 
of Cl and other halogens in the lacustrine sediments. 
This scenario is supported by the presence of Cl salt 
rich deposits lodged in the San Rafael-Conejo for-
mation close to the village of Tausa in the southern 
part of the basin. The Suta River, and afterwards 
the Ubaté River were in this case responsible for 
transport to the lake. During those periods of high 
evaporation Ca and S showed correlations with Cl 
in PC3 indicating the formation of gypsum origina-
ted from the San Rafael-Conejo formations. In this 
case anoxic conditions did not prevail allowing for 
preservation of S in the form of sulfate.

4.2 Relationships between biotic and abiotic 
environment

We explored relationships among different com-
ponents of the sedimentary record by PCA using 
log ratios of biotic and abiotic proxy data (Fig. 7). 
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Fig. 6. (a) Idealized schematic cross sections through the Fúquene Basin showing five different characteristic geo-
logical settings based on XRF geochemical analysis and PCA discussed in the text. Lake levels are not to scale. (b) 
Map of the Fúquene Basin indicating direction of the used cross sections.
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PC1 explains 21.4% of the variance, PC2 an addi-
tional 11.6%, and PC3 an extra 7.5% for a total 
of 40.6% of the variance (Table 3). Inclusion of a 
PC4 and PC5 explains variance up to 54.5%, but 
the processes involved are difficult to disentangle 
(Table 3). The ordination of variables according 
to the first three PCs allows the recognition of 
associations between abiotic and biotic variables 
(Fig. 7). A number of time series of selected che-
mical elements (10), GSD (4), OMC, local vege-
tation (4), and main regional climate and vegeta-
tion conditions (5) are shown in Fig. 8 together 
with the loadings of the corresponding first three 
PC axes. These time series show the geochemical 
evolution of the basin.

Group I
Variables related with negative values in PC1 (Fig. 
7) structure Group I. Subgroup IA shows a strong 
correlation of accumulation of Ca, Sr, S, Fe, Zn 
and Cl (geo-setting I) with presence of organic 
matter under either warm conditions (forest) or 
low temperatures (grasspáramo vegetation). High 
values of OMC have been interpreted as episodes 
with abundant peatland close to the coring site. 
This occurred during warm interglacial and mild 
interstadial times characterized by increased eva-
potranspiration and productivity. The inclusion 
of grasspáramo vegetation in this group suggests 
that accumulation of insoluble Fe and S supplied 
by San Rafael-Conejo formations under intensive 
chemical weathering could also have occurred du-
ring cold glacial or stadial periods. Oxidative reac-
tions occurred where rocks were exposed to the 
weathering agents under cold and warm climatic 
conditions. Concentration of mobile products took 
place under dry conditions when water evaporated. 
The inclusion of subpáramo vegetation, dry vege-
tation, wet shore vegetation, and swamp vegetation 
giving structure to Subgroup IB supports previous 
interpretations. During warm and dry conditions as 
well as cold and dry settings, organic-rich swamps 
had expanded and consumed the oxygen in the 
water column In this way precipitation of insoluble 
reduced forms of Fe and S was promoted (Giblin 
and Wieder, 1992; Dominik and Stanley, 1993).

Groups II and III
Positively correlated variables making Group II 
(Fig. 7) are indicative of the accumulation of fine 
silt and clay, mainly K (illite), and Si and Al (kao-
linite and pyrophillite). This reflects a supply by 
geological sources rich in these minerals (geo-

setting III) like the Churuvita, Conejo, Guaduas 
and Bogotá formations (Gaviria et al., 2005). 
Negative values form Group III and characterize 
the Zr and Si composition of sand and coarse silt 
fractions from the Guadalupe Group and Bogotá-
Cacho formations (geo-setting II). In PC1 and PC2 
the weight of Zr is associated to those coarse sedi-
ments clearly indicating periods of reactivation of 
high energetic sediment transport to the lake, pos-
sibly by creeks on the eastern slopes. This interpre-
tation is supported by the presence of shallow and 
deep-water vegetation indicative of periods with a 
large lake size. Presence of Polylepis dwarf forest 
indicating humid and cold conditions (Van Geel 
and Van der Hammen, 1973; Bogotá-A et al., in 
review) supports the scenario; energetic transport 
of sediments was reinforced. The loadings of this 
PC2 mirror PC2 in Fig. 4 in which only geochemi-
cal variables have been used.

Changes in GSD and the associated changes in the 
chemical composition of the sediments are expec-
ted to vary with climate, with precipitation in par-
ticular (i.e. Felton et al., 2007). Most of the time 
reflected in the record the basin was covered by 
grasspáramo and forest vegetation allowing fine 
material rich in Si, Al and K (clayey minerals) be 
easily transported, while supply of coarse sedi-
ments rich in Si and Zr was limited. Periodic su-
pply of coarse material to the lake occurred during 
dry spells in particular when soils were more ex-
posed and sporadic heavy rains easily transported 
coarse silt and sand through the fluvial system into 
the lake. Repetitive expansions and contractions of 
glaciers (Van der Hammen et al., 1980/81) must 
have caused significant erosion making coarse-
grained sediments abundantly available.

Groups IV and V
PC3 includes biotic variables only. Positive values 
constitute Group IV and correlate to periods when 
the basin was covered by Andean forest. Negati-
ve values constitute Group V and correlate to the 
presence of open-water vegetation and Polylepis 
dwarf forest indicative of cool to cold and humid 
climatic conditions.

Environmental conditions derived from the geoche-
mical PCA (Figs. 5 and 6) and the integrated biotic 
and abiotic variables (Fig. 7) allow to recognize six 
representative and contrasting environmental settings 
(Fig. 9). Environments are characterized in Table 4.
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Fig. 7. Ordination by principal component analysis of selected biotic and abiotic variables analyzed in record Fq-9C. 
Abiotic variables include (a) geochemical analysis of XRF measured log (element/Ti) of values (Ca, Sr, S, Fe, Zn, Cl, 
Zr, Al, Si, and K); (b) values of grain size distributions as log of sediment/geometric mean. Sediments were grouped 
as proportions of sand, coarse silt, fine silt and clay (see text); (c) organic matter content measured as loss-on-ignition 
(LOI) (taken from Vriend et al., in review). Biotic variables include selected pollen taxa grouped into main regional 
biomes, and main groups of aquatic vegetation reflecting a gradient from shallow to deep water. Biomes reflect po-
llen from Andean forest, subpáramo, grasspáramo, Polylepis dwarf forest, and taxa reflecting dry vegetation. Aquatic 
vegetation include taxa from wet shore vegetation, swamp vegetation, and open water vegetation (= sum of shallow 
and deep water taxa). Pollen values are expressed as log ratio values of concentration measurements. Values of As-
teraceae are used as a regional denominator. Values of shallow water vegetation are used as a local denominator (see 
methods section for further explanation). Circles show main groups of variables which attribute to explain 40.5% of 
the variance using three axes.



121

Chapter 5

Table 3. Principal component analysis of selected biotic and abiotic variables from record Fq-9C. Negative loading 
with a high level of correlation are shown in bold.

5. Environmental reconstruction

In this section the biotic and abiotic evolution in the 
basin is integrated and related to climatic conditions. 
Changes in environmental conditions in the lake as 
well as in the basin are expressed as basin types as 
shown in Fig. 9. Seven main intervals were recog-
nized. Elsewhere we published environmental re-
constructions based on pollen (Bogotá-A et al., l., in 
review; Groot et al., in review b) and GSD (Vriend 
et al., in review).

Period 7: 284-244 ka (MIS 8); depth in composite 
record: 58.33-51.22 m

During this period basin environment Type VI oc-
curred most of the time (Fig. 9). Geochemical com-
position (Al, K, and Si) and GSD (fine silt and clay) 
show that mudstones from all formations supplied 
clays which accumulated in a lacustrine environ-
ment. This reconstruction is supported by the pre-
sence of deep-water vegetation and the presence of 

cold subpáramo and grasspáramo vegetation in the 
Fúquene Basin. During intervals with significant 
variation in sediment geochemistry (282-275 ka, 
271-264 ka, 262-259 ka, and 257-252 ka) abundant 
coarse sediments were episodically transported (Zr 
and Si; basin environment Type II). During these 
episodes sandstones must have eroded more inten-
sively and the drainage system, the Honda Creek 
in particular, transported sands with substantial 
energy. Other variations in geochemistry were as-
sociated with basin environment Type I. Episodes 
characterized by high concentrations of Ca, Sr, Fe, 
Zn and S, as well as accumulation of organic mat-
ter alternated with intervals characterized by sig-
nificant precipitation and substantial energetic se-
diment transport. Accumulation of Fe and S under 
reducing conditions showed the lake reduced episo-
dically. This supports the reconstructions based on 
GSD (Vriend et al l., in review) and aquatic pollen 
(Bogotá-A et al., in review). A reduced lake size 
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Fig. 8. Plot of biotic and abiotic time series of record Fq-9C used for the integrated PCA analysis. Geochemical 
records include log (element/Ti) ratios. Grain size distributions include records of proportional data (black line) and 
log ratio transformation (gray line). Regional and local vegetation include selected records in proportions (black line) 
and log ratio transformation (gray line). Loadings of integrated biotic-abiotic PCA are shown and produce the same 
zonation as obtained from XRF element analysis in Fig. 3.
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generally coincided with warm interstadial condi-
tions, high evapotranspiration and slopes around 
the lake covered by Andean forest. Type VI basin 
environment prevailed from 282-275 ka, 271-264 
ka, 262-259 ka, and 257-252 ka, and Type I pre-
vailed during the intervals 284-282 ka, 280-278 ka, 
274-272 ka, and 264-262 ka.

Period 6: 244-201 ka (MIS 7); depth in composite 
record: 51.22-41.53 m

High values of Ca, Sr, Fe, S, Zn and Cl from 244 
to 239 ka point to substantial supply of sediments 
from calcareous and pyritic rich rocks leading to 
environment Type I. Abundant presence of swamp 
vegetation and organic matter caused anoxic con-
ditions in the small lake in which insoluble Fe and 
S accumulated. Presence of Andean forest and dry 
vegetation points to warm conditions which are in 
harmony with low water stands and a high level 
of evapotranspiration. During 239-236 ka trans-
port of quartzite occurred during a warm period 
and presence of swampy vegetation, suggesting 
high precipitation and a prevailing Type III envi-
ronment. During the periods 236-231 ka, 225-222 
ka, 217-209 ka fine sediments, clays (Al, K, and 
Si) and limestone with pyritic material (Ca, Sr, 
Fe, S, Zn, Cl) accumulated which is in support of 
a small lake. During the period from 236 to 231 
ka in particular high concentrations of S and Fe 
suggest a small and anoxic lake and confirm the 
evidence from pollen (Bogotá-A et al., in review) 
which shows warm and dry vegetation (basin en-
vironment Type I). Particularly, from 217 to 209 
ka chemical precipitates are indicative of a small 
and relatively anoxic lake during warm or cold 
climate (basin environment Type I or II), inte-
rrupted at ~213.4 ka by a sudden energetic trans-
port of Si (high precipitation) and lake expansion 
during a warm phase (basin environment Type 
III). During the periods in between 231-225 ka 
and 221-217 ka, accumulation of Zr in particular 
point to basin environment Type IV. PCA shows 
that sedimentation of quartzite-sand occurred in 
an open water environment, indicating episodic 
intervals with high precipitation, energetic sedi-
ment transport and expansion of the lake. Finally, 
from 209 to 201 ka accumulation of fine sedi-
ments enriched in Ca, Sr, S, and Fe suggest a low 
water table reflecting basin environment Type I. 
Abundant organic matter and presence of swamp 
vegetation allows for the anaerobic conditions re-
quired to precipitate Fe and S.

Period 5: 201-184 ka (MIS 7); depth in composite 
record: 41.53-37.66 m

During the period from 201 to 190 ka, an increa-
sing content of Zr indicates to high energy trans-
port of quartz-sand and therefore to high precipi-
tation. Sedimentation of coarse silt and sand, and 
a change from swamp vegetation to open water ve-
getation support wet climatic conditions and point 
to basin environment Type III. During the period 
from 190 to 184 ka concentration of Al, Si, K and 
Fe peaked indicating sediments originated from a 
different source. Presence of cool subpáramo and 
cold grasspáramo vegetation indicate glacial clima-
tic conditions, low levels of evapotranspiration and 
predominance of basin environment Type VI.

Period 4: 184-133 ka (MIS 6); depth in composite 
record: 37.66-25.99 m

During the period from 184 to 175 ka a change in 
abundance from Si and Zr to K, Fe and S points to 
a change from high to low energy sediment trans-
port, anoxic conditions and a reduction of the lake 
size. This change of environment is also reflected 
as a transition from coarse silt and sand to fine silt, 
a transition from open water to swampy vegetation 
and more abundant organic matter. Expansion of 
grasspáramo vegetation and increasing abundance 
of Fe and S both are indicative of cold and dry con-
ditions reflecting basin environment Type V chan-
ged into Type II. During the period 175-155 ka sig-
nificant accumulation of K, Ca, Fe and S points to 
low energetic transport of fine grained sediments 
and transition to a small anoxic lake. More pre-
cipitation of insoluble Fe and S between 168 and 
160 ka, suggests a significant decrease of the lake 
size. Prevailing anoxic conditions are supported 
by abundant deposition of organic matter and ex-
pansion of swamp vegetation. Presence of Andean 
forest points to warm climatic conditions and high 
evapo-transpiration reflecting basin environment 
Type I. During the period of 155-133 ka abundant 
Zr, Si and Al points to an increased transport and 
sedimentation of quartzite, which is in support of a 
pollen-based brief lake expansion.

The predominance of swamp vegetation during the 
period from 190 to 133 ka (MIS 6) suggest dry gla-
cial climatic conditions prevailed most of the time 
(Bogotá-A et al., in review) and is in accordance with 
accumulation of Ca, Sr, Fe, and S and basin environ-
ment Type II. The period of 145-144 ka in particular 
documents abundant precipitation of insoluble Fe 
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with S indicative of an anoxic and small lake that 
correlates well with accumulation of organic matter 
and abundant presence of swamp vegetation.

Period 3: 133-86 ka (MIS 5); depth composite re-
cord: 37.66-25.99 m

Accumulation of fine-grained sediments from 133 
to 128 ka rich in Ca, Sr, Fe, S, and K was followed 
between 128 and 116 ka by accumulation of coarse 
quartzitic sediment (Zr, Si) and again by fine grained 
sediments. This alternation of rock sources suggests 
anoxic conditions in a small lake with basin environ-
ment Type I most of the time interrupted by a brief 
lake expansion. Accumulation of sediments rich in 
Zr and Si support a short lasting activation of rock 
sources rich in quartz, high precipitation and an ener-
getic sediment transport (basin environment Type 
III). From 111 to 94 ka supply of quartzite (Zr) and 
accumulation of fine-grained sediments rich in Al, 
Si, and K increased, indicating a low energetic sedi-
mentary environment with episodic pulses of sand 
transport (basin environment Type III). From 94 to 86 
ka low accumulation of quartzite, and sediments rich 
in Al and K go together with a high accumulation of 
fine silt and clay, and the permanent establishment of 
swamp vegetation, all pointing to a small lake size. 
Low accumulation of Fe suggests swamps had oxy-
gen rich waters.

Period 2: 86-55 ka (MIS 5 and MIS 4); depth com-
posite record: 15.31-8.14 m

From 86 to 82 ka abundant presence of Ca, Sr, Fe, 
S, and Zn and abundant presence of swamp vegeta-
tion and organic matter suggest the lake was redu-
ced to an anoxic swamp reflecting basin environ-
ment Type I. Between 82 and 77 ka accumulation 
of Zr and quarzite points to high energetic trans-
port, higher precipitation and an increase of the lake 
size; this reflects basin environment Type III. From 
77 to 68 ka precipitation of Ca, Sr, S, Fe, and Zn 
points to continuous accumulation of fine-grained 
sediments under anoxic conditions, reflecting basin 
environment Type I. From 68 to 55 ka relative high 
accumulation of Zr, Si with some K  and Fe points 
to sediment sources rich in quartzite and mudstone 
in a high energetic environment type VI.

Period 1: 55-27 ka (MIS 3); depth composite re-
cord: 8.13-1.67 m

Periodic sedimentation of sand and coarse silt su-
ggests spells with energetic transport of quartzite. 

Fluctuations in Zr accumulation alternate with low 
deposition of fine sediments enriched in Ca, Sr, 
S, Fe, Zn and Cl and Al, Si, K, pointing to a re-
duction of the lake surface and presence of anoxic 
conditions. Presence of swamp vegetation and or-
ganic matter in the sediments peaked several times 
while presence of Andean forest in the basin point 
to warm climatic conditions: environment Type I 
apparently prevailed. On the contrary, periods with 
much open-water vegetation corresponded well 
with higher concentrations of Zr and expansion of 
Polylepis dwarf forest, all pointing to higher pre-
cipitation: basin environment Type IV prevailed. 
Alternations between small and intermediate lake 
sizes correlate with millennial-scale climate chan-
ge related to Dansgaard-Oeschger cycles in this 
basin (Groot et al., 2011).  During cold and humid 
conditions glaciers expanded down-slope as low as 
~3000 m and concomitant erosion generated much 
new unsorted sediments for later transport (Van der 
Hammen, 1981; Van der Hammen et al., 1980/81; 
Sarmiento et al., 2008).

6. Conclusions

Lake sediments contain a rich archive of palaeo-en-
vironmental proxies. In the present study we were 
able to combine geochemical analysis with other 
proxies to obtain an environmental reconstruction 
with unprecedented detail. Not only did the geoche-
mically based subdivisions of the record correspond 
well with those from information based on pollen 
and GSD, they also showed us the prevailing che-
mical conditions during weathering of the source 
areas, transport in the drainage system, and depo-
sition in the lake basin. Such information could not 
be obtained from other proxies. At the same time 
we had difficulties in estimating the contribution of 
soils as a source of geochemical elements in com-
parison to rock formations. Basin studies make a 
direct link between source and sink. However, the 
unconsolidated and loose fraction in between in 
the form of eroded sediments, soil materials, and 
suspended materials is difficult to quantify. This 
fraction has disappeared in the formerly glaciated 
parts of the basin while it is only partly conserved 
and strongly modified in the remaining parts of the 
study area. We assume that the volume of soil mate-
rials is much smaller than the volume produced by 
the eroded rock formations. Under these conditions 
the direct link between source and sink is feasible. 
In case this assumption is unjustified we may expect 
various scenarios; the following are most plausible. 
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(a) Coarse grained formations (quartzite sandstone) 
produce quartzite sandy coarse-grained soils. Cha-
racteristics of mineralogy and texture are compa-
rable to those of the parent rock. (b) Fine grained 
formations (such as mudstone, siltstone) produce 
after erosion soils with a comparable texture and 
mineralogical characteristics. Apart from chemical 
precipitation there is still a direct link between sour-
ce and sink under moderated weathering. In this ini-
tial study we were able to explain ~40.5% of the va-
riance in the time series. Additional work is needed 
to further explore the rich data set of Lake Fúquene. 
Clay mineralogy studies will explain variability in 
the data set caused by the effect of a more intensi-
fied weathering during warm to mild with variable 
humidity conditions.

Our results have various implications for the re-
construction of climatic fluctuations during the 
period covered by the core. The unprecedented 
temporal resolution of record Fq-9C, consisting of 
~4600 samples over the period from 284 to 27 ka 
allows the recognition of environmental changes 
at sub-centennial time scales. Variation in geoche-
mistry is associated with a suite of different basin 
environments, here categorized in 6 different basin 
types. These basin environments support or add 
additional detail to reconstructions based on pollen 
and GSD. Oxic and anoxic (with abundant S and 
Fe) conditions in the lake basin could be identified. 
High concentrations of Al and K coincide with ac-
cumulation of fine silt and clay and here grain size 
analysis and geochemical analysis reinforce each 
other. Periods with high concentrations of soluble 

salts like chlorides and sulfates reflect high levels 
of evaporation in the lake and characterize dry pe-
riods. We conclude that an integration of informa-
tion from pollen, grain size spectra, organic matter 
content, and geochemistry has great potential for a 
broad application in environmental reconstructions 
provided that the requirements of a quasi-linear se-
diment accumulation and availability of a high qua-
lity age model are met.
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