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Abstract. We sketch the initial history of collecting deep cores in terrestrial and marine sedimentary basins
and ice cores to study environmental and climate change. Subsequently, we focus on the development of long
records from the Northern Andes. The 586 m long pollen record from ancient Lake Bogota reflects the last
2.25 x 10% years with ~ 1.2 kyr resolution, whereas the sediment core reflects almost the complete Quaternary.
The 58 m long composite core from Lake Fiquene covers the last 284 ka with ~ 60 years resolution. We address
the various challenges and limitations of working with deep continental cores. For the tropics, the presence of
these deep cores has made the Northern Andes a key area in developing and testing hypotheses in the fields
of ecology, paleobiogeography, and climate change. We summarize the results in the figures, and for details
on the paleoenvironmental reconstructions, we refer to the corresponding literature. We provide an overview of
the literature on long continental records from all continents (see the Supplement). Based on our 50 years of
experience in continental core drilling, developing a research capacity to analyze the large amounts of samples,
and keeping a team together to publish the results, we listed suggestions in support of deep continental records

aimed at studying environmental and climate change over long intervals of time.

1 Introduction

Our understanding of past climate change at Quaternary
timescales has mainly been fueled by records from deep
seafloor sediments (e.g., Tiedeman et al., 1994) and the
Greenland and Antarctic ice sheets (Andersen et al., 2004;
Dansgaard et al., 1982). The coring of the Greenland ice
sheet was initiated by the International Geophysical Year
1957-1958. The first deep ice core at Camp Century dur-

ing 1963-1966 reached the bedrock at 1388 m (Dansgaard et
al., 1969). Marine sediments were explored in the frame of
the Deep Sea Drilling Project (DSDP), which started back
in 1966 and was later continued under the names Ocean
Drilling Program (ODP), Integrated Ocean Drilling Pro-
gram (IODP), and International Ocean Discovery Program
(IODP). Drilling and multi-proxy studies were organized by
a consortia of research institutes, allowing a broad spectrum
of proxy expertise and research capacity. High drilling costs
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2 H. Hooghiemstra et al.: 60 years of scientific deep drilling in Colombia

demanded critical preparation and well-organized logistics of
the projects. The seaboard scientists had little time to study
the results before the data had to be deposited and made
available in open-access repositories, stimulating the devel-
opment of new and fast methodologies to study a large num-
ber of proxy samples. Drilling in international waters and on
desolate ice sheets pushed the need for efficient site selec-
tion and sample handling and contrasts with the permit-rich
procedures in continental drilling.

Large ancient lakes have been widely recognized as con-
tinental archives of long-term climatic and environmental
changes. Deep drilling of terrestrial continental sediments
started in the 1950s, but compared to drilling deep marine
records, the number of long continental records lagged be-
hind.

Traditionally, ecologists assumed high levels of climatic
and environmental stability in tropical and Mediterranean
ecosystems to explain their stunning biodiversity. The 1960s
were characterized by research aimed at studying the past
dynamics of these systems and became a decade of dis-
covery. In Greece, the famous 195 m deep Tenaghi Philip-
pon core was collected (Van der Hammen et al., 1965; Wi-
jmstra, 1969). Pollen analysis needed 2 decades, and the
main results were published between 1979 and 1987. In the
1990s, the age—depth model of this core was improved and
a land-sea correlation consequently developed (Tzedakis et
al., 1997, 2001, 2006). Together with the long continental
records from the Padul Basin, Spain (Florschiitz et al., 1971;
Pons and Reille, 1988; Torres et al., 2020), and the Grande
Pile (Woillard, 1978), and Les Echets in France (de Beaulieu
and Reille, 1984), to Clear Lake (Adam et al., 1981) and Tule
Lake (Adam et al., 1989) in the USA, the continental drilling
scene was set. However, continental records spanning the last
~ 50000 years before present (50ka), with a reasonable to
high temporal resolution, were still rare. Long continental
records received attention at the 12th International Union for
Quaternary Research (INQUA) Congress in Ottawa, Canada
(Kukla, 1989). Although the symposium organizers (George
Kukla and David Adam) did not clearly define what was
meant with a long continental record, the presented records
included oscillations of a glacial-interglacial rank, with dom-
inant frequencies of 40 and 100 kyr, and oscillations of the
interstadial—stadial rank. A reviewed and updated compila-
tion of long pollen records of this kind is presented in Ta-
ble S1 and File S2 in the Supplement, of which the longest
(> 125ka) are shown in Fig. 1.

The development of a continental counterpart of the IODP
was driven by a lack of climate stratigraphical information
to frame marine records into a terrestrial perspective, among
other reasons. Of the few continental records existing at
that time, datasets were not freely accessible to the interna-
tional research community. The 1995 Workshop Continen-
tal Drilling for Paleoclimate Records in Potsdam collected
expertise and formulated first recommendations (PAGES,
1996), and the International Continental Scientific Drilling
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Program (ICDP) was inaugurated in 1996. The ICDP stip-
ulations relied much on the drilling knowledge and experi-
ence of the IODP, e.g., a thorough scientific preparation of
the drilling expeditions. Nevertheless, the preparation time
for a successful drilling operation still varies between 3
and 8 years (https://www.icdp-online.org/home/, last access:
9 September 2021), and results from continental records suf-
fer from slow data processing, such as the manual and time-
consuming analyses of biotic proxies such as pollen, diatoms,
and phytoliths (Flenley, 1984, 1985). Extensive processing
requirements of long records may take 10 to 15 years, which
rarely is convenient for young scientists. Ideally, analyses of
slow proxies should be combined with rapid grain size and
geochemical analyses based on X-ray fluorescence (XRF) to
obtain a series of results over the course of a long continental
drilling project.

2 Long continental records from the Northern
Andes

Sediment cores are preferably collected in areas where tec-
tonic activity caused the subsidence of the basin floor, giving
rise to uninterrupted lacustrine sedimentation. A Dutch pro-
fessor, Thomas Van der Hammen, envisioned a high potential
of the basin sediments of Bogotd (2550 m above sea level —
a.s.l.; Fig. 2) when the first deep sediment core was recovered
in 1956 on the premises of the Colombian Geological Sur-
vey. As a geologist and palynologist, he anticipated that this
basin might include an unprecedented record of vegetation
and climate change in a tropical mountain setting. The sur-
rounding mountains of Bogota, representing several sections
of the Miocene to early Pleistocene age, depicted pollen as-
semblages that reflected warmer conditions when these sed-
iments were located at lower elevations. The increasingly
lower temperatures shown by pollen assemblages of suc-
cessively younger sediments suggested that mountain uplift
had been taking place since the late Miocene times (Van der
Hammen et al., 1973; Wijninga, 1996; Hooghiemstra et al.,
2006). Later, exhumation histories were improved by pale-
oaltimetric estimates, using a range of modern techniques
from different disciplines (Hoorn et al., 2010; Restrepo-
Moreno et al., 2019; Boschman, 2021).

Drilling boreholes for water supply occurred regularly
around the basin, but raising a core of undisturbed sediments
was a challenging endeavor. A first 30 m core (named CUX
— Ciudad Universitaria-X) was drilled near the border of the
ancient Lake Bogotd, followed in 1957 by a 195m deep
core (named CUY - Ciudad Universitaria-Y) reaching the
bedrock (Van der Hammen, 1968). Although the record of
CUY suffered from numerous hiatuses caused by water level
fluctuations, the record convincingly revealed a sequence of
glacial and interglacial cycles, the altitudinal migration of up-
per montane forest and paramo along the mountain slopes,
and pollen taxa which made their first appearances during
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Figure 1. Global compilation of long continental fossil pollen records (> 125 ka). See also Table S1.
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Figure 2. (a) Map of the Northern Andes showing the sedimentary basins discussed in the text. Photographs of the basins of Bogota (b),
Lake Fiquene (c), and Lake La Cocha (d). Figure supplied by Suzette G. A. Flantua).
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Figure 3. Photographs of the drilling sites at Funza 1 (a), Funza 2 (b), Fiquene 4 (c), La Cocha (d), and Fiquene 9 and 10 (e).

the Pleistocene (Van der Hammen, 1981). The CUY record
formed the basis of a much-needed biostratigraphical frame-
work for the Northern Andes. The enormous potential of
the Bogota sediments to uncover an unparalleled history of
flora, vegetation, and climate in the tropics was convincing.
These results stimulated the collection, in 1969, of the first
12 m core in Lake Fiquene (Van Geel and Van der Hammen,
1973), and in 1973, a subsequent core from the Bogota basin
near the village of Funza. The latter, the Funza 1 borehole,
reached 357 m and was more centrally located in the basin,
where geologists anticipated the deepest point until reaching
the bedrock (Hooghiemstra, 1984; Fig. 3).

3 Bogota basin: Funza 1 record

Fracking and faulting of continental plates in the Eastern
Colombian Cordillera (Restrepo-Moreno et al., 2019) caused
gradual subsidence during most part of the Quaternary pe-
riod (Fig. 4). The initial fluvio-lacustrine conditions changed
at 1.6 x 10° years before present (1.6 Ma) into a permanent
lake with water levels maximally up to 50 m (Hooghiemstra,
1984). The sediment infill of the basin is kept in equilib-
rium with subsidence, which explains the unique continuous
sediment archive covering the last 2 x 10° years. The Bo-
gotd River and its tributaries served as the main drainage
system, with varying energy influx as documented by the
silts, sands, and gravels along its courses, while, elsewhere in
the basin, lacustrine conditions prevailed (Van der Hammen,
1998). The Funza 1 borehole consisted of intervals of course-
grained sediments that often carry subterraneous water flows,
which cause severe technical problems when collecting sed-
iments and regularly leave hiatuses in the sediment core or,
even worse, prevent deeper coring.

Sci. Dril., 30, 1-15, 2022

The initial age—depth model of the Funza 1 pollen record
was problematic and based on the fission track and uranium-—
thorium (U-Th) dates of intercalated volcanic ashes with
large uncertainties of the order of 300 to 500kyr. To set a
chronological time frame to the record, the European cli-
mate stratigraphy was used for reference, as other dating ap-
proaches were unavailable at that time (Zagwijn, 1960; Van
der Hammen et al., 1971). Originally, the Funza 1 record was
thought to be 3.5 Ma (Hooghiemstra 1984), but an updated
revision of the age model dated the basis at ~ 1.5 Ma (Torres
et al., 2013). The detailed record of glacial-interglacial cy-
cles and the altitudinal dynamics of Andean ecosystems was
unprecedented. The record witnessed the first appearance of
Alnus and Quercus that became important biostratigraphi-
cal markers as evidence of immigration of Northern Hemi-
sphere arboreal taxa into the Northern Andes and the South
American continent. It was estimated that, in response to
the Quaternary climate fluctuations, the upper forest line mi-
grated between ~ 2000 and ~ 3500 m a.s.l., reflecting a tem-
perature amplitude of ~ 9 °C at 2550 m a.s.l. characteristic of
the lowest glacial temperatures of the last 1 Ma. An average
1200-year resolution showed the asymmetry of glacial cy-
cles, the continuous altitudinal shifts of vegetation distribu-
tions and inherent temperature oscillations reflecting stadial—
interstadial cycles, and temperature related cycles in the lake-
level record.

4 Bogota basin: Funza 2 and Funza 2A records

Coring at Funza 1, unfortunately, failed to reach the basin
floor, the age model was insufficiently constrained, and grain
size analysis was missing to understand how sediment infill
had taken place. After a postdoctoral period in Gottingen,
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Germany, studying marine cores off the coast of northwest-
ern Africa, Dutch paleoecologist Henry Hooghiemstra (lead
author) returned to Amsterdam in 1987, where Thomas van
der Hammen was based, and started a new coring project to
reach the floor of the Bogota basin. As the required permis-
sions for deep-core drilling made the choice of sites lim-
ited, Funza 2 was drilled in the backyard of a school lo-
cated at ca. 1 km distance from Funza 1 and ca. 50 m from
a tributary of the Bogotd River. Subterraneous water under
high pressure again imposed challenges and prevented the re-
covery of the 160-205 m interval, and consequently, a com-
plete sediment sequence could not be collected. Funza 1 sed-
iments were used to fill the hiatus of the Funza 2 record
at this depth interval. Drilling rods of 3in. (76.2mm; 0-
320m), 2in. (50.8 mm; 320-370m), and 1.5in. (38.1 mm;
below 370 m) diameter were used, while the casing of the
borehole reached up to 380m core depth. The lowermost
200 m of the borehole was stabilized with bentonite only, and
collecting these deepest sediments consumed most of the 5-
week drilling operation. At 586 m core depth, the sampler
touched the bedrock and, thus, the floor of the Bogota basin.
The sudden change to drilling in hard rock caused a break in
the drilling rods at ~250m above the basin floor. The sam-
pler, including the last sediments collected, and some 250 m
of drilling rods were lost and now form an eternal testimony
in the deepest sediments of the basin.

Dating the intercalated volcanic ash horizons for the age—
depth model was again challenging, as these were heavily
contaminated with lacustrine clays. The fine-grained ashes
originated from the volcanic Central Cordillera were wind-
blown into the Eastern Cordillera, where no volcanoes are
present. The chronological uncertainty of the 1984 age—
depth model of Funza 1 was replicated in the 1993 age—depth
model of Funza 1 and 2 (Andriessen et al., 1993). To cir-
cumvent the poor quality of the absolute chronological con-
trol, a frequency analysis of the records of selected pollen
taxa showed to which degree orbital forcing was potentially
a driver of climate and vegetation change (Hooghiemstra et
al., 1993).

In the period 1993 to 2002, little progress was made in
the Funza project, as funding had ended. With new fund-
ing obtained in 2002, pollen analysis of the lower part of
core Funza 2 was completed by Vladimir Torres Torres dur-
ing the 4 following years. A grain size analysis provided in-
sights into the sedimentary environment on the basin floor
(Torres et al., 2005). Still, the existing age—depth model was
deficient at that moment (Torres Torres, 2006) due to insuffi-
cient absolute age control and unfinished analysis of signals
of orbital forcing. The age—depth model of the Bogota sed-
iments received new attention in the frame of the Fiquene
Project (running from 2002 to 2012). The most reliable parts
of the two Funza records, namely the 2-256 m interval from
Funza 1 and the 254-586 m interval from Funza 2, were
merged into the composite pollen record Funza 09 (Fig. 5).
The final age—depth model was obtained using the '“C ages
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from the top of the record, a curve matching procedure with
marine §'30 records of sites ODP 846 and 849 for the upper
1 Ma, and orbital tuning for the lowermost part of the record
based on arboreal pollen fluctuations (Torres et al., 2013).

The sediment record appeared extremely helpful in under-
standing the history of the sedimentary basin. The change
from forested wetlands, lakes, and rivers on the floor of the
Bogota basin to the permanent lake conditions (Torres et al.,
2013) evidenced the accelerated subsidence of the basin floor
at 1.4 Ma, leading to the birth of the ancient Lake Bogota.
The composite record extended the vegetation and climate
history back to 2.25 Ma, whereas the sediment record possi-
bly covers almost the complete Quaternary period (Vladimir
Torres Torres and Henry Hooghiemstra, unpublished data).
The immigration events of Alnus and Quercus were defini-
tively set at 1.01 Ma and 430ka, respectively (Torres et al.,
2013), clearly illustrating the difference in latitudinal migra-
tion and regional (altitudinal) expansion capacities between
the pioneer Alnus and the late successional tree Quercus. To
date, the Funza 2A record (Mommersteeg, 1998) still needs
a revision of its age—depth model.

5 Records from Lake Fuquene

The drainage basin of Lake Fiquene is separated from the
basin of Bogotd by a water divide at 3200 m. The basin of
Lake Fiiquene most probably received its sediment infill after
a landslide in the narrow drainage outlet of the valley north
of the current lake. Behind the colluvial dam, the proximal
part of the valley developed into a wetland that served as a
plug to keep a water body in the distal (southern) part of the
valley, where Lake Fiquene is now located. A ridge of Cre-
taceous sandstone forms a constriction between the proximal
and distal parts of the basin, stabilizing its sediment infill
(Figs. 2, 3; Sarmiento et al., 2008). The maximum thickness
of the sediments in Lake Faquene is still unknown. A 12m
core obtained from the swamps along the eastern border pro-
duced a ~ 35 ka long record (Van Geel and Van der Hammen,
1973). A follow-up core up to 14 m depth (Fiquene 7) was
obtained in 1994, where soft sediments prevailed. Deeper
sediments (13—18 m interval) were collected at 7.5m dis-
tance, with drilling equipment stabilized on top of a small
dike (Faquene 4). In total, eight radiocarbon-dated samples
varying between 38400 and 6040 '“C years BP suggested
that the 17.7-2.8 m interval of composite record Fiquene 7C
reflects the period between ca. 88 and 6 ka (Mommersteeg,
1998).

In 1999, the lead author participated in the European Re-
search Conference on Polar Regions and Quaternary Climate
in Giens (France). This conference inspired him to increase
the temporal resolution of pollen records in the Northern An-
des by an order of magnitude to reveal the vegetational and
climatic changes up to better-than-century-scale detail within
a glacial-interglacial cycle. The 43 m long pollen record,
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Fiquene 3, was estimated to reach ~ 125ka, thus ending
close to the last interglacial (Eemian), corresponding to the
Marine Isotope Stage 5e¢ (MIS 5e; Van der Hammen and
Hooghiemstra, 2003). It was decided to core up to ~60m
to be sure to sample the complete MIS 5. A total of two par-
allel cores (Fiquene 9 and Fuaquene 10) were drilled from
a floating platform by a commercially hired drilling com-
pany (Fig. 3), recovering sediments from 1.5-58 m below
the lake floor. During the drilling operation, heavy rains in-
creased the water depth significantly, and the drilling halted
when methane gas suddenly escaped from the drilling hole
and continued to do so for about 15h. Later on, it became
clear that peat layers of Eemian age at 22 m core depth had
degassed to such an extent that it had caused a 60 cm lower-
ing of the lake floor around the drilling location.

The successfully obtained 115 core intervals of 100cm
length and 8 cm diameter were subsequently transported by

https://doi.org/10.5194/sd-30-1-2022

airfreight. Diplomatic protection allowed the cores to arrive
undamaged and unopened in the Netherlands. The cores were
cut into a sampling half and a museum half and photographed
(Fig. 6). Subsequently, the sediment cores were analyzed
with an X-ray fluorescence (XRF) scanner at 1 cm distance,
and 46 samples were radiocarbon dated. Based on lithology
and XRF stratigraphy from both parallel cores, one single
composite core, Fiquene 9C, was constructed (Groot et al.,
2011). Subsequently, along the composite core at 1 cm sam-
ple distance, grain size distributions and fossil pollen were
analyzed (Bogota-A et al., 2015; Groot et al., 2013). The
preparation capacity of the pollen laboratory in Amsterdam
was consequently upscaled. There were two Amsterdam-
based doctoral students assisted by five well-trained pollen
analysts working at the Universidad Nacional in Bogot4,
Colombia. Unfortunately, the 46 l4c ages were inconclu-
sive for various reasons (Groot et al., 2014). The final age—

Sci. Dril., 30, 1-15, 2022
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depth model was based on nine '“C radiocarbon ages at the
top, while an orbital tuning approach provided 13 calibration
points based on the detected 41 kyr obliquity forcing signal
(Groot et al., 2011). The final 4138 sample pollen record was
dated to cover 284 to 27 kyr and reflects an average resolu-
tion of 62 years (Fig. 7). The rapid proxies (XRF and GSDs —
grain size distributions) provided a stratigraphical framework
within a year (Vriend et al., 2012). This project showed, for
the first time and with unprecedented precision, the high de-
gree of climate-change-driven dynamics in vegetation distri-
bution, floral composition, and ecological characteristics as
experienced by tropical ecosystems, i.e., the anatomy of an
ice age cycle in a tropical mountain setting (Bogota-A et al.,
2011, 2015; Groot et al., 2011, 2014).

There is much speculation with respect to why the sedi-
mentary record in the central part of Lake Fiquene stopped at
27 ka. Remarkably enough, the sediment accumulation also
ceased around the same time in the nearby Bogota basin. An
optional explanation is that sediment accumulation in both
basins was disturbed by a regional tectonic event. Another
plausible hypothesis is that the Bogota basin overfilled with
sediment, and at Lake Fiquene, a change in the water current
from an eastern trajectory to a more centrally located trajec-
tory in the lake basin locally prevented further sediment ac-
cumulation. These issues are unresolvable with the current
understanding of the sedimentary stratigraphies lacking geo-
physical surveys such as gamma ray logs, resistivity logs,
sonic logs, or seismic logs. The massive research investment
in the Bogotd basin and Lake Fiquene in the Colombian An-
des had still left the Holocene unstudied in sufficient detail.
This observation motivated us to core Lake La Cocha to de-
velop a high-resolution Holocene record.

6 Lake La Cocha basin

In 2004, a swamp area at the border of Lake La Cocha
(2780ma.s.l.) was cored up to 12m depth with a hand-
operated Russian corer. Sediments were sampled for pollen,
charcoal, diatoms, and '*C dating. The age—depth model was
based on 18 '“C samples, and the record reflects the last
14kyr (Gonzalez-Carranza et al., 2012). With 550 pollen
samples analyzed, the record shows vegetation dynamics
at an average resolution of 27 years. The record shows a
7kyr long trend, from 9 to 2ka, of an increasing share
of arboreal pollen, reflecting the increasing temperature at
the start of the Holocene and an increase in precipitation
due to the southward migration of the ITCZ (Intertropical
Convergence Zone) during that time interval. From ca. 8 ka
onwards, the record of arboreal vs. herbaceous vegetation
shows centennial-scale oscillations hinting to the start of the
El Nifio—Southern Oscillation (ENSO). Climate-driven and
internal forest dynamics are evidenced by a suite of non-
analogue forest associations that are different from today.

Sci. Dril., 30, 1-15, 2022
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the compressed peat of the last interglacial (MIS 5e) age and indi-
cating that low water tables prevailed. The younger part of MIS 5
was cooler (less evaporation), with higher lake levels explaining the
accumulation of silty clays (2080-1900 cm). Cores 9 and 10 were
lined up using XRF-based geochemical records, as shown in Groot
et al. (2011). Composite pollen record of Fiquene 9C mainly con-
sists of Fiquene 9 sediments. At intervals where core Fiquene 10
provided a more reliable stratigraphy, small intervals of core 9 were
replaced by core 10. Photograph courtesy of TNO Core Laboratory,
Utrecht, The Netherlands.

The last 1.4kyr of the record show significant evidence of
human impact through deforestation.

The relevance and added value of high-resolution pollen
analyses in long continental records has been widely debated.
Opinions may be driven by the required large investment in
research time. So far, efforts of automated pollen counting
have not resulted in a feasible methodology (France et al.,
2000). Here, we compare the La Cocha pollen record plot-
ted at a commonly used ~ 210-year resolution (16 cm sam-
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Figure 7. Pollen record of Lake Fiquene 9C (2540 ma.s.1.) plotted on a linear depth scale (3—58 m core interval). The records show the
vegetation change through time in 4138 samples. Changing proportions between montane forest (green) and treeless paramo (orange —
shrubs; yellow — herbs) reflect the altitudinal shifts in the mainly temperature-driven upper forest line. The oxygen isotope record LR04
(Lisiecki and Raymo, 2005) is plotted on a linear timescale. In both records, the 41 kyr obliquity forcing is evident (orange line). Control
points (red triangles) show the correlation between the records (for details and age model development, see Groot et al., 2011).

ple distance) with a high-resolution sample distance of 2 cm
(ca. 27-year resolution; Fig. 8; Gonzélez et al., unpublished
data). In the high-resolution record, the emergence of cen-
tennial climate variability becomes obvious and can provide
crucial insights for comparison with high-resolution proxies,
e.g., stalagmites from cave records. Importantly, information
in high-resolution pollen records can support observations in
ecological studies that include time series covering the last
50 years (Chacén-Moreno et al., 2021).

Developing a link between current and past ecosystem dy-
namics has high relevance for exploring operating mecha-
nisms and developing a societally relevant understanding.
For instance, several rapid warming events in this record
show that montane forest near the upper forest line can shift
upslope very fast. The cool subparamo above the upper forest
line was at times unable to respond at the same speed, result-
ing in a temporal disappearance as a consequence (Gonzalez-
Carranza et al., 2012). Due to habitat connectivity with other
locations where subparamo occurred (Flantua et al., 2014),
this vegetation type returned within a few centuries, showing
that the loss of an elevational belt with subparamo shrub was
a temporary effect.

https://doi.org/10.5194/sd-30-1-2022

7 Long continental records globally and in the
Andes: conclusions and perspectives

The late 1950s, a decade before the official start of IODP
in 1966, saw an exciting start of deep scientific drilling in
the marine, continental, and ice sheet archives. It was the
start of unveiling the long series of ice ages that character-
ized the Quaternary period and a much better understanding
of time by the discovery of radiocarbon dating (Libby et al.,
1949) and the development of the oxygen isotope stratigra-
phy (Emiliani 1957, 1966, 1970, Shackleton, 1987). In ma-
rine sediment cores, the start of the Quaternary was based
on the change in paleomagnetism, reflecting the Brunhes—
Matuyama paleomagnetic reversal dated at 1.66 Ma. How-
ever, continental evidence showed ~ 2.5 Ma as a logical start
of the Quaternary, with a first ice age of significant cooling
(Zagwijn, 1960, 1992), which caused controversial opinions
and debates on the beginning of the Quaternary in the paleoe-
cological community. The debate between proxies continued
for half a century (see also Hooghiemstra and Hoek, 2019),
but terrestrial arguments eventually provided conclusive evi-
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Figure 8. Pollen record from Lake La Cocha 1 (2780 ma.s.l.; 12 m long core) shows climate-driven altitudinal shifts of the main vegetation
belts during the last 14 kyr. Vegetation change is shown at 16 cm sample distance (reflecting a ~ 210-year resolution) and at 2 cm sample
distance (reflecting a ~ 27-year resolution). Centennial-scale climate oscillations are evident at high resolution (figure courtesy of Zaire

Gonzalez Carranza).

dence for the start of the Quaternary at 2.59 Ma (Gibbard et
al., 2010).

Marine and ice core drilling projects developed rapidly
into research consortia of global relevance. Paleoclimate re-
search based on continental drilling continued mainly as
a curiosity-satisfying enterprise driven by single persons.
However, with an increasing number of high-quality ma-
rine and ice core records, it became tantalizing to see how
continental ecosystems had survived Quaternary climate dy-
namics and the tropical ecosystems in particular (Hooghiem-
stra and Flantua, 2019; Hooghiemstra and Van der Hammen,
2004). The foundation of an ICDP in 1996 was a logical step.
ICDP requirements were rooted in the long and professional
experience of its marine counterpart IODP. As a result, deep
continental drilling became rapidly professionalized and re-
placed low-budget projects.

In this paper, experiences of half a century of deep conti-
nental drilling in the Northern Andes are brought together,
serving new initiatives within and beyond ICDP-framed
studies (see File S3). The main message is that deep con-

Sci. Dril., 30, 1-15, 2022

tinental drilling is optimally served by high-tech ICDP cor-
ing facilities. However, national geological surveys may po-
tentially offer alternative possibilities to raise deep undis-
turbed sediment cores for past climate research. Obtaining
a good quality long sediment core is a prerequisite, but prac-
tice shows that analyzing the huge amounts of samples, de-
veloping sound age—depth models, and writing research pa-
pers before team members at the end of a project are radi-
ating into different directions and is even more challenging.
While marine and ice core studies reflect the Earth’s dynam-
ics in uninhabited parts of the world, long continental records
may be retrieved from densely populated areas, providing
a record of how the environment of humans has changed
over longer timescales. Revisiting earlier studied sedimen-
tary basins might be attractive when new methods have be-
come available. The quality of a recovered sediment core,
the variety of proxies analyzed, and the temporal resolution
of sampling may substantially improve. However, when re-
visiting basins, the balance between available understanding
and additions to be expected must be carefully considered.

https://doi.org/10.5194/sd-30-1-2022
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Figure 9. The 160ka interval of composite pollen record of Fiquene 9C (g), showing that the upper forest line (UFL) positions varied
between 2000 and 3200 m (a—f). Using UFL positions as input for a digital elevation model, simplified maps of the spatial distribution of
paramo vegetation were reconstructed (Flantua and Hooghiemstra, 2018). In the Northern Andes, paramo distribution varied between a glacial
maximum extension (UFL at 2000 m) and an interglacial minimum extension (UFL at 3200 m). During periods of increased temperatures (at
the frequent stadial—interstadial transitions and during the few glacial-interglacial transitions), the distribution of paramo vegetation shows
marked events of fragmentation in the Western Cordillera (UFL at 2200 m), Venezuelan Cordillera (UFL at 2600 m), Eastern Cordillera
(UFL at 2900 m), and Central Cordillera (UFL at 3100 m), depending on the mountain-specific profile or mountain fingerprint (Flantua and
Hooghiemstra, 2018; Flantua et al., 2019). Long continental pollen records serve a new field of research and hypothesis testing for different

disciplines.

Archiving terrestrial sediment cores depends on the institu-
tional facilities and is another hurdle in revisiting existing
cores in good condition.

We are at the start of developing an understanding of the
spatial dynamics of mountain ecosystems in which long con-
tinental records play a crucial role. For instance, superimpos-
ing the shifting altitudinal position of the upper forest line of
the last 1 x 10° years on a digital elevation model of the
Northern Andes allowed new insights into the consequences
of temporal change on spatial changes of forest and paramo
dynamics (Flantua et al., 2014; Flantua and Hooghiemstra,
2018; Flantua et al., 2019) (Fig. 9). Such new approaches
open and stimulate a new field of ecological and paleobio-
geographical research questions to be assessed, and long con-
tinental records from tropical mountain areas play a new role
in understanding Quaternary environmental dynamics.

Marine sediments and ice caps have proven to be un-
paralleled archives to boost our understanding of environ-
mental and climatic change. High-resolution long continen-
tal records meticulously show the changes in environments
where significant parts of the world’s population live. Al-
though continental drilling requires loads of national and
international permits, ICDP serves a societal and scien-
tific relevance to help humankind be guided to its future.
To support the dissemination of current understanding on
how Quaternary environmental and climate dynamics have

https://doi.org/10.5194/sd-30-1-2022

driven biodiversity in mountain areas to high levels, we
provide a visualization (https://www.youtube.com/watch?v=
-Wcpl18vBDK4, last access: 2 February 2022). The clues to
the future are in the past.

Data availability. Visit https://www.latinamericapollendb.com/
(last access: 2 February 2022, Flantua, 2022) for an overview
of modern and fossil pollen sequences in Latin America, as
reviewed by Flantua et al. (2015). Raw pollen counts of the Latin
American Pollen Database (LAPD) can be obtained from the
Neotoma Paleoecology Database (https://www.neotomadb.org/,
last access: 2 February 2022; Williams et al., 2018). Visit
https://www?2.le.ac.uk/departments/geography/people/jcb34  (last
access: 2 February 2022, Berrio and Hooghiemstra, 2022) for data
from Fdquene 09.

Video supplement. Visit https://figshare.com/articles/
Appendix_6_Visualization_of_the_flickering_connectivity_
system_in_the_Northern_Andes/7408643 (Giraldo et al., 2022)
for a visualization of a current understanding of the Pleistocene
environmental and climate dynamics in the Northern Andes.

Supplement. Table S1 shows a list of the Quaternary long con-
tinental pollen records, with a special focus on sediment cores
drilled before the initiation of the International Continental Scien-
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tific Drilling Program (ICDP) in 1996. The term “long record” is
not precisely defined here. The current list is the result of a review
of the literature. Specific information of the cores is provided. Ref-
erences are found in File S2. Supplement 2 shows the list of refer-
ences for Table S1. Supplement 3 has recommendations for devel-
oping long continental pollen records based on experience from the
Northern Andes. The supplement related to this article is available
online at: https://doi.org/10.5194/sd-30-1-2022-supplement.
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