P-ISSN: 2706-7483
E-ISSN: 2706-7491

NAAS Rating (2025): 4.5
1JGGE 2025; 7(8): 134-138
Www.geo'ournal.net
Received: 20-06-2025
Accepted: 24-07-2025

Lindiwe Dlamini

Department of Geology, Port
Elizabeth Academy of Coastal
and Marine Research, Eastern

Cape, South Africa

Bongani Zulu

Department of Geology, Port
Elizabeth Academy of Coastal
and Marine Research, Eastern
Cape, South Africa

Thandiwe Ngcobo
Department of Geology, Port
Elizabeth Academy of Coastal
and Marine Research, Eastern
Cape, South Africa

Corresponding Author:
Lindiwe Dlamini

Department of Geology, Port
Elizabeth Academy of Coastal
and Marine Research, Eastern

Cape, South Africa

Multi-proxy paleoenvironmental analysis of holocene
lake sediments in the Andes uplands

Lindiwe Dlamini, Bongani Zulu and Thandiwe Ngcobo

DOI: https://doi.org/10.22271/27067483.2025.v7.i8b.745

Abstract

Lake sediments in the tropical Andes contain some of the most detailed terrestrial archives of Holocene
climate variability available anywhere in South America. This research presents a multi-proxy
paleoenvironmental reconstruction from a 4.8 m sediment core recovered from Laguna Chungara, a
closed-basin lake situated at 4,520 m above sea level on the Chilean Altiplano. The core spans
approximately 10,200 calibrated years before present (cal yr BP) and was analysed for Total Organic
Carbon (TOC), magnetic susceptibility, biogenic silica, carbonate content, grain-size distribution, and
pollen assemblages at 2 cm resolution. Three distinct paleoenvironmental zones were identified. The
Early Holocene (10.2-7.1 ka) was characterised by high magnetic susceptibility and coarse grain sizes,
suggesting enhanced glacial meltwater input and active catchment erosion under relatively cool and
wet conditions. The Mid Holocene (7.1-4.2 ka) showed peak TOC (median 4.3%), elevated Polylepis
woodland pollen, and maximum biogenic silica, pointing to warmer temperatures, higher lake
productivity, and an upward shift of the tree line. The Late Holocene (4.2-0.3 ka) recorded rising
magnetic susceptibility, declining biogenic silica, and increased puna grassland pollen, consistent with
a return to cooler, more variable conditions and enhanced catchment erosion possibly linked to
intensified ENSO activity. Radiocarbon dating on 11 bulk organic and macrofossil samples provided a
robust age—-depth model with a mean 95% uncertainty of 184 years. These results add to the growing
body of evidence that the central Andes experienced a mid-Holocene thermal optimum followed by
late-Holocene cooling, and they highlight the sensitivity of high-altitude lake systems to relatively
modest shifts in regional climate forcing.

Keywords: Multi-proxy analysis, Holocene, lake sediments, paleoenvironment, Andes uplands, pollen,
biogenic silica, magnetic susceptibility, climate variability, Laguna Chungara

Introduction

Consider a single gram of sediment from the floor of an Andean lake: it may contain diatom
frustules that record water chemistry, pollen grains that preserve surrounding vegetation,
magnetic minerals that track erosion, and organic carbon that reflects lake productivity. Each
proxy tells part of the story; together, they can reconstruct environmental conditions that
prevailed centuries or millennia ago ™. This multi-proxy approach has become the standard
in paleolimnology because no single indicator captures the full range of processes operating
within a lake—catchment system 2,

The tropical Andes are a particularly rewarding setting for such work. Lakes above 4,000 m
sit near the interface of several climate-sensitive boundaries-the upper tree line, the glacial
equilibrium line, and the zone of maximum orographic precipitation-so even modest climate
shifts leave strong sedimentary signatures 1. Over the Holocene (the past 11,700 years), the
central Andes experienced changes in effective moisture tied to the position of the
Intertropical Convergence Zone (ITCZ) and the intensity of El Nifio—Southern Oscillation
(ENSO), both of which modulated precipitation over the Altiplano 51,

Laguna Chungara, a closed-basin lake on the Chilean Altiplano at 4,520 m elevation, has
been the subject of several paleoclimate investigations. Moreno et al. ¥ analysed diatom
assemblages and reported a mid-Holocene highstand, while Giralt et al. ' used geochemical
data to infer phases of evaporative concentration. However, most previous work focused on
one or two proxies at relatively coarse sampling resolution. A comprehensive multi-proxy
dataset at centimetre-scale resolution, integrating physical, geochemical, and biological
indicators within a single chronological framework, has not yet been published for this site.
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This research aimed to (a) construct a multi-proxy
palecenvironmental record from a 4.8 m sediment core
spanning approximately 10,200 cal yr BP, (b) identify and
characterise distinct paleoenvironmental zones using cluster
analysis and stratigraphically constrained ordination, and (c)
interpret the proxy signals in terms of regional climate
forcing mechanisms, including ITCZ migration and ENSO
variability. The outcomes contribute to a growing network
of high-resolution Holocene records from the tropical Andes
that can be used to test and refine climate models for the
region 81,

Climatic and Environmental Conditions

Laguna Chungara (18°15'S, 69°09'W) lies at 4,520 m in the
Lauca National Park, northern Chile, within a closed
volcanic basin formed by the collapse of Parinacota volcano
approximately 8,000 years ago. The lake has a surface area
of 22.5 km? and a maximum depth of 40 m. The climate is
cold and semi-arid, with mean annual temperature of 4.2 °C
and mean annual precipitation of 350 mm, concentrated
during the austral summer (December—March) when
moisture is delivered by the South American Summer
Monsoon 1. The catchment is dominated by puna
bunchgrass (Festuca, Stipa) with scattered patches of
Polylepis tarapacana woodland at lower elevations. Glacial
remnants persist on the flanks of Parinacota (6,348 m) and
contribute meltwater to the lake, particularly during dry-
season months [0,

Materials and Methods

Materials

The research was conducted between March 2020 and
December 2023 at the Port Elizabeth Academy of Coastal
and Marine Research, Eastern Cape, South Africa. A 4.8 m
sediment core (designated CHU-20-1) was recovered from
the deepest part of Laguna Chungara (water depth 34 m) in
March 2020 using a modified Livingstone piston corer.
Coring was carried out from an inflatable raft platform
anchored at four points. The core was extruded in the field,
wrapped in plastic film and aluminium foil, and stored at
4°C during transport. Ethical clearance was not required as
no human or animal subjects were involved. Coring
permission was granted by the Chilean Corporacién
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Nacional Forestal (CONAF Permit No. 027/2020, dated 11
February 2020).

Methods

The core was split, photographed, and described at the Port
Elizabeth laboratory. Sub-samples were taken at 2 cm
intervals (240 samples total). TOC was measured by loss-
on-ignition at 550 °C for 4 hours. Carbonate content was
estimated from loss-on-ignition at 950 °C. Magnetic
susceptibility was measured on split-core sections using a
Bartington MS2E sensor at 1 cm resolution. Grain-size
distribution was determined by laser diffraction (Malvern
Mastersizer 3000) after organic matter removal with HzOx.
Biogenic silica was extracted by the wet-alkaline method of
Mortlock  and  Froelich [ and  measured
spectrophotometrically. Pollen was extracted following
standard procedures (KOH, HF, acetolysis) and counted at
400% magnification to a minimum of 300 terrestrial grains
per sample 2, Eleven radiocarbon dates were obtained
from bulk organic sediment and terrestrial macrofossils at
the Poznan Radiocarbon Laboratory. Age—depth modelling
used the Bacon software 1 with the SHCal20 calibration
curve.

Coring Strategy and Sampling Design

The coring site was positioned at the lake’s deepest point
(34 m water depth) to maximise temporal resolution and
minimise the risk of hiatuses caused by wave erosion of
shallow sediments. A preliminary short core (50 cm gravity
core) was taken adjacent to the piston core to verify that the
sediment-water interface was captured intact. The 2 cm
sampling interval was chosen to yield a mean temporal
resolution of approximately 85 years per sample given the
average sedimentation rate of 0.47 mm/yr. Radiocarbon
samples were spaced at roughly 40 cm intervals through the
core, targeting horizons with visible macrofossils where
possible. Where macrofossils were absent, bulk organic
carbon was dated, and a 500-year reservoir correction was
applied based on paired macrofossil-bulk dates at three
horizons [*4],

Results

Table 1: Summary of proxy values by paleoenvironmental zone (median + IQR)

Zone TOC (%) Mag. S. BSi (%) CaCOs D50 (pm) Age Range
Early Holocene 2.8+0.9 34+12 8.4+2.1 11.7+3.4 47+18 10.2-7.1 ka
Mid Holocene 4.3+1.2 2148 14.6+3.8 7.4+2.1 2849 7.1-4.2 ka
Late Holocene 3.1+1.0 42+15 6.7+2.4 5.8+1.8 52421 4.2-0.3 ka

The Mid Holocene zone stands out with peak TOC (4.3%),
maximum biogenic silica (14.6%), and finest median grain
size (28 um), indicating high lake productivity and reduced

clastic input. The Late Holocene records the coarsest
sediment (52 pm) and highest magnetic susceptibility (42 SI
units), consistent with intensified catchment erosion.

Table 2: Radiocarbon dates and calibrated ages for core CHU-20-1

Lab ID Depth (cm) Material 1“C Age Cal yr BP +95% Type
Poz-1 48 Macrofossil 870+ 35 780 124 Plant
Poz-2 112 Bulk organic 2,410 + 45 2,490 168 Bulk*
Poz-3 186 Macrofossil 3,820 + 40 4,180 142 Seed
Poz-4 241 Bulk organic 5,140 + 55 5,910 198 Bulk*
Poz-5 318 Macrofossil 6,730 + 50 7,580 176 Twig
Poz-6 402 Bulk organic 8,960 + 60 9,980 214 Bulk*

* 500-year reservoir correction applied. Six of the eleven
dates are shown here. The age—depth model yielded a mean
sedimentation rate of 0.47 mm/yr, with slower accumulation

during the Mid Holocene (0.38 mm/yr) and faster rates in
the Late Holocene (0.54 mm/yr).
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Fig 1: Radar chart of normalised multi-proxy scores by paleoenvironmental zone

The radar chart in Figure 1 highlights the contrasting proxy
signatures: the Mid Holocene zone peaks on TOC, pollen
concentration, and biogenic silica, while the Early and Late

Holocene zones show elevated magnetic susceptibility and
coarser grain sizes reflecting catchment erosion.
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Fig 2: Pollen assemblage composition across three Holocene zones

Figure 2 shows the mid-Holocene expansion of Polylepis
woodland pollen (22.6%) at the expense of puna grassland,
consistent with an upward shift of the tree line under
warmer and wetter conditions. Fern spore abundance
increased in the Late Holocene, indicating rising humidity
variability.

Comprehensive Interpretation

The proxy data converge on a three-phase Holocene history.
The Early Holocene was characterised by glacially
influenced sedimentation with high clastic input. The Mid
Holocene represented a thermal optimum with elevated
productivity, reduced erosion, and tree-line advance. The
Late Holocene saw a return to cooler, more erosive
conditions with increasing ENSO-driven variability.
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Fig 3: Conceptual mechanism diagram of lake-sediment response to regional climate forcing

Discussion

The mid-Holocene productivity peak recorded at Laguna
Chungara (TOC 4.3%, biogenic silica 14.6%) matches the
timing of the Altiplano-wide thermal optimum identified
from ice cores on Sajama and Huascaran, which show
minimum dust concentrations and enriched 6'*0 values
between 7 and 4 ka 31, The upward migration of Polylepis
woodland pollen to its highest abundance at 7.1-4.2 ka
suggests that upper tree line elevations rose by 200-400 m,
a response documented at other Andean sites including Lake
Titicaca and Laguna Pacucha [16 %1,

The Late Holocene increase in magnetic susceptibility and
grain size, beginning around 4.2 ka, coincides with the 4.2
ka event recognised globally as a period of abrupt aridity in
many low-latitude records ). At Laguna Chungara, this
transition appears less as a single drought episode and more
as the onset of a regime of higher variability, consistent with
the strengthening and increased frequency of ENSO events
after 5 ka inferred from eastern Pacific marine records [,
The rise in fern spore abundance during this period supports
the interpretation of fluctuating moisture availability, as fern
reproduction is particularly sensitive to seasonal humidity
shifts. The age—depth model benefits from the inclusion of
both macrofossil and bulk organic dates, but the 500-year
reservoir correction applied to bulk samples introduces
uncertainty. Paired macrofossil-bulk dates at three horizons
showed consistent offsets of 420-570 years, supporting the
correction value, but the possibility that the reservoir effect
varied through time cannot be excluded M. Future coring
efforts should prioritise macrofossil-rich horizons to reduce
reliance on bulk dates. A limitation of this research is the
reliance on a single core from one lake. Replicating the
record in a nearby but hydrologically independent basin
would help separate local from regional signals and confirm
the robustness of the three-zone stratigraphy. Multi-site
comparison across the Altiplano latitudinal gradient is an
obvious next step 181,

Conclusion
This research produced a multi-proxy paleoenvironmental

reconstruction spanning approximately 10,200 years from
Laguna Chungara on the Chilean Altiplano. Three distinct
zones were identified: an Early Holocene phase of high
clastic input and glacial influence, a Mid Holocene thermal
optimum marked by peak lake productivity and tree-line
advance, and a Late Holocene return to cooler, more
variable conditions with intensified catchment erosion.

The proxy signals-TOC, magnetic susceptibility, biogenic
silica, grain size, carbonate, and pollen-responded
coherently to the same set of climate forcings, reinforcing
the multi-proxy approach as a reliable framework for
paleoenvironmental inference. The mid-Holocene optimum
at Laguna Chungara aligns with regional and ice-core
evidence for warmer Altiplano conditions between 7 and 4
ka, while the late-Holocene shift corresponds with the
global 4.2 ka event and increasing ENSO variability.

For future climate projections, these findings highlight the
sensitivity of high-altitude Andean lake ecosystems to
changes in precipitation seasonality and temperature that are
well within the range of projected twenty-first-century
warming. The mid-Holocene analogue suggests that a 1-2
°C warming could shift vegetation belts upward and alter
Lake Biogeochemistry substantially. Multi-site replication
and integration with glacier and ice-core records are
recommended to build a more complete picture of Holocene
climate dynamics across the tropical Andes.
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