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Isotopic fingerprints on lacustrine organic matter from
Laguna Potrok Aike (southern Patagonia, Argentina) reflect
environmental changes during the last 16,000 years
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Abstract A combination of carbon-to-nitrogen
ratios (TOC/TN), Rock Eval-analyses, and stable
isotope values of bulk nitrogen (6'°N) and organic
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carbon (513C0rg) was used to characterize bulk
organic matter (OM) of a piston core from the
Patagonian maar lake Laguna Potrok Aike (Argen-
tina) for the purpose of palacoenvironmental
reconstruction. Sedimentary data were compared
with geochemical signatures of potential OM sources
from Laguna Potrok Aike and its catchment area to
identify the sources of sedimentary OM. Correlation
patterns between isotopic data and TOC/TN ratios
allowed differentiation of five distinct phases with
different OM composition. Before 8470 calibrated
C years before present (cal. yrs BP) and after
7400 cal. yrs BP, isotopic and organo-geochemical
fingerprints indicate that the sediments of Laguna
Potrok Aike consist predominantly of soil and diatom
OM with varying admixtures of cyanobacterial and
aquatic macrophyte OM. For a short phase of the
early Holocene (ca. 8470-7400 cal. yrs BP), how-
ever, extremely high input of soil OM is implied by
isotopic fingerprints. Previous seismic and geochro-
nological results indicate a severe lake-level drop of
33 m below present-day shortly before 6590 cal. yrs
BP. It is suggested that this lake level drop was
accompanied by increased erosion of shore banks and
channel incision enhancing soil OM deposition in the
lake basin. Thus, isotopic data can be linked to
hydrological variations at Laguna Potrok Aike and
allow a more precise dating of this extremely low
lake level. An isotopic mixing model was used
including four different sources (soil, cyanobacteria,
diatom and aquatic macrophyte OM) to model OM

@ Springer



82

J Paleolimnol (2009) 42:81-102

variations and the model results were compared with
quantitative microfossil data.

Keywords Stable isotopes - Rock Eval analyses -
Organic matter - Soil erosion - Isotope mixing model -
South America - Late Quaternary -

Lake sediments

Introduction

The uptake of dissolved inorganic carbon (DIC) by
submersed aquatic primary producers is accompanied
by isotopic fractionation due to physical and biolog-
ical processes (Farquhar et al. 1989). The preferential
12C uptake by algae and aquatic macrophytes and its
removal by sedimentation of particulate organic
matter gradually enrich the remaining DIC pool in
the heavy isotope ('°C), especially when replenish-
ment of CO, is limited (e.g., in stratified lakes; Quay
et al. 1986). The carbon isotope signature of autoch-
thonous algal biomass reflects variations of the
isotopic value of the dissolved inorganic carbon pool
(6*Cpyc) induced by photoautotrophic DIC con-
sumption (e.g., McKenzie 1985; Hollander and
McKenzie 1991). Thus, 513C0rg variations of autoch-
thonous sedimentary OM can serve as a proxy of
lacustrine paleoproductivity (e.g., Schelske and Ho-
dell 1991; Gu et al. 1996; Brenner et al. 1999).
However, the 6'°Cp;c value is also influenced by the
geochemistry and morphometry of a lake (Bade et al.
2004) which may play a role especially over longer
(e.g., millennial) timescales.

In many cases, lacustrine sedimentary organic
matter consists of a mixture of OM from lake-internal
and -external sources. These sources may have
clearly distinguishable isotopic signatures, and there-
fore changes in the sources of OM may likewise be
reflected in the stable isotope composition of sedi-
mentary OM (e.g., Meyers 1994, 2003; Liicke and
Brauer 2004; Mackie et al. 2005). For instance, it is
possible to distinguish isotopically between plants
using the C; or C, metabolic pathways due to their
different biological isotope fractionations (e.g., Ehle-
ringer 1991). These isotopic signatures were used to
model changes in vegetation (e.g., from bulk soil OM
isotopic composition; Deleégue et al. 2001). With
respect to lake sediments, it has to be considered that
HCO; -utilizing aquatic macrophytes (Spence and
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Maberly 1985; Sand-Jensen 1987) can contribute OM
with similar 6'C signatures as C, plants (Keeley and
Sandquist 1992; Meyers 2003; Mayr et al. 2005).
Nitrogen isotopes in combination with carbon iso-
topes of organic matter can equally typify OM
sources of bulk lacustrine sediments (e.g., Talbot
and Johannessen 1992; Mayr et al. 2005) and have
been successfully applied to differentiate between
OM of marine versus terrestrial origin in studies of
marine sediments (e.g., Peters et al. 1978; Schubert
and Calvert 2001). More frequently, however, ratios
of total organic carbon to total nitrogen (TOC/TN)
have been used to distinguish whether bulk sedimen-
tary OM originated predominantly from microalgae
or from vascular land plants (e.g., Meyers 1994;
Hassan et al. 1997; Kaushal and Binford 1999;
Mackie et al. 2005). TOC/TN ratios lower than ten
are generally regarded as being of algal origin, while
higher ratios can be interpreted as mixtures between
algae and vascular plant OM (Elser et al. 2000;
Meyers 2003) although lake-internal processes such
as N-limitation can also produce elevated C/N ratios
in aquatic organic matter (e.g., Hecky et al. 1993;
Talbot and Leerdal 2000).

Rock Eval analysis is another method for geo-
chemical characterization of bulk sedimentary
organic matter. Originally developed for evaluation
of hydrocarbon source rocks, the method is increas-
ingly used in paleolimnological studies (e.g., Talbot
and Livingstone 1989; Wilkes et al. 1999; Ariztegui
et al. 2001; Meyers and Teranes 2001). Rock Eval
analysis represents the amount of hydrocarbons (in
mg HC g~! TOC) given as the hydrogen index (HI)
and the amount of oxygen (in mg CO, g~' TOC)
given as oxygen index (OI) generated from total OM.
It is based on the detection of evolving hydrocarbons
and carbon dioxide during temperature-controlled
pyrolysis of whole-sediment samples in an inert
atmosphere (Espitalié et al. 1977, 1985; Tissot and
Welte 1978). Measured HI and OI values allow
categorization of sedimentary kerogens into three
different organo-geochemical facies related to differ-
ent OM sources and different degrees of organic
matter oxidation (Tissot and Welte 1978; Meyers and
Teranes 2001).

Here, we present stable isotope (513C(,,g, 515N)
data of an 18.9-m-long sediment core from the centre
of the maar lake Laguna Potrok Aike located in
south-eastern Patagonia, Argentina (Fig. 1). The aim
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Fig. 1 Position of Laguna Potrok Aike in southern South
America (a) and aerial photo with bathymetry of Laguna
Potrok Aike and positions of sediment cores, sediment traps
and water profile (after Zolitschka et al. 2006) (b)

of this study is to elucidate the causes of isotopic and
organo-geochemical variations in OM composition
and to discuss their palacoenvironmental signifi-
cance. Interpretation of the sedimentary isotope
record is based on organo-geochemical and isotopic
signatures of potential OM sources and Rock Eval
analyses. Results of the profundal core are compared
with those of a shallow-water sediment core (Fig. 1)
to evaluate intra-basin variability. Finally, the results

are related to quantitative results of microfossil
analyses and seismic lake-level reconstructions from
the Laguna Potrok Aike record to shed further light
on the composition of bulk OM and the environmen-
tal causes for changes in the depositional history of
OM.

Site description

Laguna Potrok Aike (PTA; 51°58’ S, 70°23’ W) is
a 100 m deep crater lake (Fig. 1) in the Patagonian
steppe with a maximum lake diameter of 3.5 km
and a volume of 0.41 km? (Zolitschka et al. 2006).
The climate in the region is very windy (mean
annual wind speed: 74 ms~') and semi-arid
(<300 mm of annual precipitation). The lake has
neither a permanent surface inflow nor outflow and
is mainly fed by groundwater. Episodic/ephemeral
surface runoff reaches the lake through deeply
incised canyons. Vegetation in the catchment area
is formed of dry Magellanic steppe characterized
by different species of Poaceae, herbs and a few
shrubs (Oliva et al. 2001). Within the lake basin
shallow water areas below the base of wind
induced waves are densely covered with aquatic
macrophytes (e.g., Potamogeton pectinatus, Myrio-
phyllum cf. quitense) down to ca. 15 m water
depth.

The lake is fully exposed to the strong westerly
winds that prevail in these latitudes (Prohaska
1976). For this reason, Laguna Potrok Aike is
polymictic and the water column is mixed through-
out almost the entire year (Zolitschka et al. 2000).
Phosphorus concentration in the lake is very high
(1300-3600 pg 17" total P). Despite the high phos-
phorus concentration, preliminary investigations
indicate that mesotrophic (to eutrophic) conditions
prevail in Laguna Potrok Aike as suggested by
preliminary plankton studies (Wille et al. 2007,
Maidana, unpublished data) and Secchi depths of
6.0 m and 6.9 m in March 2003 and March 2005,
respectively. Possible reasons for the lower-than-
expected trophic state of the lake are its increased
salinity (2.2-2.5 g 17"), the high water turbulence,
and limited nitrogen supply for algal growth. The
ionic composition of the lake water and other
limnological data are summarized in Zolitschka
et al. (2006).
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Material and methods
Core recovery and processing

Short sediment gravity cores (up to 1 m) were
recovered in 2002 (PTA02/4; Haberzettl et al. 2005)
and several longer piston cores in 2003 (PTA03/12,
PTA03/13, PTAO03/6). The coring sites were
located in the 100-m-deep central basin (PTA02/4,
PTAO03/12, PTA03/13) and on a submersed lake-level
terrace in 30-m water depth close to the northern
shore (PTAO03/6, see Fig. 1 for detailed positions). A
1892-cm-long composite profile from the lake centre
was established from two parallel long cores (PTA03/
12, PTA03/13) and a short core (PTA02/4), the latter
containing the sediment-water interface (Haberzettl

et al. 2007). This profile covers the last 16,100 years.
The age control for that record is given by 18
accelerator mass spectrometer radiocarbon (AMS
'4C) ages and three tephras with known ages (Fig. 2).

The second long sediment profile (PTAO03/6),
recovered from a submerged lake-level terrace, has
a composite length of 900 cm (Haberzettl et al.
2008). This profile contains an erosional unconfor-
mity. The lower part dates to ca. 56,000 yrs BP
(Haberzettl et al. 2008 and unpublished OSL data)
and is overlain by a rapidly deposited sediment layer
(379-312 cm sediment depth) representing the re-
start of sedimentation after a Holocene lake-level low
stand that formed the terrace and hence the uncon-
formity (Haberzettl et al. 2008). The uppermost
311 cm are undisturbed and represent the last
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Fig. 2 Lithology, age-depth relation, TOC, molar TOC/TN
ratios, 0"°N, 5'3Corg, HI and OI values of the sediment record
from the centre of Laguna Potrok Aike (composite profile of
PTA02/4, PTA03/12, PTA03/13). TOC/TN ratios and TOC
values are from Haberzettl et al. (2007). Apart from calibrated
'4C dates (solid squares), the record contains three macroscop-
ically visible tephra layers (open squares) from the eruptions of
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volcanoes Reclus (14,900 yr cal BP), Mt. Burney (8680 cal.
yrs BP) and Hudson (8100 cal. yrs BP), serving as additional
time markers. Gray bars next to the lithology represent event
layers in part associated with these tephras which were
excluded from the age-depth model (Haberzettl et al. 2007).
Units A, B, C, D and E were derived from zonation of SN
values and correlation patterns (see text)
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6790 years. The age model for this undisturbed upper
section is based on three '*C AMS dates (Haberzettl
et al. 2008).

Stable isotope analyses

For stable isotope analyses of organic carbon
(513C0rg) and nitrogen (6"°N) of the central core,
every fourth cm was investigated, with the exception
of the already published uppermost 96 cm from
which every cm was analysed (PTA 02/4, Haberzettl
et al. 2005). PTA 03/6 was subsampled with coarser
analytical resolution (8-cm intervals). Freeze-dried
samples were sieved and the fine fraction (<200 pm)
was used for isotopic analyses to avoid contamination
with organic macro-remains. Samples for organic
carbon isotope analyses were pre-treated with hydro-
chloric acid to remove carbonates as described in
Mayr et al. (2005). Isotope ratios were determined
with an IsoPrime™ (GV Instruments, UK) continu-
ous-flow isotope ratio mass spectrometer coupled to
an elemental analyser (EuroEA3000, Eurovector,
Italy). Isotope ratios are given in J-notation
[0 = (RJ/Ry — 1) x 1000, with R, and Ry, as isotope
ratios of the sample and the standards VPDB for
carbon and AIR for nitrogen, respectively]. Analyt-
ical precision (one standard deviation) was 0.08%o
and 0.14%o for organic carbon and nitrogen stable
isotope ratios, respectively.

Rock Eval analyses

For selected samples, hydrogen and oxygen indices
were analyzed with Rock Eval pyrolysis. Hydrogen
(HI) and oxygen (OI) indices were analyzed with a
Rock-Eval II instrument according to standardized
methods (Espitali€é et al. 1977, 1985). The amount
of hydrocarbon evolved during programmed pyro-
lysis between 300 and 550°C is given in relation to
the mass of the sediment (S,) and in relation to
TOC (HI). The OI gives the amount of evolved
CO, generated between 300 and 390°C relative to
TOC.

Elemental analyses
Elemental contents were determined with a standard

CNS analyser (EuroEA, Eurovector, Italy). Total
organic carbon (TOC, weight-%) and the molar ratios

of total organic carbon to total nitrogen (TOC/TN,
molar) of the sediment cores are from elemental
analyses published in Haberzettl et al. (2007, 2008).
TOC/TN ratios for TOC <0.3% were rejected,
because the presence of inorganic nitrogen can bias
these ratios (Meyers 2003).

Additional data sets

Additionally, isotope values and TOC/TN signatures
of potential allochthonous and autochthonous OM
sources from Laguna Potrok Aike and its catchment
area were analysed. Collected modern samples com-
prise soils, aquatic macrophytes, cyanobacteria,
aquatic mosses and terrestrial vascular plants. All
samples were homogenized thoroughly by sieving
(soils) or milling. The isotopic and geochemical data
of the samples from Laguna Potrok Aike are comple-
mented by data from Laguna Azul (Mayr et al. 2005),
a crater lake approximately 60 km ESE of Laguna
Potrok Aike. Sediments of the smaller and more wind-
sheltered Laguna Azul (maximum diameter 560 m,
volume 0.01 km?) are predominantly of algal origin
(Mayr et al. 2005) and thus data of a pelagic sediment
core (AZU 03/5) from that lake were taken as
representative for diatomaceous ooze (classification
according to Schnurrenberger et al. 2003). The use of
isotopic and TOC/TN data for typifying contributions
from different sources of sedimentary OM requires
the preservation of the original geochemical signature
during sedimentation, burial and early diagenesis. To
investigate how TOC/TN and isotopic composition of
OM changes during these processes, sediment traps
were deployed in the centre of Laguna Potrok Aike
(Fig. 1) during three subsequent periods between
March 2003 and March 2005 (Table 1). Stable isotope
analyses and TOC/TN ratios from sediment traps of
Laguna Potrok Aike from two different depths (30 m
and 90 m) are presented.

Microfossil records

Palynomorph and diatom sample preparations, counts
and assemblages are reported in more detail in Wille
et al. (2007). Here, only algal palynomorph and
diatom concentrations were used for comparisons
with OM composition modelled from stable isotope
results. For diatom analyses, the samples were heated
with hydrogen peroxide to oxidize organic material
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Table 1 Elemental (TN, TOC) and isotopic composition (5'3C0rg, 0'5N) of sediment from traps deployed in two different depths
(30 m, 90 m) in the centre of Laguna Potrok Aike between March 2003 and March 2005

Sample No. Time interval TN (wt. %) TOC (wt. %) TOC/TNmolar 5'3C0rg (%o0) 3N (%o)

30 m depth
PAIS-217 13.03.03-27.02.04 0.30 2.71 10.49 —24.03 4.17
PAIS-229 01.03.04-12.12.04 0.39 3.11 9.27 —24.36 441
PAIS-231 12.12.04-11.03.05 0.18 1.58 10.50 n.a. n.a.
PAIS-232 12.12.04-11.03.05 0.28 2.60 10.92 —24.48 n.a.
Mean 0.29 2.50 10.30 —24.29 4.29
SD 0.09 0.65 0.71 0.23

90 m depth
PAIS-219 13.03.03-27.02.04 0.34 2.84 9.67 —24.16 3.69
PAIS-230 01.03.04-12.12.04 0.38 3.13 9.55 —24.53 4.22
PAIS-233 12.12.04-11.03.05 0.31 2.75 10.52 —24.73 4.07
PAIS-234 12.12.04-11.03.05 0.29 2.68 10.84 —25.46 3.61
Mean 0.33 2.85 10.15 —24.72 3.90
SD 0.04 0.20 0.63 0.55 0.29

Note that two traps per depth were deployed during the last time interval

and mounted onto microscope slides following stan-
dard procedures (Battarbee 1986). Duplicated
permanent slides for light microscopy were prepared
with Naphrax®. Diatom valves were counted by
adding a known volume of polystyrene microspheres
to the final suspension as described by Battarbee and
Kneen (1982).

For calculation of pollen percentages, two tablets
of Lycopodium spore markers were added to each
sediment sample (Stockmarr 1971). Samples were
sieved and treated with HCl and KOH. After
acetolysis (Faegri and Iversen 1989) the samples
were sieved using ultrasonic treatment and pollen
slides were mounted with paraffin. Pollen counts in
each of the 242 pollen samples ranged between 300
and 500 grains, excluding aquatic taxa and spores
(Wille et al. 2007).

Sediment accumulation rates for diatom frustules
and algal palynomorps, respectively, were calculated
by multiplying concentrations by sediment accumu-
lation rates. Sediment accumulation rates were
determined as the product of sedimentation rates
and dry density, which was determined by Haberzettl
et al. (2007 and unpublished results).

Isotope mixing model and statistics

For modelling -values of organic matter mixtures of
OM sources with different isotopic composition,
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mixing models exist, which were used so far espe-
cially in ecological and food-web studies (e.g.,
Phillips and Koch 2002). Here we adapted these
models for paleolimnological studies using the
following approach.

The isotopic composition Jy; of a sedimentary
sample consisting of multiple OM sources X, Y, ...,
N can be described as:

oM = fx0x +fyoy + -+ fudn (1)
with 1 =fx,+~+ - +/N (2)
where fx, fy, ..., fn, are the carbon and nitrogen

fractions, respectively, contributed by individual OM
sources X, Y, ..., N. They are calculated as fx =
x/(x +y + -+ + n) with X, y, ..., n being the weight
percentages of any element of these sources (C or N
in the range from O to 1) times the mass fraction of
each individual OM source.

Mixing lines in §'° Corg versus 0N space were
first calculated for two-end members using Eq. 1.
Four-end-member mixings were calculated from
mixtures of two sources on each end of the mixing
line. The relative proportions of these two OM
sources forming a new end member were Kkept
constant, but the proportions of each double-source
mixture were varied for calculation of four-end-
member mixing lines. These mixing lines were fitted
to the observed regression lines given by the
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sedimentary isotope data. Actually measured element
concentrations of organic matter sources given in
Table 2 were used for weighting mixing models
except for soils, diatoms and cyanobacteria. Soil
samples contained high fractions of minerogenic
material, whereas diatomaceous ooze had high
amounts of biogenic opal complicating mixing cal-
culations. A TOC content of 50%, typical for soil OM
(Schachtschabel et al. 1992), was thus assumed for
the soil OM source and the corresponding N
concentration was calculated from the given C/N
ratio of the analysed soil (Table 2). The TOC content
for diatoms was calculated as 54% from the Redfield
Ratio given as stoichiometric ratios of C:H:O:N:P =
106:175:42:16:1 (Anderson 1995) and N concentra-
tion was calculated as well from the C/N ratio. The
same TOC values as for diatoms were taken in the
model for cyanobacteria, as the low measured TOC
values around 27% imply some contamination of the
samples with minerogenic matter. All statistical
analyses were performed with the computer software
Origin 7.5 (OriginLab, USA) using two-sided #-tests
for all regression analyses.

Results
Sediment traps

Similar mean values between TOC/TN ratios of traps
in 30-m (103 £0.7) and 90-m water depth
(10.2 £ 0.6; Table 1) were found. The TOC/TN
ratios of the trapped OM are indistinguishable from
those of the uppermost 0.5 cm of the sediment core
(10.5; core PTA02/4). The 6"°C,, values of the
sediment traps (—24.3%o0 + 0.2%0 in 30 m and
—24.7%0 £ 0.6%0 in 90 m water depth; Table 1)
and the 6'"°N values (4.3%o in 30 m and 3.9%. +
0.3%o in 90 m water depth; Table 1) are also close to
those of the uppermost sediment layer of the core
(—24.2% for 8"*Coyg and 3.7%o for 5'°N of PTA02/4).

Composite profile from the lake centre

Lithologically, the sediments consist of partly lam-
inated silts with minor amounts of sand, clay,
carbonate, organic matter and biogenic silica
(Fig. 2, detailed description in Haberzettl et al.

2007). As proposed by Haberzettl et al. (2007), four
sections, two of them containing in situ tephra
overlain by reworked tephra, were considered as
event layers, and therefore, neither were included in
the age model nor in data evaluations. These intervals
are marked with gray bars in Fig. 2.

The record of Laguna Potrok Aike exhibits consid-
erable isotopic variations. Total isotopic ranges are ca.
7%o for both 513Corg (values between —21.72%o0 and
—28.65%0) and 6'°N (8.9%0—1.7%0) over the entire
record (Fig. 2). A significant overall negative corre-
lation (r = — 0.67, P < 0.0001, N = 497) between
513C0rg and 8"°N records is discernible. The TOC/TN-
ratios range between 4.4 and 18.4 with highest values
at the basal layers and lowest values in the middle
sections of the record (Haberzettl et al. 2007).
Increases in TOC/TN are positively correlated with
TOC variations (Fig. 2). Moreover, 513C0rg as well as
8" N records are significantly correlated with TOC/TN
values. Overall correlation of 6'°N versus TOC/TN is
negative (r = —0.42, P < 0.0001, N = 497), whereas
the overall correlation of 6" Corg versus TOC/TN is
positive (r = 0.39, P < 0.0001, N = 515). Although
correlations between TOC/TN and isotopic ratios of
both elements are significant, they are considerably
weaker than the correlation between 6'°N and §'°C
values. This is a consequence of the non-uniformity of
the correlation in different sections of the sediment
profile.

The isotopic records are characterized by distinct
abrupt changes and long-term trends best visible in
the 0'°N record. Changes in trends and abrupt shifts
permitted subdivision of the sediment profile into five
intervals (Fig. 2) described here from the base to the
top of the profile. The first section A (1892
1132 cm sediment depth; 16,090-8470 cal. yrs BP)
starts from lowest 6'°N and high 513C0rg values and
thereafter shows generally rising 6'°N and decreasing
513C0rg values. The second section B (1131-
678 cm; 8470-7390 cal. yrs BP) exhibits an abrupt
increase in 6'°N values by ca. 2%o and has highest,
but most variable 6'°N values and lowest 5]3C0rg
values thereafter. The next section C (677-80 cm;
7360-1120 cal. yrs BP) exhibits uniformly decreas-
ing '°N and increasing 513C0rg values. A 6N
minimum and 513C(,rg maximum separates section C
and D. The 6'°N values increase in section D and the
513C0rg values decrease again (79-18 cm; 1100-
175 cal. yrs BP). The stratigraphically uppermost
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Table 2 TOC, TN, 6'°C, 6"°N and TOC/TN of potential organic matter sources from the catchment areas of Laguna Potrok Aike
(PTA) and Laguna Azul (AZU)

OM type/taxon Location TN TOC s1C 55N TOC/TN
(wt. %) (wt. %) (%o0) (%o) (molar)
Algal organic matter
Diatomaceous ooze® AZU03/5, 1 cm 1.6 13.5 -27.77 4.2 9.8
Diatomaceous ooze® AZUO03/5, 10 cm 1.8 14.0 —27.34 4.3 8.8
Diatomaceous ooze® AZU03/5, 20 cm 1.9 15.0 —25.90 4.3 9.1
Diatomaceous ooze® AZU03/5, 30 cm 1.9 14.7 —26.60 4.2 9.1
Diatomaceous ooze® AZU03/5, 41 cm 1.7 13.1 —28.21 3.8 8.9
Diatomaceous ooze® AZUO03/5, 45 cm 2.0 15.5 —26.55 3.7 9.1
Diatomaceous ooze® AZU03/5, 47 cm 2.0 14.7 —23.02 35 8.7
Diatomaceous ooze® AZU03/5, 49 cm 2.0 153 —23.78 3.7 8.9
Diatomaceous ooze® AZU03/5, 51 cm 2.1 16.0 —23.83 4.2 9.0
Diatomaceous ooze® AZUO03/5, 54 cm 1.8 14.5 —23.99 4.0 9.3
Diatomaceous ooze® AZU03/5, 57 cm 1.8 14.2 —25.96 3.7 9.5
Diatomaceous ooze® AZUO03/5, 63 cm 2.1 15.3 —24.46 4.1 8.7
Mean AZU 1.9 (6.9 14.7 (54°) —25.62 4.0 9.1
Cyanobacteria
Nostoc sp. (PAIS 235) PTA 4.3 26.8 —20.22 -0.8 7.3
Cyanobacteria from thermistor PTA 2.6 27.3 —23.38 0.3 12.2
chain (PAIS 182)
Mean PTA 3.4 (6.4% 27.1 (54°) —21.80 -0.3 9.8
Terrestrial vegetation
Berberis sp.* AZU 0.9 52.0 —28.27 0.5 65.6
Festuca sp.* AZU 0.3 43.6 —25.23 -0.9 166.1
Hordeum sp.* AZU 0.5 40.1 —26.00 —1.5 102.2
Brassicaceae® AZU 1.8 42.5 —25.20 1.7 273
Empetrum sp.* AZU 0.7 54.3 —26.31 —14 93.8
Stipa sp.* AZU 0.6 427 —27.31 2.3 77.9
Acaena sp.* AZU 0.7 46.5 —27.53 -13 80.4
Poaceae® AZU 0.7 44 .4 —24.56 10.8 77.6
Berberis sp.* AZU 1.1 51.0 —26.88 =25 55.3
Mean AZU 0.8 46.3 —26.37 0.8 82.9
Stipa sp. PTA 0.5 44.5 —25.83 34 100.1
Adesmia sp. PTA 1.0 46.6 —25.20 -1.0 53.5
Stipa sp. PTA 0.7 42.6 —27.82 4.2 76.4
Poaceae PTA 0.8 40.8 —26.62 2.3 57.8
Stipa sp. PTA 0.6 44.6 —26.02 0.9 90.4
Caltha sagittata PTA 1.5 46.6 —24.50 3.7 35.7
Mean PTA 0.8 443 —26.00 2.2 69.0
Aquatic mosses
Drepanocladus perplicatus® PTA 1.8 n.a. n.a. 1.6 n.a.
Drepanocladus perplicatus PTA 0.9 42.1 —32.82 0.2 56.7
Drepanocladus perplicatus PTA 0.9 40.3 —31.49 1.8 53.5
Mean PTA 1.2 41.2 —32.16 1.2 55.1
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Table 2 continued

OM type/taxon Location TN TOC e SN TOC/TN
(wt. %) (wt. %) (%0) (%0) (molar)

Submerged aquatic macrophytes
Myriophyllum sp.* AZU 1.5 45.6 —8.87 35 35.6
Characeae, 2 m depth® AZU 1.1 43.4 —14.85 —1.4 44.3
Potamogeton sp., 1.5 m depth® AZU 1.9 48.7 —7.11 —16.5 30.6
Myriophyllum sp., 2 m depth® AZU 1.7 47.5 —8.13 -7.0 33.1
Mean AZU 1.6 46.3 —-9.74 —5.4 359
Potamogeton sp. PTA 1.5 36.0 —14.49 1.5 28.1
Potamogeton sp.? PTA 1.5 41.1 —11.62 1.6 32.8
Plant debris PTA 1.2 46.5 —14.93 2.1 45.9
Potamogeton sp.? PTA 1.1 38.6 —12.86 0.7 39.2
Myriophyllum sp. PTA 0.9 36.5 —10.10 2.8 46.6
Myriophyllum sp., 2 m depth PTA 1.7 47.5 —11.33 3.7 333
Potamogeton sp., 2 m depth PTA 1.3 48.4 —12.54 1.7 43.5
Cf. Ruppia sp., 1.5 m depth PTA 1.5 35.8 —16.12 2.5 28.3
Mean PTA 1.3 413 —13.00 2.1 37.2

Soils
Soil, slope® AZU 1.3 16.4 —26.64 4.9 14.9
Soil, crater rim* AZU 0.9 10.9 —25.63 3.0 14.5
Soil, crater slope® AZU 0.7 73 —2591 3.1 12.9
Soil, crater rim* AZU 0.7 10.3 —25.86 24 16.8
Soil crater floor” AZU 0.2 2.4 —23.76 5.2 114
Soil, crater slope® AZU 0.6 6.8 —25.48 6.8 133
Soil on tephra ring* AZU 0.8 9.9 —24.57 33 15.1
Mean AZU 0.7 9.1 —25.41 4.1 14.1
Soil above till PTA 0.4 3.8 —24.98 n.a. 12.5
Soil above sediment PTA 0.1 1.4 —24.95 n.a. 11.7
Humous soil, uppermost 10 cm PTA 0.2 1.8 —23.98 8.2 13.5
Humous soil, 60-70 cm PTA 0.3 2.8 —25.41 8.7 12.3
Soil, uppermost layer PTA 0.2 23 —24.62 6.0 11.8
Soil PTA 0.1 0.9 —25.35 4.6 11.9
Soil PTA 0.4 4.2 —24.98 7.5 12.5
Soil PTA 0.4 4.1 —25.49 7.7 13.2
Mean PTA 0.2 (4.7 2.7 (509 —24.97 7.1 124

? Data from Mayr et al. (2005)

" Subfossil moss from exposed lake sediment

¢ Values in brackets give estimated TOC and TN values of pure OM used for model calculations (see Material and Methods for

explanation)

n.a.: not analyzed

Data for diatomaceous ooze are from various depths of sediment core AZU03/5 from Laguna Azul (Mayr et al. 2005)

core section E is short, but was analysed in high
resolution allowing to separate it from the preceeding
unit. It covers the period 175 to —48 cal. yrs BP
(17-0.5 cm). In this section the trends are reversed

again: (513C0rg values increase whereas 6'°N values
decrease towards the present.

Correlations of 513C0rg versus 6'N data calculated
for each unit separately are significant for all units
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Fig. 3 Sedimentary 513C0,g versus 0°N values of units A
(blue), B (magenta), C (green), D (red) and E (black).
Correlation patterns are shown in the insert (a) and data are
compared to isotopic and geochemical signatures of modern
samples from potential OM sources (b), the latter given as
means (large symbols) and total ranges (bars). AM: aquatic
macrophytes, TP: terrestrial vascular plants, M: aquatic
mosses, S: terrestrial soils, DO: diatomaceous ooze, CB:
cyanobacteria. All OM source data are from Laguna Potrok
Aike except of DO which is from Laguna Azul. More details
are given in the text and in Table 2

despite of section B (Fig. 3a). Units A, C, D and E
have similar negative slopes of their linear regression
lines and the correlation coefficients are generally
higher than for the total data set (section A: r =
—0.81, P < 0.001, N = 145; section C: r = —0.72,
P <0.001, N =166; section D: r= —0,80,
P <0.001, N=62; section E: r=-077,
P =0.001, N = 18). Furthermore, ranges of 513C0,g
are similar between the two major units C and A, but
8"°N values are shifted by ca. 1.5%o to higher values
in C relative to A (Fig. 3a). In contrast, the correla-
tion between 513C0,g and 6'°N is not statistically
significant for unit B (section B: r = —0.17,
P =0.08, N=106) in which the lowest 6"’Cqyq
and highest 6'°N values occur.

Comparably high correlation coefficients are
observed for 513C0rg versus TOC/TN correlations in
units A, C and D (Fig. 4a; r = —0.81, P < 0.001,
N = 145 for unit A; r = —0.72, P < 0.001, N = 166
for unit C; r = —0.80, P < 0.001, N = 62 for unit
D). In contrast, o3 Corg and TOC/TN values of units
B and E are characterized by weak or non-significant
negative correlations (r= —0.35 and —O0.11,
respectively).

The negative correlations between 6'°N and TOC/
TN of units A, C and D (Fig. 5a) are also highly
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Fig. 4 Sedimentary (313C0rg values versus TOC/TN ratios of
units A, B, C, D and E. Correlation patterns are shown in the
insert (a) and data are compared to isotopic and geochemical
signatures of modern samples from potential OM sources (b).
For further explanations see Fig. 3

20
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Fig. 5 Sedimentary §'°N values versus TOC/TN ratios of
units A, B, C, D and E. Correlation patterns are shown in the
insert (a) and data are compared to isotopic and geochemical
signatures of modern samples from potential OM sources (b).
For further explanations see Fig. 3

significant (r = —0.74, P < 0.001, N = 145 for unit
A; r=-042, P <0.001, N = 166 for unit C; r =
—0.45, P < 0.001, N = 62 for unit D), whereas units
B and E have weak positive correlations (r = 0.28,
P < 0.001, N = 106 for unit B; »r = 0.48, P = 0.040,
N = 18 for unit E).

Geochemical results from the shallow water core
(PTA03/6)

Figure 6 compares the uppermost part of the sedi-
ment record from the 100-m-deep lake centre to the
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Fig. 6 TOC/TN, 513C0rg and 0'°N curves of the sediment core
from 30 m water depth (PTA 03/6, gray circles; TOC/TN and
5'3C0rg from Haberzettl et al. 2008) compared to the records
from the lake centre (PTA02/4, PTA03/12, PTAO03/13, black
lines), both versus their respective time scales. Only the
undisturbed upper part of core PTA03/6 is shown

513C0rg, 5N and TOC/TN records of the undisturbed
upper part of core PTA03/6 from 30 m water depth.
Both records are plotted versus their independent
time scales. The sediment core closer to the shore
(PTAO03/6) shows marked differences from the core
that was taken at the lake centre in the section
immediately above the erosional unconformity (ca.
6790-5500 cal. yrs BP). For this time interval, higher
TOC/TN ratios and 513C0rg values in core PTA03/6
compared to core PTA03/12&13 are observed. After
ca. 5500 cal. yrs BP, however, both records compare
well in absolute values and in relative fluctuations
within the dating uncertainties.

TOC/TN and isotopic signatures of potential OM
sources

513C0rg, 0'°N and TOC/TN of different samples of
OM from diatoms, cyanobacteria, soils, vascular
plants (aquatic macrophytes, terrestrial plants) and
aquatic mosses are given in Table 2. High carbon

isotope values clearly separate the aquatic macro-
phytes from other sources (Figs. 3b, 4b) and reflect
their ability to extensively utilize bicarbonate
(HCO3;7), which is enriched in 13C relative to
dissolved CO, (Mook et al. 1974). In the pH range
of Laguna Potrok Aike (8.7-9.0) bicarbonate is the
predominating dissolved inorganic carbon (DIC)
species (Wetzel 2001), favouring the growth of
HCO;™ utilizing photoautotrophs such as Myriophyl-
lum and Potamogeton (Sand-Jensen 1987), which are
the dominating aquatic macrophytes in Laguna
Potrok Aike. Active uptake of bicarbonate by
cyanobacteria (Espie et al. 1991) might explain the
relatively high 513C0rg values of the cyanobacteria
samples from Laguna Potrok Aike (Figs. 3b, 4b). In
contrast, the low 5]3C0rg of diatomaceous OM from
Laguna Azul, which has a similar pH to Laguna
Potrok Aike (8.3-9.0, Mayr et al. 2005), implies that
diatoms in these lakes are not able to utilize
bicarbonate extensively, but take up preferentially
the limited amount of dissolved CO,. Aquatic mosses
revealed very low 513C0rg values (around —32%o)
indicating no utilization of bicarbonates at all.
Terrestrial plant samples have 6'°C values between
—24.5%0 and —28.3%o (Table 2) and are thus within
the typical range of Cj; plants (Ehleringer 1991).
Terrestrial plants, soils and diatomaceous organic
matter cannot be distinguished further by their carbon
isotope signatures, but TOC/TN ratios allow separat-
ing soils (11.4-16.8) and diatomaceous organic
matter (8.7-9.8) from terrestrial plants, aquatic
macrophytes and aquatic mosses all with TOC/TN
higher than 27 (Figs. 4b, 5b). Cyanobacteria have
TOC/TN ratios overlapping with those of soils and
diatom OM.

The nitrogen isotope signatures (Figs. 3b, 5b)
separate potential OM sources with low values
(means between —0.3%o0 and 2.2%o: cyanobacteria,
terrestrial plants, aquatic macrophytes and mosses),
intermediate values (diatomaceous organic matter,
mean of 4.0%o), and highest values (soils, mean of
7.1%0). While TOC/TN ratios and 6'°C values of
potential OM sources from Laguna Azul and Laguna
Potrok Aike are generally in the same range, 6'°N
means differ between both sites by as much as 7.4%o
(submerged aquatic macrophytes), 1.4%o (terrestrial
vegetation) and 3.0%o. (soils; Table 2). Different
parent rocks and soil development in the catchment
areas (predominantly Quaternary and Neogene
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sediments covered by humic soils at Laguna Potrok
Aike, but Quaternary basaltic rocks and tephra with
thin soil cover at Laguna Azul) may explain the
different nitrogen isotope signatures at the two sites.
0"°N ranges allow distinguishing terrestrial plants
and soils surrounding Laguna Potrok Aike (Table 2).
Potrok Aike soils vary between 4.6%o and 8.7%o and
do not overlap with diatomaceous OM from Laguna
Azul (3.5-4.3%o0). Although, the representativeness of
the 8'°N values of diatomaceous OM of Laguna Azul
for Laguna Potrok Aike can be debated considering
the inter-site 6'°N differences observed for other OM
sources, these data certainly provide the best approx-
imation at this stage. The low 6'°N values (0.28%o
and —0.79%o0) of cyanobacteria collected in Laguna
Potrok Aike demonstrate the ability of various taxa of
this group to utilize molecular nitrogen (Wada and
Hattori 1976; Macko et al. 1987). The isotope
fractionation associated with N, fixation is typically
small (—2.1%o to +0.05%0; Wada and Hattori 1976;
Wada 1980) explaining their §'°N values close to that
of atmospheric nitrogen (0%o by definition).

Using all information available, diatomaceous ooze,
cyanobacteria and soils can be clearly distinguished
from OM of vascular plants (aquatic macrophytes and
mosses, terrestrial plants) by means of their TOC/TN
ratios. 8'>C values on the upper end of the scale allow
discrimination of OM derived from aquatic macro-
phytes and cyanobacteria from terrestrial plants,
diatomaceous ooze and soils with intermediate 6'*C
values and aquatic mosses with lowest §'°C values.
The nitrogen isotope signatures allow differentiating

soil OM from all other OM sources. The comparison
with isotopic signatures of various sources implies that
the sediment OM consists of a complex mixture of
different OM sources and cannot be explained by a
simple two-end-member mixing model. However, the
sedimentary isotopic and TOC/TN data also imply that
aquatic mosses and terrestrial plants can be rejected as
major OM contributors a priori as sedimentary data
plot far from these sources.

Rock Eval results

HI values are, on average, highest in the lower part of
unit A (average 168 mg HC/g TOC), decline towards
unit B (average 137 mg HC/g TOC) in which they are
variable, and are lowest in unit C (average 90 mg
HC/g TOC) (Fig. 2). In units D and E, HI values
increase again (averages 145 mg HC/g TOC and
166 mg HC/g TOC, respectively). Unit A and B
exhibit large HI variations of about 300 mg HC/g
TOC, whereas unit C is characterized by generally
lower and less variable HI values which tend to rise
towards units D and E. OI values are rather uniform
throughout the record (average 122 mg OC/g TOC,
standard deviation 38 mg OC/g TOC) with the
exception of higher variability in the upper part of
unit B and the lower part of unit C (Fig. 2).

HI values are plotted versus OI values in a Van-
Krevelen-type plot (Fig. 7a) along with the evolution
pathways of kerogen. These pathways were originally
established for oil and gas exploration purposes and
classify kerogens into three different types (Tissot and
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Welte 1978; Espitali€ et al. 1977, 1985). Type I, IT and
IIT kerogens of lacustrine sediments were attributed to
waxy organic matter, algal organic matter and vascu-
lar-plant organic matter, respectively (Meyers and
Teranes 2001). Sedimentary kerogens of the Laguna
Potrok Aike record plot close to the type III pathway
or lie between the pathways of type II and III (Fig. 7).
No major differences are observed for the distribution
of data from the various units in the Van-Krevelen-
type diagram, albeit unit B includes OI values higher
than all other data. Matrix effects can bias Rock Eval
data due to absorption of hydrocarbons, e.g., on clay
mineral surfaces. The definition of the mean hydro-
carbon content via the slope of the regression line in a
plot of hydrocarbon amount relative to sediment mass
(S,) versus TOC helps to overcome this problem
(Langford and Blanc-Valleron 1990; Ariztegui et al.
2001). Figure 7b gives the S, versus TOC data of
Laguna Potrok Aike and the fields of the kerogen
types as well as the regression-line equations of all
data and of the respective units. The intercept of the
regression through all data is 1.6% TOC and gives the
mean TOC content that has to be exceeded before
hydrocarbons are detected, because a certain amount
of TOC is absorbed to the matrix, especially to clay
minerals (Langford and Blanc-Valleron 1990). The
mean HI value is calculated as ten times the slope of
the regression line in a S, versus TOC plot (Langford
and Blanc-Valleron 1990). The resulting matrix-
corrected mean HI value is 26.6% and thus consid-
erably higher than 16.8% given by the uncorrected
Rock Eval data. The matrix-corrected HI values of
units A, B and D agree within their error margins with
this average value, but the matrix-corrected value of
unit C is significantly lower (14.3%, see regression
equations next to Fig. 7b). Moreover, a lower matrix
absorption effect is observed as indicated by an
intercept value closer to zero (0.4% TOC). Only four
values exist for unit E and therefore the Rock Eval
data cannot be taken into consideration for evaluation
and, thus, regression data are not given in Fig. 7.

Discussion

Origin of sedimentary OM

The (513COrg and 6'°N values of the sediment traps
from Laguna Potrok Aike are close to those of the

uppermost sediment layer of the cores. Thus, the
sediment-trap data document no substantial modifi-
cations of TOC/TN ratios and isotope values of
Laguna Potrok Aike’s sediments during the processes
of early diagenesis and can be assumed to reflect the
original geochemical composition of deposited par-
ticulate OM. These observations are in accordance
with other sediment-trap studies demonstrating that
the original TOC/TN ratios and isotopic composition
of particulate organic matter are well preserved in
lake sediments after deposition (Meyers 1994; Me-
yers et al. 1995; Hodell and Schelske 1998; Teranes
and Bernasconi 2000). Nevertheless, there are other
experimental data and field studies which show that
diagenetic effects may alter TOC/TN ratios and
isotope values (513C0rg, 5'5N) under certain condi-
tions (Best et al. 1990; Lehmann et al. 2002). The
similar isotope values of OM trapped at different
depths indicate a rather homogeneous pelagic OM
sedimentation. The strong similarity of the central
core record (PTA03/12&13) with the record from the
shallower water (PTAO03/6) after 5500 cal. yrs BP
further testifies uniform basin-wide sedimentation
processes. Therefore, two main prerequisites (preser-
vation of the original OM composition and a basin-
wide sediment homogeneity) for a comparison of
isotopic values and TOC/TN ratios of the sediments
with those of potential OM sources are fulfilled and
the use of a fingerprint approach for interpretation of
the data is applicable.

In some studies isotopic variations in sedimentary
organic matter were related to isotopic changes in the
inorganic N or C sources taken up by phytoplankton
that subsequently sedimented at the lake bottom (e.g.,
McKenzie 1985; Gu et al.1996). Because preferential
uptake of light carbon during photosynthesis can lead
to heavy isotopic enrichment of algal OM, isotopic
change in sedimented OM of algal origin is indicative
of changes in paleoproductivity. The sediments of
Laguna Potrok Aike, however, cannot be attributed to
algal OM alone. Only the isotopic and TOC/TN
sedimentary data in the upper part of unit A are in
accordance with the geochemical signatures of dia-
tomaceous organic matter. In all other core sections
the scatter of the sedimentary data, their correlation
patterns and the Rock Eval results are not consistent
with an exclusive algal origin of sedimentary organic
matter. Moreover, the isotopic signatures themselves
point to changes in the organic matter composition.
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For instance, the extremely low 0'°N values in the
lower part of unit A and the extraordinary high values
in unit B cannot be explained with organic matter
signatures of entirely algal origin. These points
evidence varying contributions of supplementary
OM sources in almost all core sections. Especially
at the beginning of unit A, during the Lateglacial
period between 16,100 and 12,400 cal. yrs BP, and in
the course of unit C during the Late Holocene (1650—
570 cal. yrs BP), the '°N values are lower (down to
1.68%o) and the §'°C values and TOC/TN ratios are
higher (up to —21.72%o and 18.42, respectively) than
the ranges observed for diatomaceous ooze in the
dataset from Laguna Azul (Table 2) in particular, and
for algal OM in general (e.g., Elser et al. 2000). A
positive correlation between 513C0rg and 6'°N would
be expected if variations of these parameters were
driven by changes in aquatic primary productivity
(Gu et al. 1996; Finlay and Kendall 2007). In fact, a
negative correlation was observed in units A, C, D
and E whereas unit B exhibits no significant corre-
lation (Fig. 3). The fingerprint approach implies that
during periods with high 513C0rg values and low 6'°N
values significant amounts of aquatic macrophyte
and/or cyanobacterial OM were deposited, even
though algal OM was still a major sedimentary OM
component. On the other hand, the high SN values
in unit B imply that, in addition to diatomaceous
ooze, soil OM is a major constituent for this
stratigraphic level.

To further clarify to what extent the sediments
were composed of supplementary OM sources other
than diatomaceous ooze, the isotope correlation
trends of the sedimentary units A to E were compared
with the mixing lines between various sources in
513C0rg versus 6'°N space (Fig. 8). The two-end-
member mixing lines in the model presented in Fig. 8
are non-linear as isotopic values were weighted with
the element concentrations of the sources (cf. Phillips
and Koch 2002). With the exception of unit B, all
sedimentary isotope data plot within the field spanned
by aquatic macrophytes, cyanobacteria, diatomaceous
ooze and soils. Data of unit B plot close to the mixing
line between diatomaceous ooze and soil organic
matter although a large part of the data has lower
513C0rg values than both of these two sources. This
implies either that the soil end member is insuffi-
ciently represented by the modern data set for unit B
or that a presently unknown source contributed to the
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Fig. 8 Isotope mixing model in (513Cmg versus 0'°N space for
mixtures between diatom (D), soil (S), cyanobacteria (CB) and
aquatic macrophyte (AM) OM. Stars on two-end-member
mixing lines represent 20% intervals. The regression lines of
the five units are given as thin lines. Each of the lines of units
A, C, D, E coincides with a mixing line (bold line, colours as in
Fig. 3) between a CB/AM mixture on the one side and a D/S
mixture on the other side. The regression line of unit B is best
explained by a two-end member mixing between D and S

OM or that one of the identified sources has been
diagenetically overprinted. The bulk of data of all the
other units do not plot on any of the two-end-member
mixing lines. The regression lines of these units
imply general mixtures of diatomaceous ooze and
soil organic matter (DO/S) on the one end and
cyanobacteria and aquatic macrophytes (CB/AM) on
the other. Moreover the data points scatter consider-
ably along the mixing lines inferred from the
correlation trends. This implies that potentially the
isotopic signature of single OM sources may have
varied in time e.g., by physical and ecological
constraints for OM production, or that proportions
of the double end-members (DO/S and CB/AM,
respectively) were not constant as assumed above.
Therefore, the actual contributions of different
sources cannot be quantified unambiguously. Never-
theless the mixing model can give a rough estimation
about which sources potentially contributed to which
extent to bulk OM in the respective time slices.
Under the assumption that the end points of the
regression lines represent the end members of mixing
lines between DO/S mixtures on the one side and CB/
AM mixtures on the other side, new end-member
mixtures including all four sources can be determined
for every point on the regression line of every unit.
The composition of each point on the regression lines
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can then easily be estimated from DO/S-CB/AM
mixture calculations. By doing so, relative changes in
OM composition were determined and the long-term
isotopic trends modelled. Following this approach,
the sediment OM at the bottom of unit A consisted
mainly of diatomaceous ooze (31%) and cyanobac-
terial OM (52%) with minor admixtures of soil (11%)
and aquatic macrophyte (6%) OM. During the course
of unit A, the diatom fraction steadily increased to
73%, whereas all other sources diminish except for
soils (27%). At the base of unit B, the sedimentary
OM consists predominantly of soil OM with some
admixtures of diatoms. During unit C soil OM
decreases from 75% to 54% and diatom OM from
25% to 18%. At the same time cyanobacteria and
aquatic macrophyte OM increase from complete
absence at the beginning to 18% and 10% at the
end, respectively, according to the model estimations.
Unit D starts with 26% diatom OM concentrations
and admixtures of cyanobacteria (27%), soil (32%)
and aquatic macrophytes (15%) and ends up with a
mixture of 45% diatom and 55% soil OM. During the
course of unit E, the diatom and soil fractions lower
to 29% and 44%, respectively, and cyanobacterial
OM increases to 26%.

Although the geochemical datasets of OM
sources used here are more extensive than in many
other studies, they are still incomplete. Soils and
other sources with lower ' Corg may exist in the
catchment, and these were not sampled and
analysed so far. Moreover the possibility of alter-
ation of the original geochemical signal during
deposition and early diagenesis may exist although
we have no indications for this process at present.
In spite of the discussed differences, however, there
is in principle a high agreement between modelled
and actual measured isotopic trends. The isotopic
trends calculated using the input values of Table 2
reflect to a high degree the actual long-term trends
in the records, with the exception of the §'°C
values of unit B, which are too high in the model
(Fig. 9).

The modelling results can be further tested by
comparison with other geochemical data and micro-
fossil records from Laguna Potrok Aike (Fig. 9).
Quantitative information about algal concentrations
in the Laguna Potrok Aike sediment record comes
from palynological and diatomological investigations
(Wille et al. 2007). As evidenced by their resistant

cell walls, all algal palynomorphs recorded in pollen
slides belong to chlorococcalean green algae with a
predominance of Pediastrum kawraiskyi during the
Late Glacial and the Early Holocene and Botryococ-
cus cf. braunii and Pediastrum boryanum occurring
in lower amounts (Wille et al. 2007). Algal pal-
ynomorph concentrations are extremely high (up to
2.3 x 10° counts per ml sediment) in the Late Glacial
and the Early Holocene (unit A) and decrease
substantially at about the same time when sedimen-
tation rates increase drastically around 8470 cal. yrs
BP (Fig. 9). Thereafter, algal palynomorph concen-
tration remains low and never exceeds 8.8 x 10°
individuals per ml. Similar to algal palynomorph
amounts, diatom concentrations are high throughout
the Late Glacial and the Early Holocene (up to
5.6 x 10® frustules per mg) and decrease rapidly
around 8400 cal. yrs BP to concentrations as low as
2.1 x 10° frustules per mg (Fig. 9). Unlike algal
palynomorphs, however, diatom concentration recov-
ers until 6700 cal. yrs BP at latest (2.8 x 10’
frustules per mg) and remains high with fluctuations.

The results of microfossil quantifications confirm
our interpretations based upon TOC/TN values and
isotopic data. In units A and C, diatom concentrations
are rather high (on average 1.7 x 10® frustules per
mg in unit A and 0.9 x 10® frustules per mg in unit
C) and agree with the inference from isotopic
fingerprints that diatomaceous ooze is one of the
most important OM constituent during all periods,
except of unit B. Decreasing algal concentration
(both diatoms and chlorococcalean green algae)
between 8400 and 7400 cal. yrs BP (unit B) is
consistent with a high OM input from lake-external
sources (i.e., soils). Sediment accumulation rates
(SAR) for both diatom frustules and algal pal-
ynomorphs belonging to chlorococcalean green
algae were calculated to determine whether algal
productivity actually decreased in unit B or lower
diatom concentrations reflect dilution due to higher
rates of sedimentation from external sources. These
data (Fig. 9) imply that diatom productivity in the
first half of unit B was even higher than before and
therefore almost complete absence of diatom OM and
other sources during unit B is likely caused by
dilution effects. In fact the sedimentation rate is more
than ten-fold higher during the deposition of unit B
than during the preceding unit (Fig. 9), supporting a
dilution effect.
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Fig. 9 Lake level Unit
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At first sight, the Rock Eval analyses seem to
disagree with the OM composition inferred from
TOC/TN, isotopic and microfossil records. None of
the data points in Fig. 7a plot close to the type I
pathway, which originally was referred to as lipid-
rich kerogen of lacustrine environments with high HI
and low OI such as algal and microbial material
(Tissot and Welte 1978). The HI values typify
kerogens of all units of the Laguna Potrok Aike
record either as type III or as a mixture of type II
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and III. Type II kerogens were originally related to
marine sediments with contributions of OM derived
from phytoplankton, zooplankton and microorgan-
isms, whereas type III kerogen was related to
terrestrial vascular plants (Tissot and Welte 1978).
However, this original classification established for
mature rocks may not be valid for young Quaternary
sediments. More recent publications (Meyers and
Teranes 2001; Liiniger and Schwark 2002) suggest
that HI values of 250-600 mg HC/g TOC (and thus
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type II kerogen) are characteristic of immature
Quaternary lacustrine kerogen of algal origin. Fol-
lowing these approaches, the sedimentary kerogens
of Laguna Potrok Aike are of vascular plant origin
(type III) or a mixture between vascular plants and
algal OM (type II). The S, versus TOC plot (Fig. 7b)
clearly shows an increase of type II kerogen with
rising TOC. Accordingly, type II kerogens would
predominate in sections with high TOC, especially in
unit A. This is in partial agreement to the results
obtained from the two-isotope modelling approach
used to characterize OM composition. As outlined
above, these results imply a predominance of diatom
OM in the upper parts of unit A and D.
Discrepancies between OM composition inferred
from Rock Eval analysis and other methods can be
related also to alterations of HI and OI values during
and after deposition. Organic matter oxidation
decreases the hydrogen content of hydrocarbon-rich
material such as algal OM and increases its oxygen
content (Meyers and Teranes 2001). Changes in
water depth or lake circulation may have caused
variable oxygenation of profundal zones. For exam-
ple, some of the major HI variations in the sediment
record of Lake Malawi were attributed to periodic
oxygenation at the lake floor (Filippi and Talbot
2005). A trend towards lower Fe/Mn ratios in the
Early Holocene was interpreted as the result of a
prevalence of more oxic conditions at the bottom of
Laguna Potrok Aike during this period (Haberzettl
et al. 2007), which is in agreement with lower
corrected HI values in unit C than in units A and B
(Fig. 6b). A plausible explanation for a higher
oxygenation of the lake bottom during the Early
Holocene at Laguna Potrok Aike is an enhanced lake
circulation pattern induced by more wind stress. An
intensification of the Southern Hemispheric Wester-
lies is evidenced for the Holocene at various places in
southernmost South America (Lamy et al. 2001;
Jenny et al. 2003; Gilli et al. 2005). At Laguna Potrok
Aike, the increase of allochthonous pollen input from
Andean forests suggests that an intensification to
modern wind conditions started at 9200 cal. yrs BP
(Mayr et al. 2007), i.e., shortly before the beginning
of sedimentary unit B. These changes in wind
intensities may have affected the mixis of the lake
and thus oxic conditions at the lake bottom. For that
reason, Rock Eval data of original OM sedimentary
sources of Laguna Potrok Aike may have been

modified by varying oxidation due to changes in the
mixing conditions of the lake.

Linkages between OM composition
and hydrological changes

The TOC/TN ratios and isotope variations of the
short core PTA02/4 from Laguna Potrok Aike that
covers the last 1600 years of the much longer record
presented here were previously interpreted as changes
in the mixture between aquatic macrophyte and algal
OM (Haberzettl et al. 2005). These parameters were
then used as proxy for shoreline proximity. Enhanced
input of OM from aquatic macrophytes was thought
to take place preferentially during low lake levels,
because then their shallow-water habitats advance
towards the coring location (Haberzettl et al. 2005).
Radiocarbon-dated, outcropping lacustrine deposits
supported this hypothesis. Mammal bones deposited
in fluvio-lacustrine sediments exposed up to 9 m
above present lake level were dated to AD 1670-
1965 and point to a high lake-level stand during a
period probably time-equivalent to the “Little Ice
Age” in the Northern Hemisphere (Haberzettl et al.
2005).

The new isotope model that considers two more
OM sources allows a more differentiated reconstruc-
tion of OM deposition processes in the lake.
Contemporary to the most recent highstand, the
sediment OM of the central core reveals 515N,
513C0rg and TOC/TN values which are in the range
of diatomaceous organic matter with some admixture
of soil organic matter. Immediately before (1650-
570 cal. yrs BP), isotopic and TOC/TN data point to
a relatively higher amounts of aquatic macrophyte
debris and cyanobacterial OM admixed to diatoma-
ceous and soil OM. Based also on other proxies
(mainly inorganic carbon contents and Ti), this
interval was attributed to a dry period (“Medieval
Climate Anomaly”, MCA; Haberzettl et al. 2005).
However, a period with a much more pronounced low
lake-level stand has been substantiated recently by
radiocarbon dates and seismic investigations (Haber-
zettl et al. 2008; Anselmetti et al., in press)
outranging the MCA lake level lowstand at Laguna
Potrok Aike by far. An unconformity was detected
basin-wide by seismic investigations. It forms a
terrace level about 30 m below the present-day lake
level at the coring site of PTA03/6 (Haberzettl et al.
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2008). A minimum age for this extremely low lake
level was derived from correlations between seismic
profiles and radiocarbon-dated sediment cores.
Accordingly, the extreme low lake-level stand
occurred shortly before 6790 cal. yrs BP, as contin-
uous sedimentation on the lake-level terrace
commenced during that time (Haberzettl et al.
2008). Notably, in the core from the lake centre a
section of 6.5 m was deposited in only about
1400 years in the period 8700-7300 cal. yrs BP
representing the phase of extremely high sedimenta-
tion rates. Probably this period reflects the time with
the lowest lake level stand and intensified soil erosion
from the crater slopes. Increased soil OM input
coincides with markedly higher sedimentation rates
and high Ti concentrations, a measure of allochtho-
nous sediment input (Haberzettl et al. 2007; Mayr
et al. 2007) during this time interval (Fig. 9). Most
likely, the period of the extreme low lake-level stand
therefore corresponds to the geochemically charac-
terized unit B discussed here, in which soil OM
predominates, whereas contributions from other OM
sources, in particular aquatic macrophytes and cya-
nobacteria, were negligibly low due to dilution
effects.

Probably extremely dry conditions prevailed dur-
ing the low lake-level stand and the vegetation cover
was thinned supporting erosion of soils by wind and
surface runoff. Moreover, a lower lake level could
have resulted in deeper incisions of the episodic
creeks during sporadic heavy rainfalls which would
carry eroded soil material into the lake. Thus, the
anomalously high §'°N signatures of unit B could
provide information about the timing and exact
duration of this extreme period. Accordingly, the
driest probable period during the Holocene in the
catchment area of Laguna Potrok Aike occurred from
about 8500 to 7400 cal. yrs BP.

One reason for this drought period could have
been the already mentioned increase in west wind
strength. The lowermost lake level occurs within a
period of maximum west wind intensity as suggested
by enhanced deposition of long-distance transported
Andean forest pollen (Mayr et al. 2007). Addition-
ally, enhanced wave erosion could have contributed
eroded littoral material to the lake during the
formation of the presently submeged lake level
terrace. These eroded lacustrine sediments were
predominantly of Last-Glacial age and had different
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OM origin and geochemical signatures (Haberzettl
et al. 2008). It can be assumed that the reworked
material mixed with currently produced algal OM
and eroded soil and finally was redeposited in the
lake centre as illustrated also in the extreme sedi-
mentation rates during this period (Fig. 9). The
deposition of older carbon from soils and re-worked
lacustrine deposits is manifested in radiocarbon age
reversals detected for this section (Haberzettl et al.
2007).

The assumption of Haberzettl et al. (2005) of
predominance of algal OM in the Laguna Potrok Aike
record during comparatively wet phases may still be
valid given the new data from the much longer
record. However, the sedimentary composition is
more complex than previously assumed and cannot
be explained by two-end-member mixing models
alone. Moreover, sedimentary responses to drier
climatic conditions apparently were different during
the previously inferred MCA than during the inferred
extremely dry period between 8500 and 7400 cal. yrs
BP.

An extensive discussion about the likely reasons
for changes in the proportions of OM from cyano-
bacteria versus diatoms goes beyond the scope of
this article. Nevertheless it should be mentioned that
changes in the nutrient budget or depositional
processes may be responsible for these long-term
shifts. Regarding the first argument, a main factor
determining whether cyanobacteria, algae or aquatic
macrophytes dominate in a lake is nutrient avail-
ability (Tilman et al. 1982; Vitousek and Howarth
1991). Nitrogen rather than phosphorus is apparently
limiting phytoplankton growth in present-day
Laguna Potrok Aike (Zolitschka et al. 2006). Nitro-
gen-fixing cyanobacteria have a competitive
advantage over non-fixing phytoplankton organisms
under such low N/P conditions as in Laguna Potrok
Aike (Tilman et al. 1982). Nitrogen fixation itself
can be limited by supply of other nutrients and
energetic, ecological and physical constraints (Vito-
usek and Howarth 1991). At Laguna Potrok Aike,
nitrogen limitation may be coupled to N-influx from
external sources and variable extents of dust depo-
sition, surface inflow, permanent groundwater inflow
and precipitation might have had an influence on the
nitrate supply to the lake. Additionally, short-term
lake-level fluctuations due to rapid hydrological
changes might have supplied varying amounts of
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aquatic macrophyte/cyanobacterial versus algal OM.
The presence of aquatic macrophyte OM for certain
sediment sections could be explained by rapidly
falling lake levels, which can cause massive mortal-
ity among aquatic macrophytes or even their
complete extinction at respective depth levels, as
reported for a shallow tropical lake (Havens et al.
2001). On the other hand, light attenuation due to
enhanced phytoplankton growth (Krause-Jensen and
Sand-Jensen 1998) and generally high loads of
suspended particles can further diminish aquatic
macrophyte populations for longer periods (Schelske
et al. 1995; Kenney et al. 2002). However, which of
these factors indeed played a role for variations of
OM composition in Laguna Potrok Aike remains the
object for further studies.

Conclusion

The applied geochemical fingerprint approach and the
correlation patterns of isotopic and geochemical data
have demonstrated that the sediments of Laguna
Potrok Aike consist mainly of diatom and soil OM
with varying contributions of other OM sources
during the last 16,100 years with the exception of
the period between 8470 and 7400 cal yrs BP. More
extensive investigations of the geochemical signatures
of potential OM sources and inter-core comparisons
suggest that, apart from diatoms, aquatic macro-
phytes, cyanobacteria and soil OM contribute to bulk
OM to various extents at different time intervals.
Between 16,100 and 8470 cal. yrs BP (unit A) trends
towards gradually increasing 6'°N and decreasing
513C0rg and TOC/TN values indicate a decrease of the
OM fraction from cyanobacteria and a relative
increase of diatoms. Thereafter, the nitrogen isotope
composition of sediments deposited between 8400
and 7400 cal. yrs BP (unit B) implies increased input
of soil OM during an extreme lake level lowstand.
After 7400 cal. yrs BP generally decreasing ¢'°N
values and increasing 5]3C0rg and TOC/TN values
reflect a gradual decrease of soil OM deposition and
relatively constant diatom OM deposition, but
increasing contributions of cyanobacterial and to a
lesser extent aquatic macrophyte OM. The last
1100 years are exceptional, because isotopic trends
are reversed with regard to the period before, whereas
TOC/TN ratios show no change. For that period

increases in diatomaceous and soil OM in the isotope
mixing model reflect the response to a rising lake level
culminating in the high lake-level stand during the so-
called Little Ice Age. It was further demonstrated that
the sediment cores from the submerged lake-level
terrace in 30 m water depth and from the central basin
exhibit similar isotopic and TOC/TN variations after
the Mid-Holocene low lake level. This highlights the
potential to synchronize isotopic variations in sedi-
ment cores basin-wide as has been demonstrated
before at the smaller Patagonian lake of Laguna Azul
(Mayr et al. 2005).

Acknowledgements We are grateful to H. Wissel for
assistance with isotope analyses and to S. Stahl for elemental
analyses. The authors thank H. Kling for inspiring discussions
about and determination of cyanobacteria. L. Hedenids is
thanked for determining aquatic mosses. Logistic support
by C. Kennard, J. Moreteau, and G. Oliva is gratefully
acknowledged. The article benefited greatly from the
suggestions of P. Meyers and an anonymous reviewer and
we thank T. Whitmore for editorial handling. This research was
financially supported by the German Federal Ministry of
Education and Research in the framework of the German
Climate Research Program DEKLIM (Grants 01 LD 0034 and
0035).

References

Anderson L (1995) On the hydrogen and oxygen content of
marine phytoplankton. Deep Sea Res Part I Oceanogr Res
Pap 42:1675-1680. doi:10.1016/0967-0637(95)00072-E

Anselmetti FS, Ariztegui D, De Batist M, Gebhardt C, Hab-
erzettl T, Niessen F et al Environmental history of
southern Patagonia unraveled by the seismic stratigraphy
of Laguna Potrok Aike. Sedimentology (in press)

Ariztegui D, Chondrogianni C, Lami A, Guilizzoni P, Lafargue
E (2001) Lacustrine organic matter and the Holocene pa-
leoenvironmental record of Lake Albano (central Italy). J
Paleolimnol 26:283-292. doi:10.1023/A:1017585808433

Bade DL, Carpenter SR, Cole JJ, Hanson PC, Hesslein RH
(2004) Controls of §'*C-DIC in lakes: geochemistry, lake
metabolism, and morphometry. Limnol Oceanogr
49:1160-1172

Battarbee RW (1986) Diatom analysis. In: Berglund BE (ed)
Handbook of Holocene palacoecology and palaeohydrol-
ogy. Wiley, New York, pp 527-570

Battarbee RW, Kneen MJ (1982) The use of electronically
counted microspheres in absolute diatom analysis. Limnol
Oceanogr 27:184-188

Best EPH, Dassen JHA, Boon JJ, Wiegers G (1990) Studies on
decomposition of Ceratophyllum demersum litter under
laboratory and field conditions: losses of dry mass and
nutrients, qualitative changes in organic compounds and
consequences for ambient water and sediments. Hydro-
biologia 194:91-114

@ Springer


http://dx.doi.org/10.1016/0967-0637(95)00072-E
http://dx.doi.org/10.1023/A:1017585808433

100

J Paleolimnol (2009) 42:81-102

Brenner M, Whitmore TJ, Curtis JH, Hodell DA, Schelske CL
(1999) Stable isotope (3'*C and §'°N) signatures of sed-
imented organic matter as indicators of historic lake
trophic state. J Paleolimnol 22:205-221. doi:10.1023/A:
1008078222806

Delégue M-A, Fuhr M, Schwartz D, Mariotti A, Nasi R (2001)
Recent origin of a large part of the forest cover in the
Gabon coastal area based on stable carbon isotope data.
Oecologia 129:106-113. doi:10.1007/s004420100696

Ehleringer JR (1991) '*C/'C fractionation and its utility in
terrestrial plant studies. In: Fry B (ed) Carbon isotope
techniques. Academic Press, New York, pp 187-200

Elser JJ, Fagan WF, Denno RF, Dobberfuhl DR, Folarin A,
Huberty A et al (2000) Nutritional constraints in terrestrial
and freshwater food webs. Nature 408:578-580. doi:
10.1038/35046058

Espie GS, Miller AG, Kandasamy RA, Canvin DT (1991)
Active HCO;™ transport in cyanobacteria. Can J Bot
69:936-944. doi:10.1139/b91-120

Espitalié J, Laporte JL, Madec M, Marquis F, Leplat P, Paulet J
et al (1977) Méthode rapide de caractérisation des roches
meéres de leur potentiel pétrolier et de leur degré d’evo-
lution. Rev Inst Fr Pet 32:23-42

Espitalié J, Deroo G, Marquis F (1985) La pyrolyse Rock-Eval
et ses applications. Rev Inst Fr Pet 40:755-784

Faegri K, Iversen J (1989) Textbook of pollen analysis, 4th
edn. Wiley, Chichester, 328 pp

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon iso-
tope discrimination and photosynthesis. Annu Rev Plant
Physiol Plant Mol Biol 40:503-537. doi:10.1146/annurev.
pp-40.060189.002443

Filippi ML, Talbot MR (2005) The paleolimnology of northern
Lake Malawi over the last 25 ka based upon the elemental
and stable isotopic composition of sedimentary organic
matter. Quat Sci Rev 24:1303-1328. doi:10.1016/
j-quascirev.2004.10.009

Finlay JC, Kendall C (2007) Stable isotope tracing of temporal
and spatial variability in organic matter sources to fresh-
water ecosystems. In: Michener R, Lajtha K (eds) Stable
isotopes in ecology and environmental science. Blackwell,
Oxford, pp 283-333

Gilli A, Ariztegui D, Anselmetti F, McKenzie JA, Markgraf V,
Hajdas I et al (2005) Mid-Holocene strengthening of the
southern westerlies in South America—sedimentological
evidences from Lago Cardiel, Argentina (49°S). Glob
Planet Change 49:75-93. doi:10.1016/j.gloplacha.2005.
05.004

Gu B, Schelske CL, Brenner M (1996) Relationship between
sediment and plankton isotope ratios (6'>C and ¢'°N) and
primary productivity in Florida lakes. Can J Fish Aquat
Sci 53:875-883. doi:10.1139/cjfas-53-4-875

Haberzettl T, Fey M, Liicke A, Maidana NI, Mayr C, Ohlen-
dorf C et al (2005) Climatically induced lake level
changes during the last two millennia as reflected in
sediments of Laguna Potrok Aike, southern Patagonia
(Santa Cruz, Argentina). J Paleolimnol 33:283-302. doi:
10.1007/s10933-004-5331-z

Haberzettl T, Corbella H, Fey M, Janssen S, Liicke A, Mayr C
et al (2007) Lateglacial and Holocene wet—dry cycles in
southern Patagonia: chronology, sedimentology and geo-
chemistry of a lacustrine record from Laguna Potrok Aike,

@ Springer

Argentina. Holocene 17:297-310. doi:10.1177/095968
3607076437

Haberzett]l T, Kiick B, Wulf S, Anselmetti F, Ariztegui D, Fey
M et al (2008) Hydrological variability in southeastern
Patagonia and explosive volcanic activity in the southern
Andean Cordillera during Oxygen Isotope Stage 3 and the
Holocene inferred from lake sediments of Laguna Potrok
Aike, Argentina. Palacogeogr Palaeoclimatol Palaeoecol
259:213-229. doi:10.1016/j.palaeo.2007.10.008

Hassan KM, Swineheart JB, Spalding RF (1997) Evidence for
Holocene environmental change from C/N ratios, and
8"3C and 6"°N values in Swan Lake, western Sand Hills,
Nebraska. J Paleolimnol 18:121-130. doi:10.1023/A:1007
993329040

Havens KE, Hauxwell J, Tyler AC, Thomas S, McGlathery KJ,
Cebrian J et al (2001) Complex interactions between
autotrophs in shallow marine and freshwater ecosystems:
implications for community responses to nutrient stress.
Environ Pollut 113:95-107. doi:10.1016/S0269-7491(00)
00154-8

Hecky RE, Campbell P, Hendzel LL (1993) The stoichiometry
of carbon, nitrogen, and phosphorus in particulate matter
of lakes and oceans. Limnol Oceanogr 38:709-724

Hodell DA, Schelske CL (1998) Production, sedimentation,
and isotopic composition of organic matter in Lake
Ontario. Limnol Oceanogr 43:200-214

Hollander DJ, McKenzie JA (1991) CO, control on carbon-
isotope fractionation during aqueous photosynthesis: a
paleo-pCO, barometer. Geology 19:929-932. doi:10.1130/
0091-7613(1991)019<0929:CCOCIF>2.3.CO;2

Jenny B, Wilhelm D, Valero-Garcés BL (2003) The southern
westerlies in Central Chile: Holocene precipitation esti-
mates based on a water balance model for Laguna Aculeo
(33°50’ S). Clim Dyn 20:269-280

Kaushal S, Binford MW (1999) Relationship between C:N
ratios of lake sediments, organic matter sources, and
historical deforestation in Lake Pleasant, Massachusetts,
USA. J Paleolimnol 22:439-442. doi:10.1023/A:1008027
028029

Keeley JE, Sandquist DR (1992) Carbon: freshwater plants.
Plant Cell Environ 15:1021-1035. doi:10.1111/j.1365-
3040.1992.tb01653.x

Kenney WF, Waters MN, Schelske CL, Brenner M (2002)
Sediment records of phosphorus-driven shifts to phyto-
plankton dominance in shallow Florida lakes. J
Paleolimnol 27:367-377. doi:10.1023/A:1016075012581

Krause-Jensen D, Sand-Jensen K (1998) Light attenuation and
photosynthesis of aquatic plant communities. Limnol
Oceanogr 43:396-407

Lamy F, Hebbeln D, Rohl U, Wefer G (2001) Holocene rainfall
variability in southern Chile: a marine record of latitudinal
shifts of the Southern Westerlies. Earth Planet Sci Lett
185:369-382. doi:10.1016/S0012-821X(00)00381-2

Langford FF, Blanc-Valleron M-M (1990) Interpreting Rock-
Eval pyrolysis data using graphs of pyrolizable hydro-
carbons vs. total organic carbon. AAPG Bull 74:799-804.
doi:10.1306/20B23309-170D-11D7-8645000102C1865D

Lehmann MF, Bernasconi SM, Barbieri A, McKenzie JA
(2002) Preservation of organic matter and alteration of its
carbon and nitrogen isotope composition during simulated
and in situ early sedimentary diagenesis. Geochim


http://dx.doi.org/10.1023/A:1008078222806
http://dx.doi.org/10.1023/A:1008078222806
http://dx.doi.org/10.1007/s004420100696
http://dx.doi.org/10.1038/35046058
http://dx.doi.org/10.1139/b91-120
http://dx.doi.org/10.1146/annurev.pp.40.060189.002443
http://dx.doi.org/10.1146/annurev.pp.40.060189.002443
http://dx.doi.org/10.1016/j.quascirev.2004.10.009
http://dx.doi.org/10.1016/j.quascirev.2004.10.009
http://dx.doi.org/10.1016/j.gloplacha.2005.05.004
http://dx.doi.org/10.1016/j.gloplacha.2005.05.004
http://dx.doi.org/10.1139/cjfas-53-4-875
http://dx.doi.org/10.1007/s10933-004-5331-z
http://dx.doi.org/10.1177/0959683607076437
http://dx.doi.org/10.1177/0959683607076437
http://dx.doi.org/10.1016/j.palaeo.2007.10.008
http://dx.doi.org/10.1023/A:1007993329040
http://dx.doi.org/10.1023/A:1007993329040
http://dx.doi.org/10.1016/S0269-7491(00)00154-8
http://dx.doi.org/10.1016/S0269-7491(00)00154-8
http://dx.doi.org/10.1023/A:1008027028029
http://dx.doi.org/10.1023/A:1008027028029
http://dx.doi.org/10.1111/j.1365-3040.1992.tb01653.x
http://dx.doi.org/10.1111/j.1365-3040.1992.tb01653.x
http://dx.doi.org/10.1023/A:1016075012581
http://dx.doi.org/10.1016/S0012-821X(00)00381-2
http://dx.doi.org/10.1306/20B23309-170D-11D7-8645000102C1865D

J Paleolimnol (2009) 42:81-102

101

Cosmochim Acta 66:3573-3584. doi:10.1016/S0016-70
37(02)00968-7

Liicke A, Brauer A (2004) Biogeochemical and micro-facial
fingerprints of ecosystem response to rapid Late Glacial
climatic changes in varved sediments of Meerfelder Maar
(Germany). Palacogeogr Palacoclimatol Palaeoecol
211:139-155

Liiniger G, Schwark L (2002) Characterisation of sedimentary
organic matter by bulk and molecular geochemical prox-
ies: an example from Oligocene maar-type Lake Enspel,
Germany. Sediment Geol 148:275-288. doi:10.1016/
S0037-0738(01)00222-6

Mackie EA, Leng MJ, Lloyd JM, Arrowsmith C (2005) Bulk
organic 0'>C and C/N ratios as palacosalinity indicators
within a Scottish isolation basin. J Quat Sci 20:303-312.
doi:10.1002/jqs.919

Macko SA, Fogel(Estep) ML, Hare PE, Hoering TC (1987)
Isotopic fractionation of nitrogen and carbon in the syn-
thesis of amino acids by microorganisms. Chem Geol
65:79-92. doi:10.1016/0009-2541(87)90196-3  (Isotope
Geosc Section)

Mayr C, Fey M, Haberzettl T, Janssen S, Liicke A, Maidana NI
et al (2005) Palacoenvironmental changes in southern
Patagonia during the last millennium recorded in lake
sediments from Laguna Azul (Argentina). Palacogeogr
Palaeoclimatol Palacoecol 228:203-227. doi:10.1016/
j-palaeo.2005.06.001

Mayr C, Wille M, Haberzettl T, Fey M, Janssen S, Liicke A
et al (2007) Holocene variability of the Southern Hemi-
sphere westerlies in Argentinean Patagonia (52°S). Quat
Sci Rev 26:579-584. doi:10.1016/j.quascirev.2006.11.013

McKenzie JA (1985) Carbon isotopes and productivity in the
lacustrine and marine environment. In: Stumm W (ed)
Chemical processes in lakes. Wiley, New York, pp 99-118

Meyers PA (1994) Preservation of elemental and isotopic
source identification of sedimentary organic matter. Chem
Geol 114:289-302. doi:10.1016/0009-2541(94)90059-0

Meyers PA (2003) Applications of organic geochemistry to
paleolimnological reconstructions: a summary of exam-
ples from the Laurentian Great Lakes. Org Geochem
34:261-289. doi:10.1016/S0146-6380(02)00168-7

Meyers PA, Teranes JL (2001) Sediment organic matter. In:
Last WM, Smol JP (eds) Tracking environmental change
using lake sediments, vol 2. Kluwer Academic Publica-
tions, Dordrecht, pp 239-269

Meyers PA, Leenheer MJ, Bourbonniere RA (1995) Diagenesis
of vascular plant organic matter components during burial
in lake sediments. Aquat Geochem 1:35-52. doi:
10.1007/BF01025230

Mook WG, Bommerson JC, Staverman WH (1974) Carbon
isotope fractionation between dissolved bicarbonate and
gaseous carbon dioxide. Earth Planet Sci Lett 22:169-176.
doi:10.1016/0012-821X(74)90078-8

Oliva G, Gonzalez L, Rial P, Livraghi E (2001) El ambiente en
la Patagonia Austral. In: Borrelli P, Oliva G (eds) Gan-
aderfa Ovina Sustentable en la Patagonia Austral. INTA
Centro Regional Patagonia Sur, Buenos Aires, pp 19-82

Peters KE, Sweeney RE, Kaplan IR (1978) Correlation of
carbon and nitrogen stable isotope ratios in sedimentary
organic matter. Limnol Oceanogr 23:598-604

Phillips DL, Koch PL (2002) Incorporating concentration
dependence in stable isotope mixing models. Oecologia
130:114-125

Prohaska F (1976) The climate of Argentina, Paraguay and
Uruguay. In: Schwerdtfeger W (ed) Climates of Central
and South America. Elsevier, New York, pp 13-112

Quay PD, Emerson SR, Quay BM, Devol AH (1986) The
carbon cycle for Lake Washington—a stable isotope
study. Limnol Oceanogr 31:596-611

Sand-Jensen K (1987) Environmental control of bicarbonate
use among freshwater and marine macrophytes. In:
Crawford RMM (ed) Plant life in aquatic and amphibious
habitats. Blackwell Scientific, Oxford, pp 99-112

Schachtschabel P, Blume H-P, Brimmer G, Hartge K-H,
Schwertmann U (1992) Lehrbuch der Bodenkunde. Fer-
dinand Enke Verlag, Stuttgart

Schelske CL, Hodell DA (1991) Recent changes in produc-
tivity and climate of Lake Ontario detected by isotopic
analyses of sediments. Limnol Oceanogr 36:961-975

Schelske CL, Carrick HJ, Aldridge FJ (1995) Can wind-
induced resuspension of meroplankton affect phyto-
plankton dynamics? J N Am Benthol Soc 14:616-630.
doi:10.2307/1467545

Schnurrenberger D, Russell J, Kelts K (2003) Classification of
lacustrine sediments based on sedimentary components. J
Paleolimnol 29:141-154. doi:10.1023/A:1023270324800

Schubert CJ, Calvert SE (2001) Nitrogen and carbon isotopic
composition of marine and terrestrial organic matter in
Arctic Ocean sediments: implications for nutrient utili-
zation and organic matter composition. Deep Sea Res Part
I Oceanogr Res Pap 48:789-810. doi:10.1016/S0967-
0637(00)00069-8

Spence DHN, Maberly SC (1985) Occurrence and ecological
importance of HCO;™ use among aquatic higher plants.
In: Lucas WJ, Berry JA (eds) Inorganic carbon uptake by
aquatic photosynthetic organisms. Am Soc Plant Physiol,
Rockville, pp 125-143

Stockmarr J (1971) Tablets with spores used in absolute pollen
analysis. Pollen Spores 13:615-621

Talbot MR, Livingstone DA (1989) Hydrogen Index and car-
bon isotopes of lacustrine organic matter as lake level
indicators.  Palacogeogr Palaeoclimatol  Palaeoecol
70:121-137. doi:10.1016/0031-0182(89)90084-9

Talbot MR, Johannessen T (1992) A high resolution palaeo-
climatic record for the last 27,500 years in tropical West
Africa from the carbon and nitrogen isotopic composition
of lacustrine organic matter. Earth Planet Sci Lett 110:23—
37. doi:10.1016/0012-821X(92)90036-U

Talbot MR, Leardal T (2000) The Late Pleistocene—Holocene
palaeolimnology of Lake Victoria, East Africa, based
upon elemental and isotopic analyses of sedimentary
organic matter. J Paleolimnol 23:141-164. doi:10.1023/A:
1008029400463

Teranes JL, Bernasconi SM (2000) The record of nitrate uti-
lization and productivity limitation provided by §'°N
values in lake organic matter—a study of sediment trap
and core sediments from Baldeggersee, Switzerland.
Limnol Oceanogr 45:801-813

Tilman D, Kilham SS, Kilham P (1982) Phytoplankton com-
munity ecology: the role of limiting nutrients. Annu Rev

@ Springer


http://dx.doi.org/10.1016/S0016-7037(02)00968-7
http://dx.doi.org/10.1016/S0016-7037(02)00968-7
http://dx.doi.org/10.1016/S0037-0738(01)00222-6
http://dx.doi.org/10.1016/S0037-0738(01)00222-6
http://dx.doi.org/10.1002/jqs.919
http://dx.doi.org/10.1016/0009-2541(87)90196-3
http://dx.doi.org/10.1016/j.palaeo.2005.06.001
http://dx.doi.org/10.1016/j.palaeo.2005.06.001
http://dx.doi.org/10.1016/j.quascirev.2006.11.013
http://dx.doi.org/10.1016/0009-2541(94)90059-0
http://dx.doi.org/10.1016/S0146-6380(02)00168-7
http://dx.doi.org/10.1007/BF01025230
http://dx.doi.org/10.1016/0012-821X(74)90078-8
http://dx.doi.org/10.2307/1467545
http://dx.doi.org/10.1023/A:1023270324800
http://dx.doi.org/10.1016/S0967-0637(00)00069-8
http://dx.doi.org/10.1016/S0967-0637(00)00069-8
http://dx.doi.org/10.1016/0031-0182(89)90084-9
http://dx.doi.org/10.1016/0012-821X(92)90036-U
http://dx.doi.org/10.1023/A:1008029400463
http://dx.doi.org/10.1023/A:1008029400463

102

J Paleolimnol (2009) 42:81-102

Ecol Syst 13:349-372. doi:10.1146/annurev.es.13.110
182.002025

Tissot BP, Welte DH (1978) Petroleum formation and occur-
rence. Springer, Berlin

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land
and in the sea: how can it occur? Biogeochemistry 13:87—
115. doi:10.1007/BF00002772

Wada E (1980) Nitrogen isotope fractionation and its signifi-
cance in biogeochemical processes occuring in marine
environments. In: Goldberg ED, Horibe Y, Saruhashi
(eds) Isotope marine chemistry. Uchida Rokakuho,
Tokyo, pp 375-398

Wada E, Hattori A (1976) Natural abundance of '*N in par-
ticulate organic matter in the North Pacific Ocean.
Geochim Cosmochim Acta 40:249-251. doi:10.1016/
0016-7037(76)90183-6

@ Springer

Wetzel RG (2001) Limnology—Ilake and river ecosystems.
Academic Press, San Diego

Wilkes H, Ramrath A, Negendank JEW (1999) Organic geo-
chemical evidence for environmental changes since
34,000 yrs BP from Lago di Mezzano, central Italy. J
Paleolimnol 22:349-365. doi:10.1023/A:1008051821898

Wille M, Maidana NI, Schébitz F, Fey M, Haberzettl T, Janssen
S et al (2007) Vegetation and climate dynamics in southern
South America: the microfossil record of Laguna Potrok
Aike, Santa Cruz, Argentina. Rev Palaeobot Palynol
146:234-246. doi:10.1016/j.revpalbo.2007.05.001

Zolitschka B, Schibitz F, Liicke A, Corbella H, Ercolano B,
Fey M et al (2006) Crater lakes of the Pali Aike Volcanic
Field as key sites for paleoclimatic and paleoecological
reconstructions in southern Patagonia, Argentina. J S Am
Earth Sci 21:294-309. doi:10.1016/j.jsames.2006.04.001


http://dx.doi.org/10.1146/annurev.es.13.110182.002025
http://dx.doi.org/10.1146/annurev.es.13.110182.002025
http://dx.doi.org/10.1007/BF00002772
http://dx.doi.org/10.1016/0016-7037(76)90183-6
http://dx.doi.org/10.1016/0016-7037(76)90183-6
http://dx.doi.org/10.1023/A:1008051821898
http://dx.doi.org/10.1016/j.revpalbo.2007.05.001
http://dx.doi.org/10.1016/j.jsames.2006.04.001

	Isotopic fingerprints on lacustrine organic matter from Laguna Potrok Aike (southern Patagonia, Argentina) reflect environmental changes during the last 16,000 years
	Abstract
	Introduction
	Site description
	Material and methods
	Core recovery and processing
	Stable isotope analyses
	Rock Eval analyses
	Elemental analyses
	Additional data sets
	Microfossil records
	Isotope mixing model and statistics

	Results
	Sediment traps
	Composite profile from the lake centre
	Geochemical results from the shallow water core (PTA03/6)
	TOC/TN and isotopic signatures of potential OM sources
	Rock Eval results

	Discussion
	Origin of sedimentary OM
	Linkages between OM composition �and hydrological changes

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


