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ABSTRACT

When using biomarkers such as n-alkanes as tools for paleo-environmental
reconstructions, it is imperative to determine their specific sources for each
setting. Towards that goal, we analysed a set of various potential organic
matter (OM) sources such as aquatic and terrestrial plants, dust, and soils
from Laguna Potrok Aike (LPA) and surrounding areas in Southern
Patagonia. We determined chain length distributions and hydrogen (6D) and
carbon (313C) isotopic compositions of n-alkanes of different OM sources in
order to quantify their relative contributions to lake sediments. Our results
reveal that mid-chain n-alkane, n-Cz23, is predominantly produced by
submerged aquatic plants, whereas long-chain n-alkanes (n-Cag to n-Csi1) are
derived from various terrestrial sources. We estimated their relative
contributions to the sediment using two approaches, i.e. based on the n-
alkane distributions and their 8D and 613C values. Both approaches result
in similar estimates of aquatic and terrestrial contributions for mid- and
long-chain n-alkanes to the sediment. 62-73% of the mid-chain n-Css alkanes
originate from aquatic sources while 66-77% of the long-chain n-alkanes

originate from dust and 14-30% from terrestrial plants. Our study shows
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that mid-chain n-alkanes such as n-Cqo3 alkane in LPA are derived mainly
from aquatic macrophytes and thus have the potential to record changes in
lake-water isotopic composition. In contrast, the n-Cqg9 alkane reflects the

isotopic signal of various terrestrial sources from Southern Patagonia.

Keywords: ICDP, PASADO, n-alkanes, hydrogen (6D) and carbon (513C)

1sotopes

1. Introduction

Southern Patagonia i1s a key location for paleo-environmental
reconstruction since it is the southernmost ice-free landmass strongly
influenced by the Southern Hemispheric Westerlies (SHW). Their position
and intensity is thought to influence global deep-water circulation and thus
other climate-controlling factors, such as exchange of carbon dioxide with
the atmosphere (Anderson et al., 2009; Mayr et al., 2013). To investigate
past climatic changes in the southern mid-latitudes, the ICDP drilling
campaign PASADO retrieved a 100-m long lacustrine sediment core from
Laguna Potrok Aike (LPA) in 2008. The core spans the last ca. 51,000 years
(Kliem et al., 2013) and enabled various multiproxy investigations to study
past environmental and climate changes in Southern Patagonia, such as
pollen studies (Wille et al., 2007; Schéabitz et al., 2013), diatom studies

(Massaferro et al., 2012; Recasens et al., 2015; Zimmermann et al., 2015),



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

1sotopic reconstructions (Mayr et al., 2009; J. Zhu et al., 2013, 2014a;
Oehlerich et al., 2015) and others (Zolitschka et al., 2013). A previous study
used bulk organic 813C and 61°N to distinguish organic matter (OM) sources
in and around LPA to identify the sources of sedimentary OM (Mayr et al.,
2009). We followed a similar approach by using n-alkanes as specific tracers
for OM sources.

The source of n-alkanes in sedimentary archives may be inferred from
their distinct chain lengths. While mid-chain n-alkanes with 23 and 25
carbon atoms (n-Cas, n-Co5) are inferred to be predominantly derived from
submerged aquatic plants (Ficken et al., 2000) and Sphagnum species (Baas
et al., 2000; Bush and Mclnerney, 2013), long-chain n-alkanes with 27 to 31
carbon atoms (n-C27—Cs1) are thought to be mainly produced by terrestrial
higher plants (Eglinton and Hamilton, 1967). Some recent studies, however,
suggested that terrestrial higher plants also produce small amounts of mid-
chain compounds (Gao et al., 2011; Liu et al., 2015), while aquatic plants
might also contribute long-chain n-alkanes (Ficken et al. 2000; Aichner et
al. 2010a; Liu et al. 2015).

The carbon stable isotope composition (613C) of n-alkanes reflects the
different carbon sources, their isotopic compositions, and biosynthetic
pathways of their producers. For instance, the availability of dissolved CO2
and HCOs- in lake ecosystems is reflected in the 513C values of mid-chain n-
alkanes from aquatic plants (Ficken et al., 2000), whereas 613C values of the

long-chain n-alkanes enables to distinguish relative OM contributions by C3
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and C4 plants in regions with occurrence of both photosynthetic carbon
fixation pathways (e.g. Magill et al., 2013). Vegetation in Southern
Patagonia, however, consists solely of Cs plants (Mayr et al.,, 2009;
Pfadenhauer and Klo6tzli, 2015). Therefore, changes in !3C ratios of long-
chain n-alkanes likely reflect changes in water stress of Cs plants (Dawson
et al., 2002). The hydrogen stable isotope (8D) composition of mid-chain n-
alkanes from aquatic plants is presumed to reflect the lake water hydrogen
1sotopic composition (Mugler et al., 2009; Aichner et al., 2010a; Schmidt et
al., 2014), whereas the 6D values of long-chain n-alkanes serve as indicator
for isotopic composition of precipitation and contain information about
changes in humidity and evapotranspiration (Sachse et al., 2004; Scheful3 et
al., 2005; Mugler et al., 2008; Aichner et al., 2010b; Sachse et al., 2012).

For a reliable reconstruction of climate changes based on n-alkane
isotope compositions, a well-constrained understanding of their sources in
each setting is required. Therefore, we analyzed terrestrial plants, material
from dust traps, topsoil samples from the LPA catchment and from an E-W
transect, aquatic plant samples, and exposed and recent lake sediments
from LPA, for their n-alkane distributions and compound-specific (313C and
d8D) 1sotopes. The goal of this research is to evaluate the reliability of the
individual sedimentary n-alkanes as source-specific paleo-environmental
indicators and for future investigation on the PASADO core. In addition, we

compare two quantitative methods, which may be a useful approach to
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constrain the determination of the source of sedimentary n-alkanes and

thereby also paleo-environmental reconstructions based on them.

2. Study Site

Laguna Potrok Aike (51°58" S, 70°23’ W, Fig. 1) is an almost circular
maar lake located in the Pali Aike Volcanic Field in Southern Patagonia.
The 0.77 Ma old crater hosts a lake with a maximum diameter of 3470 m
and a catchment area of about 200 km? (Zolitschka et al., 2006, 2013). In
2002, the lake level was recorded at 112 m above sea level and maximum
water depth was 100 m (Wille et al., 2007). Monitoring data of lake-level
fluctuations show inter-annual differences of 1-2 m. LPA is a terminal sub-
saline lake, with a water balance mainly controlled by precipitation,
groundwater inflow and the rate of evaporation (Zolitschka et al., 2006).

Present-day climate at LPA is dominated by a strong influence of the
SHW. Westerly winds reach mean annual wind speeds of 7.4 m s
(Endlicher, 1993). The climate is semi-arid with an annual mean
precipitation of around 200 mm (Ohlendorf et al., 2013) and a mean annual
temperature of 7.4 °C (Zolitschka et al., 2006).

The distribution of vegetation in southern South America depends on the
amount of precipitation in the region and is divided in five major vegetation
zones: Magellanic moorland close to the Pacific coast, evergreen Magellanic

rain forest of the Andes, deciduous Nothofagus forest near the tree line and
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east of the Andes, Andean tundra above the tree line and Patagonian steppe
east of the tree line (Hueck and Seibert, 1981; Moore, 1983; Roig, 1998),
Most of the Pali Aike Volcanic Field, including the area around LPA, is
covered by sparse vegetation of the Patagonian steppe mainly characterized
by the presence of tussock (Festuca, Stipa), short grasses (Poa, Carex) and
shrubs (Peri et al., 2013). These plants use the Cs photosynthetic pathway
(Pfadenhauer and Klo6tzli, 2015). The zone in the range of short-term lake-
level fluctuations is free of vegetation (Wille et al., 2007). The deeper littoral
zone 1s covered by aquatic macrophytes, mainly Potamogeton pectinatus and
Myriophyllum cf. quitense, at water depths between ca. 1.5 and 15 m (Wille

et al., 2007).

3. Material and Methods

3.1.Sample Collection

The plant samples and five topsoil samples were collected during several
field campaigns in February and March 2002, 2003 and 2004 (Mayr et al.,
2009). The plant samples analysed in this study represent the predominant
vegetation in the LPA catchment. Topsoil samples were collected from the
uppermost centimeter of the soils. Additionally, 16 topsoil samples were
taken every 20 km on an E-W transect along the Route 40 from Rio Gallegos

to Rio Turbio (February and March 2011), (Figure 1) (Schabitz et al., 2013).
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During the same field campaign four dust traps (PT = pollen traps) were
deployed and collected one year later. These pollen traps consisted of a
plastic container with a diameter of about 20 cm and a glycerine-covered
bottom. They were embedded in the ground and covered with a lid with open
slits. In addition, two sediment traps with an active area of 55 cm? were
deployed on a mooring string at 30 and 90 m water depth from March 2003
to March 2005 (Ohlendorf et al., 2013). Lacustrine surface sediment samples
were recovered from 2002 to 2004 (Mayr et al., 2009), in 2005 (Kastner et
al., 2010) and in 2009. During the sample collection in 2005 several gravity
cores were taken and the mixed upper 10 cm are used for analysis in this
study. Based on previous studies (Haberzettl et al., 2005; Kliem et al., 2013)
the upper 10 cm of the LPA sediment are estimated to be 10 to 100 years
old. All sampling locations and dates are listed in Supplementary Table 1.
All samples were dried and stored in glass containers at room temperature,
except a few plant samples which were stored in plastic bags or plastic

tubes.

3.2. Quantification and isotope analysis of n-alkanes

All samples were freeze-dried and ground prior to extraction. An internal

standard (squalane) was added to all samples to estimate the accuracy of

the measurements. Between 2 to 7 g of sediment or soil and 0.2 to 0.5 g of
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plant biomass were extracted via ultra-sonication using organic solvents of
decreasing polarity: methanol (MeOH), methanol/dichloromethane
(MeOH/DCM, 1:1, v/v) and DCM for 5 min each. Dust traps were extracted
via Soxhlet extraction with MeOH/DCM, 1:1, v/v for 48 h. Neutral lipids
were separated using AloOs-column chromatography to separate polar from
apolar lipids. Subsequently, AgNOs-silica gel column chromatography was
performed to separate saturated from unsaturated hydrocarbons in apolar
fractions. The n-alkanes were identified and quantified by gas
chromatography using an Agilent 7890A gas chromatograph with capillary
gas chromatography-flame ionization detection (GC-FID). An external
standard (Chiron, n-Cio-n-Cs alkanes, 2ng/ul) was used for the
identification and quantification of n-alkanes. Based on replicate analysis of

the external standard the precision of quantification is around 5%.

3.2.1. Compound-specific carbon stable isotope analyses

Carbon stable isotope (613C) compositions of n-alkanes were measured
using a Thermo Trace GC coupled to a Finnigan MAT 252 isotope-ratio
monitoring-mass spectrometer (irm-MS) via a modified Finnigan GC/C III
combustion interface operated at 1000 °C. CO2 reference gas with known
isotopic composition was used for isotope calibration. 813C values are
reported in permil (%) relative to Vienna Pee Dee Belemnite (VPDB).

Measurements were done at least in duplicate. An external standard
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consisting of 16 n-alkanes with known 63C values measured between
samples reveals a long-term precision of 0.3 % VPDB (average absolute
deviations from known values). The internal standard (squalane) yielded an
accuracy of 0.4 and a precision of 0.2 % VPDB (n=84). Standard deviations
for replicates of all measured compounds are listed in Supplementary Table

2.

3.2.2. Compound-specific hydrogen isotope analyses

Compound-specific 8D compositions were measured with a Thermo
Trace GC coupled to a Thermo Fischer Scientific MAT 253 irm-MS via a
pyrolysis reactor operated at 1420 °C. Measurements were calibrated
against Hsz reference gas with known isotopic composition. All 8D values are
reported in %o relative to Vienna Standard Mean Ocean Water (VSMOW).
Samples were measured at least in duplicates. The H3*-factor was
monitored daily and varied between 6.7 and 6.8 ppm nA-l. An external
standard consisting of 16 n-alkanes with known 6D values measured
between samples reveals a long-term precision of 3 % VSMOW (average
absolute deviations from known values). The internal standard (squalene)
yielded accuracy and precision of 2 and 1 % VSMOW (n=84), respectively.
Standard deviations for replicates of all measured compounds are listed in

Supplementary Table 3.
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3.3. n-Alkane distribution parameters

The Paq proxy (Ficken et al., 2000) provides a measure for the
sedimentary input from submerged/floating aquatic plants relative to that
from terrestrial plants and expresses the abundance of Cgs3 and Cgs n-
alkanes relative to C29 and Csi: homologues:

Pag= (Ca3 + Cag5)/(Ca3 + Ca5 + Ca9 + Cs31) (1)

The average chain length (ACL) is the weighted average of the Cas3 to
Css n-alkanes:
ACL = Y(Cr*n)/3.Cn (2)

(Poynter et al., 1989) where C is abundance and n ranges from 23 to 33.

3.4. Model approaches

To determine the fractional contribution of different n-alkane sources to
the LPA sediment we applied two different model approaches. The first
model is based on the n-alkane distributions and the second on their isotope
compositions (Supplementary Tables 1, 2, 3). We assumed three
sources/end-members for both models, i.e. aquatic plants, terrestrial plants
and dust (Justification in discussion 5.1.). End-member values are calculated
as the mean of all samples within each source group (Supplementary Tables

1,2, 3).

11
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One the one hand we estimated the fractional contributions of n-alkanes
from three sources using the model described by Gao et al. (2011). On the
other hand we developed a linear three end-member mixing model based on
the 6D and 6!3C signals of the n-Cs2s and n-Co9 alkanes to independently
determine the relative contributions from three leaf wax sources (aquatic
plants, terrestrial plants and dust) to the lake sediments. Used equations
and a description of the uncertainty estimation are described in detail in the

supplementary material (Appendix A).

4. Results

4.1. n-Alkane distributions

The n-alkanes of all sample types show a dominance of odd- over even-
numbered homologues (Supplementary Table 1). ACL values range between
24 and 30 (Supplementary Table 1). The lowest ACL values were observed
for submerged aquatic macrophytes (ACL of 24) and highest values were
found for topsoil and terrestrial plant samples (both ACL of 29 to 30).

The n-alkane distributions of terrestrial plants (belonging to Poaceae,
Juncaceae and a dwarf-shrub) show a predominance of the n-Ca9 and n-Cs;
alkanes (Fig. 2, Supplementary Table 1). The n-alkane distributions of dust
trap and topsoil samples show a predominance of the long-chain (n-Cs9 and

n-Cs1) compounds (Fig. 2). In contrast, the samples from aquatic

12
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297

macrophytes show a predominance of n-Cs23 and n-Cgs alkanes with the
latter occurring in slightly lower amounts (Fig. 2). Long-chain compounds
occur only in low amounts in aquatic macrophyte samples. The aquatic moss
sample shows a predominance of n-Ca7. The exposed sediments and the two
sediment traps from 30 and 90 m water depth apparently contain a mixture
of n-alkanes from terrigenous and aquatic sources (Fig. 2) with n-Co9 and n-
Cs1 alkanes as the most abundant compounds. The surface sediment
samples of LPA show on average a similar n-alkane distribution (Fig. 2) as

sediment traps.

4.2. Compound-specific carbon isotope compositions

The 613C values for all n-alkanes range between -35.6 and -17.2%o
(Supplementary Table 2). In general, the aquatic plant samples exhibit the
most enriched 513C values, while the dust traps and terrestrial plants show
the lowest values (Fig. 2, Table 1). Isotopic values of the aquatic moss could
not be determined due to too low compound abundance.

The terrestrial plants surrounding the lake show average 813C values for
the n-Czs and n-Czs alkanes between -30.6 and -31.1%o0. The n-Cas and n-Cas
alkanes of the dust traps are slightly enriched (mean: -29.5 and -30.0%o)
compared to terrestrial plants whereas topsoil sample PAT 44 shows very
similar 313C values for n-Cas as terrestrial plants. This is the only 613C value

(-30.4%0) for the mid-chain n-alkanes, which could be determined for the

13
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320

topsoil samples due to low concentrations in these samples (Supplementary
Table 2). The aquatic plants have the most enriched 6!3C values of all
samples for mid-chain (around -18.0%0) n-alkanes. The sedimentary 813C
values of n-Cgs are enriched (mean: -23.4%o) relative to n-Cgs (mean: -
25.5%0). The sedimentary mid-chain n-alkanes are more enriched in 813C
than the dust trap and terrestrial plant samples but similar to the material
from the sediment traps. The exposed sediments show even more enriched
values (-21.3 to -18.1%0) for the n-Cq23 alkane compared to the surface
sediments (Supplementary Table 2, Fig. 2, Table 1).

The n-Cg9 and n-Cs; alkanes of terrestrial plants show values between -
31.4 and -31.2%o, respectively. The dust trap and topsoil samples show
slightly depleted 813C values for n-Cgz9 (mean: -33.3 for dust and -33.8%o for
soil) and for n-Cs; (mean: -33.7 for dust and -33.8%o for soil) compared to the
terrestrial plants. The aquatic plant samples show also very enriched 613C
values for long-chain (around -20.0%0) n-alkanes. The 813C values for the
sedimentary long-chain n-alkanes average around -32.0%o0. These values are
very similar to those in sediment traps and exposed sediments but more

enriched compared to 813C values of topsoil and dust trap samples.

4.3. Compound-specific hydrogen isotope compositions

The 8D values of all n-alkanes range between -267 and -140%. (Fig. 2,

Supplementary Table 3). In general, the hydrogen isotope composition is

14
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most enriched for aquatic plants and most depleted for terrestrial plants. In
addition, long-chain n-alkanes (n-C29 and n-Cs;1) are more D-depleted than
the mid-chain alkanes (n-C23 and n-Cgs) (Fig. 2, Supplementary Table 3,
Table 1), except for aquatic plants. Isotopic values of n-alkanes of the
aquatic moss could not be determined.

8D of n-C23 could not be determined for some dust, topsoil and
terrestrial plant samples due to too low abundance. The data show highly
depleted 6D values for the n-Cqo3 alkane in dust (-222%0) and terrestrial
plants (-207%o0) compared to aquatic plant samples (average -171%o), (Table
1). Similar enriched values in 8D of n-Css alkanes were found in the
sediment traps (average -174%0) as well as in surface sediments (average -
177%0). The exposed sediments surrounding the lake show slightly more
depleted values (average -182%0) compared to the surface sediments. 3D of
n-Cgs alkanes show similar values as 6D of n-Cqs for terrestrial plants and
sediment traps whereas 6D values for n-Cgs alkanes in the other sample
groups show differences of 9 to 30%0 compared to the 3D values of n-Cos
(Supplementary Table 3).

8D compositions of long-chain n-alkanes are most D-depleted for
terrestrial plants (around -250%0 on average), (Table 1). 8D composition of
the long-chain n-alkanes (n-Cg29 and n-Cs1) in topsoil samples varies between
-227 and -195%0 (Supplementary Table 3). The dust traps show more D-
enriched values for the long-chain n-alkanes (-204%o0 on average) compared

to the topsoils. Similar 6D values are exhibited by the sedimentary long-

15
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chain n-alkanes (around -202%o0). The sediment traps (-208%o. on average)
and exposed sediments (-206%o0 on average) show slightly more D-depleted
values compared to surface sediments. 8D of n-Ca7 shows for most of the

samples intermediate values of mid- and long-chain n-alkanes.

5. Discussion

5.1. Identification of n-alkane sources

With regard to the n-alkane distribution of our samples (Fig. 2,
Supplementary Table 1), the absence of Sphagnum mosses in the LPA
catchment, and in accordance with other studies (Ficken et al., 2000; Miigler
et al., 2008; Aichner et al., 2010a; Gao et al., 2011; Liu et al., 2015), we use
the mid-chain n-alkane, n-Cg3, as the representative for aquatic derived n-
alkanes in the LPA sediment. The long-chain n-Cs9 alkane, being the most
abundant homologue in the sediment, represents the terrestrial derived n-
alkanes in our discussion.

The Paq proxy (Ficken et al., 2000) allows for the evaluation of aquatic
macrophyte versus terrestrial plant input to the lacustrine sediments (Table
1, Supplementary Table 1, see section 3.3.). The sediment traps and surface
sediment samples show values ranging from 0.18 to 0.31, indicating mixed

contributions by aquatic (mean of 0.81) and terrestrial plant material

16
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(values between 0.04 and 0.18). The average chain length (ACL, see section
3.3) values also indicate mixed contributions (Supplementary Table 1).

To further disentangle the organic matter sources of n-Css and n-Cag, we
use the isotopic composition. Compound-specific 613C values of sediment
traps and sediment samples show intermediate values (around -32%o.) for
the n-Cg9 alkane compared to the terrestrial plant (around -31.4%0) and
topsoil/dust samples (around -33.8%0/-33.3%0), (Fig. 3b, Supplementary Table
2). The enriched 813C values of n-Cag in aquatic plants (average -20%o) thus
seem to have a minor effect on 313C values of n-Csg alkanes in the sediments.
Therefore, we infer that the 813C signature of n-Cog alkanes in sediment
traps and sediments result from a mixture of terrestrial plant and dust or
topsoil contributions.

The carbon isotopic values of n-Cas of aquatic plants are around -18%o.
The 813C values of the n-Cg3 alkanes average around -22%o for sediment
traps and around -23%. (Fig. 2, Fig. 3a, Supplementary Table 2) for surface
sediment, indicating at least one additional source.

There are two possible explanations for the more depleted 313C signal in
the sedimentary n-Co3 alkanes compared to those in the aquatic plants.
First, there could be a contribution of algae or aquatic mosses living in LPA
and contributing to the sediment. Unfortunately, we were not able to
measure compound-specific 613C or 8D neither from algal material nor
aquatic mosses from LPA. Besides, algae produce mainly short-chain n-

alkanes (< Cg3) and do not contribute large amounts of n-Cgs alkanes to the

17
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sediment (Cranwell et al.,, 1987; Meyers and Ishiwatari, 1993). Aquatic
mosses also produce n-Cgs alkane (Fig. 2 and Supplementary Table 1),
however, a previous study inferred that the aquatic mosses do not
contribute a significant amount to OM in the modern LPA (Mayr et al.,
2009). This supports our assumption that the aquatic mosses have no
significant contribution to the sedimentary n-Css alkanes under modern
conditions.

Other potential contributors of 13C-depleted n-Cgs alkanes to the LPA
sediment are terrestrial plants around the lake, windblown n-alkanes (dust)
or topsoils. 813C of n-Css alkanes in most of the topsoil samples could not be
measured because of too low abundance (Supplementary Table 1). Only for
one topsoil sample (PAT 44) we were able to measure 813C of n-Ca3z (-30.4%o),
revealing similar values as for the terrestrial plants. Based on the very low
quantities of n-Cg3 alkanes in the topsoils samples, topsoils are not a likely
source of n-Cqo3 alkanes in LPA sediments. Thus, the n-alkanes from
terrestrial plants surrounding the lake and from windblown n-alkanes
(dust) are possible additional sources explaining the depleted 6!3C signal of
n-Csas alkanes in the sediment.

The 8D values of sedimentary n-Css and n-Cag differ widely (about 30%o).
The large isotopic differences in 6D values of long- and mid-chain n-alkanes
(Fig. 2) clearly indicate different hydrogen sources of aquatic and terrestrial
lipids. The 6D values of n-Csg alkanes in sediments (mean: -205%0) are very

similar to 8D values in dust traps (mean: -204%o) (Fig. 3b). This could be
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either caused by a predominant contribution by dust, which is not supported
by the sediment trap values (-210%o), or by a mixed contribution of all three
identified n-alkane sources to the sediment. Dust is already a mixture of
OM from different sources and transports, among others, plant leaf-waxes
directly from plants, from distal topsoils or ablated past lake sediments to
LPA sediments. Therefore, n-alkanes from topsoils are already an
integrated part of the dust fraction. Based on this consideration, we infer
dust, terrestrial and aquatic macrophytes as potential contributors of the
sedimentary n-Csag alkanes.

Compound-specific 8D of n-Cos alkanes of aquatic macrophytes show
values around -171%o. The 6D signal of n-Cz3 alkanesin sediment traps and
sediments show slightly more depleted values (in average -174 and -177 %o)
(Fig. 3a). This difference in the hydrogen isotope signature can be explained
by a contribution from another D-depleted source to the mid-chain n-alkane
pool of LPA sediments as for instance terrestrial higher plants (Gao et al.,
2011).

In summary, based on n-alkane distribution and isotopic compositions of
mid- and long-chain n-alkanes of all measured samples (Fig. 3a, b), we
identify aquatic and terrestrial plants as well as dust as the main n-alkane
contributors to the LPA sediment. In order to achieve quantitative
estimates of their relative contributions, we apply two different mixing
models, i.e. one using the n-alkane distributions and one using their

compound-specific isotope compositions. The results from these two models
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are compared for verification and for identification of their strengths and

weaknesses.

5.2. Model based on n-alkane distributions

To estimate to which extent the aquatic and two terrestrial sources
contribute to the sedimentary n-alkane pool, we applied a quantitative
approach based on n-alkane distribution following Gao et al. (2011). We
modified this multi-source mixing (n-alkane distribution) model (see
Material and Methods section) using site-specific end-members as described
above, 1.e., averaged n-alkane distributions of terrestrial plants, dust and
aquatic plants. We applied the multi-source mixing model to sediment trap
and surface sediment samples and obtained relative contributions from each
source group to the sedimentary n-alkane pool. The averaged results based
on this approach are shown in Fig. 4a.

According to the n-alkane distributions 62% (+9%) of the C23 n-alkane in
LPA sediments originates from submerged aquatic plants, whereas, 35%
(+8%) are delivered by dust and around 3% (x1%) are derived from
terrestrial plants surrounding the lake (Fig. 4a, Table 2a). For the
sedimentary n-Cgg9 alkane this model indicates that terrestrial plants
around the lake contribute 30% (£7%) and that 66% (+6%) are delivered by
windblown dust. Only 5% (+2%) of the sedimentary n-Cg9 alkane is

estimated to derive from aquatic plants. Uncertainties in source fraction
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estimates for each individual sample (Table 2a) in the n-alkane distribution
model are proportional to the estimated values. These uncertainties are
caused by the combined effect of measurement errors and the diverging n-
alkane distribution patterns within each source group (Fig. 2,
Supplementary Table 1), which results in large initial uncertainties in end-
member distributions.

The results of the n-alkane distribution model show differences between
the sediment traps and the surface sediments (Fig. 4a, Table 2a). For
instance, the aquatic contribution is around 9% higher for the n-Co3 alkane
in the sediment traps compared to surface sediment and the terrestrial
contribution 1s lower by the same amount (Fig. 4a, Table 2a), whereas the
aquatic contribution is 2% higher for the n-Cg9 alkanes in the sediment
traps and the terrestrial plant input is 10% lower in sediment trap material.
Considering the uncertainties of each estimated source fraction the aquatic
fraction shows no significant difference either for n-Ca3 or C29 while the
terrestrial fraction is different by at least 3% for n-Co9 (see Table 2a:
terrestrial contribution for n-Cgg of sediment traps 20% vs. sediment 30%
+7). This small difference between the sediment traps and sediments for n-
C29 might be explained by degradation processes of OM in the water column
and sediments. Usually short-chain (< Cg23) n-alkanes are preferentially
degraded in the water column (Cranwell, 1981; Robinson 1984) and are not
as resistant as mid-chain and long-chain n-alkanes. These data would thus

suggest that only the terrestrial fraction of n-Cagis affected by degradation.
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However, degradation processes are not the only possible explanation for
the observed differences. Alternatively, the difference between the sediment
traps and sediments for n-Cz9 may be caused by the different temporal
signal integration, i.e., 2 years for the sediment traps and 10 to 100 years
for the surface sediment samples (Haberzettl et al., 2005; Kastner et al.,
2010; Kliem et al., 2013). Instead of suggesting more extensive diagenetic
degradation of long-chain n-alkanes it seems more plausible that the
terrestrial input could have changed over the different time periods and

caused the deviating results observed for sediment traps and sediments.

5.3. Model based on compound-specific isotopic composition

Unlike the n-alkane distributions (section 5.2), the compound-specific
isotopic compositions provide additional environmental information to
distinguish between n-alkanes from different sources and thus might serve
better to estimate their relative contributions. We therefore developed a
linear three-end-member mixing model based on the 8D and 613C signals of
the n-C2s and n-Ca9 alkanes to independently determine the relative
contributions from dust, terrestrial and aquatic plants to the lake
sediments.

The averaged results are shown in Figure 4b for sediment traps and
surface sediments. All values are also shown in Table 2b including the

estimated uncertainty of each individual sample. The results of the isotope
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end-member mixing model show a significant contribution of mid-chain n-
alkanes from submerged macrophytes to the lake sediments (Fig. 4b). The
sedimentary n-Cgs 1s composed of 73% (+12%) fractional input from
submerged macrophytes, 19% (+9%) from terrestrial plants and 9% (x3%)
from dust (Table 2b). The results from the sediment traps show a 2% higher
aquatic contribution to n-Css alkanes and a 3% lower terrestrial plant input
compared to the results from surface sediments, which is within the
calculated uncertainties and indicative for minor degradation processes in
the water column.

For sedimentary n-Cg9 alkanes, the isotope mixing model suggests that
T7% (x2%) are contributed by dust and 14% (+2%) are derived from
terrestrial vegetation surrounding the lake (Fig. 4b, Table 2b). The model
also suggests that around 9% (+1%) of the sedimentary n-Co9 alkanes
originate from aquatic plants. The sediment traps show 72% (+0%)
windblown n-alkane contribution (dust) and 21% (£1%) terrestrial plant
origin and 7% (x0%) aquatic contribution. The reasons mentioned above, i.e.
degradation and different time intervals reflected by the samples (section
5.2), possibly account for the different estimates for n-Cg9 alkanes in the
sediment traps and surface sediment samples. In general, however, our
results indicate that degradation processes only have a minor effect on the
isotopic composition of mid- and long-chain n-alkanes passing through the

water column and being preserved in the sediment.
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5.4. Comparison of mixing models

Both models yield consistent results regarding the major contributors of
n-Cas and n-Cog alkanes to the lake sediments, i.e., aquatic macrophytes for
n-Cos, and wind-blown dust for n-Cg. There are, however, some
discrepancies regarding minor contributors, e.g. the n-alkane distribution
model suggests almost four times higher contribution from dust to the n-Czs
alkane pool and accordingly a lower terrestrial plant contribution (Tables
2a, b). In addition the terrestrial plant contribution suggested by the
distribution model is two times higher for n-C29 compared to the results of
the 1sotope model.

The differences between the results of the two models can be explained
by the different end-members used to disentangle the n-alkane sources. The
end-members of the isotope model include additional environmental
information and are clearly separated, while the n-alkane distribution
model uses averaged n-alkane patterns which are partly not significantly
different (i.e. terrestrial plants and dust, see Figure 2). This likely causes
the differences between the two models and leads to an overestimation of
some contributions in the n-alkane distribution model.

In this context, it should be noted that the fractional input predicted by
the isotope model for n-Co3 has a relatively large spread especially in the
aquatic fraction (Tables 2a, b). The distribution model predicts a similar

pattern. This is likely due to the spatial heterogeneity in sedimentary n-Cos
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at the lake floor and does not argue against the predictive power of the

1sotope model.

5.5. Implications for paleo-environmental reconstruction

In a previous study (Gao et al., 2011), the autochthonous input of mid-
chain n-alkanes from aquatic plants to lake sediments in North America
was found to be up to 90%. The amount of aquatic-derived n-Cqz3 alkanes
can, however, vary depending on local environmental conditions, amount of
dust input for example, and needs to be quantified before being used for
paleo-environmental reconstructions. For LPA sediment about three
quarters of the n-Cqs alkanes originate from aquatic macrophytes.
Therefore, major changes in abundance and isotopic composition of
sedimentary n-Css alkanes at LPA should have been predominantly driven
by past changes in the aquatic ecosystem and, in the case of carbon isotopes,
by the imprint of contrasting isotopic signatures of dissolved CO2 and HCOs-
on the lacustrine primary producers (Mayr et al., 2009).

The main source of sedimentary n-Cg9 alkanes in LPA, on the other
hand, is windblown material as indicated by both models. The exact origin
of dust-derived n-alkanes cannot be identified without additional data. Due
to dominating westerly winds in Southern Patagonia, the Andes and their
foreland are the most likely source areas. A study on wind patterns (Mayr et

al., 2007) may provide further constraints on potential dust source regions.
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Strong winds mainly blow from a western and south-western direction to
LPA. This suggests that n-Cg9 alkanes at LPA do not record a local but a
regional paleo-vegetation and paleo-hydrologic signal. Pollen data showing
that Andean pollen taxa as well as Patagonian steppe taxa occur in LPA
sediments support this assumption (Schéabitz et al., 2003; Mayr et al., 2007).
Therefore, it is likely that n-Co9 alkanes of LPA sediments reflect an
integrated environmental signal from the Patagonian steppe and forested

areas closer to the Andes.

6. Summary and conclusions

This study presents distributions as well as carbon and hydrogen isotope
compositions of n-alkanes from different organic matter sources in and
around LPA and its surrounding area in Southern Patagonia and evaluates
their use for paleo-environmental reconstructions. The investigated samples
consist of terrestrial and aquatic plants, dust traps, topsoil samples,
sediment traps as well as exposed and recent lake sediments from LPA. The
n-Ces and n-Co9 alkanes are used as indicators for autochthonous and
allochthonous OM contributions to the lake sediments. Based on their
compound-specific 1sotope compositions, we 1dentified aquatic and
terrestrial plants as well as dust as the main contributors to LPA

sediments.
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To quantify relative source contributions, two independent model
approaches are used. One is based on n-alkane distributions and the other
on their carbon and hydrogen isotopic compositions. Our study shows that
the n-alkane distribution model as well as the isotope mixing model
provides similar, within calculated uncertainties, estimates of the major n-
alkane sources in the LPA sediment. Both approaches agree that more than
two-thirds of recently deposited sedimentary n-Cos alkanes derive from
aquatic marcophytes and should thus mainly record changes in isotopic
compositions of lake waters. Sedimentary n-Co9 alkanes, in contrast, are
mainly derived from terrestrial sources with a dominant contribution by
dust. Therefore, changes in its isotopic composition will reflect regional

signals of vegetation and hydrology in southern Patagonia.
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Figures and Tables:

Fig. 1: Sampling sites and terrestrial ecoregions (The Nature Conservancy;
http://maps.tnc.org/gis_data.html) in Southern Patagonia, Argentina. a)
Sampling sites of the topsoil transect from Rio Gallegos to Rio Turbio (1-16),
locations of the pollen trap samples (PT), one terrestrial plant sampling site
(PAT 16) and the location of LPA. b) Bathymetric map of LPA with
sampling sites surrounding the lake (PAT and PAIS), plant sampling sites
(not indicated), locations of the sediment trap mooring (ST) and sites of

surface sediments. Map created with QGIS (qgis.org)..

Fig. 2: Histograms of normalized n-alkane distributions (terrestrial plants =
green bars; dust traps = golden bars; topsoils = brown bars; exposed
sediments grey-blue bars; aquatic plants and aquatic moss = blue bars;
sediment traps and surface sediments = grey bars) show averaged
distribution values with mean standard deviation of each sample group

including n samples, overlain by averaged stable carbon and hydrogen
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isotope data for individual homologues. Error bars for 613C and 6D values
are not shown (Supplementary Table 2). Terrestrial samples show high
relative amounts of long-chain n-alkanes and low 6!3C as well as 6D values,
while aquatic samples show high relative amounts of mid-chain n-alkanes
and relatively high 613C as well as 6D values. Note that all y-axes are
standardized, except for the terrestrial plants and aquatic marcopytes (1
and 0.5 instead of 0.4 for the normalized n-alkane content). Isotopic values

of the aquatic moss sample could not be determined.

Fig. 3: Cross plots showing 6D and 813C values of n-C23 and n-Cag alkanes in
potential source samples and sediments. Grey symbols indicate single
values and coloured ones are the mean values of each source group. a)
Cross plot for n-Cq3 alkanes showing that sedimentary n-Css alkanes plot
close to aquatic plant samples. b) Cross plot for n-Ca9 alkanes showing that
sedimentary n-Csgg alkanes reveal similar isotopic values as dust and topsoil

samples.

Fig 4: Bar charts showing relative source contributions to n-Css and n-Cag
alkanes to the sediment (blue = aquatic plants, green = terrestrial plants,
gold = dust). a) Fractional contributions based on the n-alkane distribution

model. b) Fractional contributions based on the isotope model.
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Table 1: Mean 613C and 6D values and standard deviations (sd) of n-Czs to n-
Cs1 alkanes and Paq and ACL values from all sample groups (n.a. = not
available). Standard deviations of averages are based on individual isotope

values. * Single value

Table 2: Results of a) the n-alkane distribution model and b) the isotope
end-member-mixing model, showing fractional contributions of aquatic
plants (aqua), terrestrial plants (terr) and dust to the n-alkane pool in
sediment traps and sediments of LPA, including standard deviations (sd) of
each fractional contribution and for each sample. Standard deviations are

based on individual fractional estimates (n.a. = not avaiable).

Supplementary Tables:

Supplementary Table 1: Sample description and location, collection dates,
coordinates, Pa.q, average chain length (ACL), carbon preference index (CPI)
and individual n-alkane concentrations (n.a. = not available, n.d. = not
detected).

a ACL =Y (Cy*n)/Y.Cr; (Poynter et al., 1989)

b CPI = 0.5%(30ddC23-33/Y evenC22-3) + (3 0ddC23-33/Y evenC24-34); (Bray and Evans,

1961)
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Supplementary Table 2: Mean 813C values and standard deviations (sd) of n-
Cas to n-Csz alkanes from all samples (n.a. = not available, n.d. = not
detected). Standard deviations of averages are based on individual isotope

values. * Single value

Supplementary Table 3: Mean 6D values and standard deviations (sd) of n-

Cas to n-Css alkanes from all samples (n.a. = not available n.d. = not

detected). Standard deviations of averages are based on individual isotope
values.

* Single value
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Table

sample

ACL

8D

8D

8D

8D

6D

813C

813C

813C

813C

813C

sample groups number 29 (9333) nc23 S nc25 S pc27 S 020 %Y a3 %Y nc2s %Y nees S nc2r %9 nc20 %9 o3 S
terrestrial plants 3 004 29 207" ma 206 13 -234 4 253 6 -249 15 -30.6 14 -31.1 1.0 -321 16 -31.4 25 3.2 21
dust traps 4 018 29 -222* na  -192 18 -192 8 204 5 -204 18 -295 13 -30.0 1.3 -320 1.2 -33.3 05 -33.7 0.2
topsoils 17 011 29 -142% na  -178 na 203 6 -213 7 210 8 -30.4* na -31.4* na -33.8 0.7 -33.8 0.6 -33.8 0.7
exposed sediments 4  0.41 28  -182 11  -185 5  -196 3 -209 11 204 8 -19.7 15 -22.8 20 -312 1.6 -324 0.9 -325 1.1
aquatic plants 4 081 2 71 2 162 1 -162 7 -153 9 -149 10 -182 1.3 -184 1.3 -204 21 -20.3 1.6 -201 1.2
sediment traps 2 030 28 74 2 77 1 192 1 210 1 -206 1 221 03 -234 05 -288 0.1 -322 0.1 -32.8 0.0
surface sediments 6 026 28 177 6  -169 0 -190 7 205 2 -199 1 234 16 -255 1,5 297 0.9 -321 0.1 -32.3 0.2




Table

Tab. 2a:
fraction input of n-C23 fraction input of n-C29
Site aqua sd terr sd dust sd aqua sd terr sd dust sd
ST 30 72 13 1 2 27 13 7 4 21 16 72 17
ST 90 71 14 1 2 28 14 7 19 16 74 16
mean ST 71 n.a. 1 n.a. 28 n.a. 7 n.a. 20 n.a. 73 n.a.
LPA 65 16 2 2 33 16 5 3 21 16 73 16
PC1 73 13 1 2 25 13 8 4 23 17 70 17
Mix0511 69 17 3 3 28 17 5 3 37 20 57 21
Mix0516 62 18 3 3 35 19 5 3 29 19 66 19
Mix0518 47 23 4 5 49 24 2 2 34 20 64 20
Mix0545 58 20 3 4 38 20 4 3 34 19 63 20
mean Sed. 62 9 3 1 35 8 5 2 30 7 66 6
Tab. 2b:
fraction input of n-C23 fraction input of n-C29
Site aqua sd terr sd dust sd aqua sd terr sd dust sd
ST 30 72 6 18 10 11 8 7 4 21 11 72 13
ST 90 79 7 13 8 7 6 8 5 20 10 72 12
mean ST 75 n.a. 16 n.a. 9 n.a. 7 n.a. 21 n.a. 72 n.a.
LPA 77 6 14 8 9 6 11 4 11 7 78 9
PC1 82 6 11 7 7 5 9 4 14 8 77 10
Mix0511 62 7 25 12 13 9 8 4 12 7 80 9
Mix0516 83 6 11 7 6 4 9 4 15 8 76 11
Mix0518 53 6 35 13 12 10 8 4 17 9 75 11
Mix0545 78 7 15 9 7 5 9 4 16 9 75 11
mean Sed. 73 12 19 9 9 3 9 1 14 2 77 2




