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Abstract 45 

Situated at the southern margin of the hemispheric westerly wind belt and immediately north of the 46 

Antarctic Polar Frontal zone, Tierra del Fuego is well-positioned to monitor coupled changes in the 47 

ocean-atmosphere system of the high southern latitudes.  Here we describe a Holocene paleoclimate 48 

record from sediment cores obtained from Lago Fagnano, a large lake in southern Tierra del Fuego at 49 

55°S, to investigate past changes in climate related to these two important features of the global climate 50 

system.  We use an AMS radiocarbon chronology for the last 8,000 years based on pollen concentrates, 51 

thereby avoiding contamination from bedrock-derived lignite. Our chronology is consistent with a 52 

tephrochronologic age date for deposits from the middle Holocene Volcán Hudson eruption.  Combining 53 

bulk organic isotopic (δ13C & δ15N) and elemental (C & N) parameters with physical sediment properties 54 

allow us to better understand sediment provenance and transport mechanisms and to interpret Holocene 55 

climate and tectonic change during the last 8,000 years. Co-variability and long-term trends in C/N ratio, 56 

carbon accumulation rate, and magnetic susceptibility reflect an overall Holocene increase in the delivery 57 

of terrestrial organic and lithogenic material to the deep eastern basin.  We attribute this variability to 58 

westerly wind-derived precipitation. Increased wind strength and precipitation in the late Holocene drives 59 

the Nothofagus forest eastward and enhances run-off and terrigenous inputs to the lake.  Superimposed on 60 

the long-term trend are a series of abrupt 9 negative departures in C/N ratio, which constrain the presence 61 

of seismically-driven mass flow events in the record.  We identify an increase in bulk δ13C between 7,000 62 

and 5,000 cal yr BP that we attribute to enhanced aquatic productivity driven by warmer summer 63 

temperatures.  The Lago Fagnano δ13C record shows similarities with Holocene records of sea surface 64 

temperature from the mid-latitude Chilean continental shelf and Antarctic air temperatures from the 65 

Taylor Dome ice core record in East Antarctica.  Mid-Holocene warming occurred simultaneously across 66 

the Antarctic Frontal Zone, and in particular, in locations currently influenced by the Antarctic 67 

Circumpolar Current.  68 

69 
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1. Introduction 69 

 Southernmost South America is well-located to address questions related to Holocene climate 70 

change in the mid- to high-latitudes of the Southern Hemisphere.  The island of Tierra del Fuego is 71 

located at the southern margin of the modern westerly winds and 5° north of the Antarctic Frontal Zone 72 

(AFZ).  The strength of the westerlies at this latitude drives the Antarctic Circumpolar Current (ACC), 73 

Ekman divergence, and ultimately, the upwelling of CO2-rich deepwater that can influence global CO2 74 

flux variability over interannual (Le Quéré et al., 2007; Lovenduski et al., 2007) to glacial – interglacial 75 

timescales (Toggweiler et al., 2006).  In addition to its impact on the global and hemispheric meridional 76 

overturning circulation, the strength of the overlying zonal atmospheric flow plays a significant role in 77 

regional precipitation regimes (Garreaud, 2007; Garreaud et al., 2009; Moy et al., 2009) and has been 78 

shown to be an important driver of Holocene climate change in Patagonia at centennial- to millennial-79 

timescales (Moreno et al., 2009a; Moy et al., 2008).  Farther to the south, the AFZ represents a greater 80 

than 6°C decrease in sea surface temperatures (SST) that marks the boundary between the cold polar high 81 

latitudes and the temperate mid-latitudes of the Southern Hemisphere (Belkin and Gordon, 1996).  Past 82 

northward migrations in the Polar Frontal Zone (PFZ) have been invoked to explain colder temperatures 83 

and expansion of ice from the Cordillera Darwin and Southern Patagonian ice sheets during the Last 84 

Glacial Maximum and the Late Glacial (Kaplan et al., 2008; Moreno et al., 2009b).  Paleoclimate records 85 

from Tierra del Fuego provide a much-needed terrestrial perspective on past changes in the ocean-86 

atmosphere system in the southern high latitudes. 87 

 Previous paleoclimate records used to reconstruct Holocene and Late Glacial climate variability 88 

in Tierra del Fuego have used: (1) stratigraphy and radiocarbon ages on glacial deposits (Clapperton et al., 89 

1995; Kaplan et al., 2008; Kaplan et al., 2007; Kuylenstierna et al., 1996; McCulloch and Bentley, 1998; 90 

McCulloch et al., 2005; Mercer, 1982; Strelin et al., 2001),  (2) paleoclimate and paleoecological records 91 

recovered from lakes and bogs (Heusser et al., 2000; Heusser and Rabassa, 1987; Heusser and Rabassa, 92 

1995; Markgraf, 1993; Mauquoy et al., 2004; Pendall et al., 2001; Waldmann et al., 2010a), (3) tree-ring 93 
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temperature reconstructions (Aravena et al., 2002; Boninsegna et al., 1990) and (4) aeolian dust flux 94 

reconstructions from peat deposits (Sapkota et al., 2007).  Continuous well-dated Holocene lacustrine 95 

sediment records are as yet notably missing from Tierra del Fuego, yet they can fully exploit the location 96 

and its link to modern climate and are not subject to the uncertainties of the marine reservoir age 97 

correction that all Southern Ocean records must surmount (Hodell et al., 2001; Nielsen et al., 2004; van 98 

Beek et al., 2002).  Sediment records from larger lakes are particularly relevant because they integrate 99 

climate signals over a larger region, are less susceptible than smaller lakes to non-climatic local effects, 100 

and can offer homogenous depositional environments that aid proxy development.  A prerequisite for any 101 

paleoclimate interpretation from lacustrine sediment cores is knowledge of (1) overall basin architecture 102 

and stratigraphy, (2) sediment provenance and delivery mechanisms/pathways, and (3) sediment 103 

lithologies.  Furthermore, the establishment of a reliable radiocarbon chronology requires knowledge of 104 

the geologic context of organic material to be dated (Björck and Wohlfarth, 2001; Olsson, 1991).  105 

 In 2005 and 2006, we undertook a high-resolution seismic survey followed by sediment coring 106 

from presumed high-accumulation rate sedimentary sequences within Lago Fagnano, a long (> 100 km), 107 

linear,  E-W orientated oligotrophic lake with maximum water depths exceeding 200 meters (Figure 1). 108 

The lake is situated along a major plate boundary and occupies a deep continental pull-apart basin 109 

associated with the Magellan-Fagnano Transform system (Lodolo et al., 2003) that has been sculpted and 110 

over-deepened by successive Quaternary glaciations. Lago Fagnano is an “open-system” lake with a 111 

single spillway to the Pacific Ocean via the Río Azopardo and is fed by numerous small streams and 112 

rivers.  Descriptions of the principal sub-basins, seismic stratigraphy, and general sediment core 113 

stratigraphy were presented by Waldmann et al., (2008), Waldmann et al., (2010a), and Waldmann et al. 114 

(2010b).  115 

Waldmann et al. (2010a) describe the physical and bulk chemical properties of sediment cores 116 

collected from Lago Fagnano sub-basins and use these parameters, in part, to infer westerly wind 117 

variability during the Holocene.  The authors focus on downcore variations in solid phase Fe abundance 118 



5 
 

obtained from a profiling XRF scanner to infer changes in the influx of detrital magnetic minerals, which 119 

they argue is indirectly controlled by regional precipitation (Waldmann et al., 2010a).  Higher 120 

precipitation causes greater influx of magnetic minerals to the deep isolated sub-basins within the lake.  A 121 

prominent decline in Fe through the Holocene towards modern argues for a reduction in westerly derived 122 

precipitation, an inference that is opposite from existing records in the region (Huber et al., 2004, 123 

Markgraf and Huber, 2010, Moreno et al., 2009).  Moreover, magnetic susceptibility levels in all cores 124 

collected in the eastern basin increase through the Holocene, signaling an overall increase in the 125 

abundance of ferromagnetic minerals that might be associated with enhanced runoff (increased 126 

westerlies).   Fe abundance, however, is difficult to interpret in lacustrine systems as its presence in 127 

sediments can be controlled by diagenetic alteration and is further complicated by dilution effects 128 

(Löwemark et al., 2010), bulk density, mineralogy and grain size changes (Croudace et al., 2006).  In 129 

order to better understand past variations in the precipitation regime, and by extension, the westerly wind 130 

field from Lago Fagnano sediments, we have developed a paleoclimate record using proxies derived from 131 

our understanding of drainage basin processes.  132 

 In this paper, we present a Holocene record of climatically- and tectonically-induced 133 

sedimentation from Lago Fagnano with foci on: 1) understanding changes in sediment provenance and 134 

delivery mechanisms to the deep eastern basin, 2) establishing a testable/verifiable radiocarbon 135 

chronology that can be used to constrain the timing of past climate/tectonic events; and 3) contributing to 136 

our understanding of climate variability in high southern latitudes.  We examine piston core and surface 137 

sediment samples obtained from the >180-meter deep eastern sub-basin and apply a multi-proxy approach 138 

combining bulk organic geochemistry (C and N), physical sediment properties, and wt. % biogenic silica 139 

to characterize changes in aquatic productivity, drainage basin erosion, and tectonically-induced mass-140 

wasting events, and ultimately, better understand past variations in climate in this important geographical 141 

locale.  Bulk organic isotopes (δ13C and δ15N) and concentrations are used to infer past changes in aquatic 142 

productivity and sediment provenance as has been accomplished in other large lake systems in South 143 
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America including Lago Titicaca (Rowe et al., 2003), Lago Puyehue (Bertrand et al., 2009), Laguna 144 

Potrok Aike (Haberzettl et al., 2007),  and Laguna Azul (Mayr et al., 2005).  We also combine our bulk 145 

organic geochemistry measurements with a pollen AMS radiocarbon chronology to characterize Holocene 146 

changes in climate.  The paleoclimate interpretations, and to a greater extent, the radiocarbon chronology, 147 

presented in this paper supersedes previous work from the lake and provides a more comprehensive and 148 

up-to-date understanding of Holocene climate change in Tierra del Fuego. 149 

2. Study Area 150 
 Lago Fagnano (Figure 1) extends for ~100 km E/W along the southern margin of Tierra del 151 

Fuego parallel to but north of the Beagle Channel (54°S, 68°W, 26 meters above sea level).  The lake 152 

occupies a deep basin within the left-lateral Magellan-Fagnano Transform fault system, an active tectonic 153 

boundary separating the Scotia and South American plates with estimated horizontal slip rates of 6.6 + 154 

1.3 mm/year (Lodolo et al., 2003; Smalley et al., 2003).  The fault system extends across the island of 155 

Tierra del Fuego through Lago Fagnano and bends across the Strait of Magellan along its northwest arm 156 

(Lodolo et al., 2003). Traces of the transform fault on land are manifest as sag ponds, fault scarps, linear 157 

truncation of drainage patterns, and deformation and extension of late Quaternary glacial sediments to the 158 

east of the lake (Menichetti et al., 2008).  Today, relatively low levels of seismicity (Richter magnitude < 159 

3.5) are recorded along the fault system, but large earthquakes have been recorded in the past, most 160 

notably the destructive 1949 earthquake (7.5 Richter magnitude), which triggered landslides within the 161 

watershed and displaced the Río Turbio to the east of the lake (Menichetti et al., 2008).  The lake is 162 

bounded by a set of low elevation (<1500 meters) mountain ranges – the Sierra de Beauvoir and Sierra 163 

Las Pinturas to the north and the Sierra Alvear to the south – that taper eastwards in elevation and 164 

represent an eastern extension of the higher and still glaciated Cordillera Darwin (Figure 1).  Small alpine 165 

glaciers occupy cirques at elevations greater than 1,000 meters in the Cordillera Darwin and a few of 166 

these small glaciers discharge minor amounts of meltwater to the westernmost part of the lake (Figure 167 

1b).  The NE section of the lake exposes folded lower Paleogene Río Claro Group marine foreland basin 168 

deposits consisting of conglomerates, sandstones, siltstones and coal-bearing mudstones, while outcrops 169 
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to the south and west of the lake expose Cretaceous marine slope metasediments (Beauvoir Formation) 170 

and upper Jurassic metamorphosed volcanic and sedimentary sequences (Lemaire Formation) (Olivero 171 

and Malumián, 2008).  Poorly consolidated late Quaternary glacial diamict, glaciolacustrine, and 172 

glaciofluvial deposits are common along the northern and southern shores of the lake (Bujalesky et al., 173 

1997). 174 

 Lago Fagnano can be divided into two sedimentary basins referred to as the western and eastern 175 

sub-basins (Figure 2a).  Waldmann et al. (2008, 2010a, 2010b) describe the sequence stratigraphy of the 176 

sediments filling these two sub-basins using seismic data acquired from high-resolution single channel 177 

(3.5 kHz “pinger”) and multichannel (1 in3 airgun) geophysical methods.  By combining these two 178 

techniques, the authors characterize the Lago Fagnano basin architecture as consisting of a complex 179 

bedrock morphology overlain by >100 m of glacial and lacustrine infill.  The sedimentary sequence in the 180 

eastern basin has been subdivided into three units (from bottom to top): (1) Unit EA, a thick, transparent, 181 

and chaotic basal unit interpreted as glacially-derived sediments, (2) Unit EB, comprising transparent 182 

subunits separated by almost equally spaced continuous medium- to high-amplitude reflections 183 

representing sequences of glacio-lacustrine sediments, overlain by (3) Unit EC, consisting of intercalated 184 

thinly spaced, high-amplitude internal reflections with low-amplitude to transparent intervals reflecting 185 

pelagic/lacustrine conditions interbedded with downslope mass-flow events (Waldmann et al., 2010a).  186 

We targeted the deeper eastern sub-basin for development of a paleoclimate record (Figure 2b) because it 187 

contains the thickest apparently undisturbed sequence of Unit EC in Lago Fagnano (Figure 2c).  Sediment 188 

cores PC-18 (presented here) and PC-16 (Waldmann et al., 2010a) collected in 185 m water depth 189 

penetrate Unit EC and consist of pelagic lacustrine silts and clays intercalated with thin (<15 cm thick) 190 

downslope mass-flow (turbidite) deposits. 191 

 The modern climate of Lago Fagnano can be characterized as semi-arid and cold with mean 192 

annual precipitation and temperature of 550 mm and 6°C, respectively.  In February 2004, we established 193 

a tripod-mounted, automated weather station at the Argentine Prefectura station on the southern shore of 194 
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Lago Fagnano (Figure 1b).  With the exception of two minor service interruptions (< 2 months), the 195 

station continuously recorded hourly temperature, relative humidity, barometric pressure, wind speed and 196 

direction, and precipitation measurements.  From this data set, we have compiled monthly climatologies 197 

of wind direction (Supplemental Figure 1a), temperature, wind speed and precipitation (Supplemental 198 

Figure 1b).  The average annual air temperature at the lake is 5.8°C, with summer and winter 199 

temperatures averaging 9°C and 1°C, respectively.  Lakeshore wind velocities are highest during the 200 

austral summer (January – March) and lowest during the winter months (June – July), when the core of 201 

the mid-latitude jet is situated farther to the north.  Precipitation generally follows the annual cycle in 202 

wind speed, with maximum rainfall recorded during the summer months.  Precipitation amounts 203 

measured at the Lago Fagnano station are generally less than in Ushuaia (the closest permanent weather 204 

station) except in November, likely reflecting a small rain shadow effect from the surrounding Sierra de 205 

Alvear.  A wind rose diagram calculated from the station data shows a bimodal distribution in relative 206 

wind direction frequency: recorded winds are mostly out of the southwest, but stronger northwesterly 207 

winds are also common (Supplemental Figure 1a). 208 

3. Materials and Methods 209 
 Sediment cores were collected during field campaigns in 2005 and 2006 using a Kullenberg-type 210 

piston coring system on the 11-m long vessel R/V Neecho.  Coring locations in the eastern sub-basin were 211 

selected based on the seismic stratigraphy and are mostly free of mass flow and large-scale (eroding) 212 

turbidite deposits.  The piston core PC-18 and gravity core LF-01 described here were collected in 185 213 

meters of water and have total lengths of 527 and 215 cm, respectively. Although PC-18 appears to 214 

contain the sediment-water interface, additional short gravity cores (<2.5 m) were recovered and a series 215 

of sediment “grab” samples were collected with a modified Ekman dredge from a variety of depths and 216 

distances from fluvial inputs to the lake (Figure 2b).  In addition to sediment samples, Nothofagus pumilio 217 

and N. antarctica leaves, litter, and underlying surficial soil horizons were sampled from locations within 218 

the Fagnano watershed in order to constrain the isotopic signatures of organic matter entering the lake. 219 
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 Physical sediment properties, including bulk density, magnetic susceptibility, and P-wave 220 

velocity, were measured on the PC-18 and LF01 sediment cores at 1-cm resolution using a Geotek Multi-221 

Sensor Core Logger at ETH (Zurich, Switzerland) and at the USGS Coastal and Marine Geology facility 222 

(Menlo Park, CA), respectively.  Sediment cores were split, described and immediately photographed in 223 

order to preserve fine mm-scale laminae that quickly fade upon exposure to the atmosphere. 224 

 We obtained continuous 3 ml samples at 1 cm resolution for bulk organic C and N isotope and 225 

concentration analysis (C and N).  Samples were oven dried at 40°C, weighed into tin capsules, and 226 

analyzed on a Carlo Erba NA1500 Series 2 elemental analyzer coupled to a Finnigan Delta Plus isotope 227 

ratio mass spectrometer via a Finnigan Conflo II open split interface at the Stanford University Stable 228 

Isotope Biogeochemistry Laboratory (SIBL).  Results are presented in standard delta notation with δ13C 229 

reported relative to the VPDB carbonate standard and δ15N relative to air. The average standard deviation 230 

of replicate samples was 0.06‰ for δ13C, 0.32‰ for δ15N, and 0.01 % for C and N concentrations (n=23).  231 

Biogenic silica (wt. % BSi) was measured at 3 cm resolution by spectrophotometry after NaOH leaching 232 

and extraction after 2, 3 and 4 hours using a method modified from Mortlock and Froelich (1989) and 233 

DeMaster (1981).  The average standard deviation of replicate samples using this method was 0.11% 234 

(n=7).  235 

 A total of 12 horizons were selected for radiocarbon dating in the LF01 and PC-18 sediment cores 236 

(Table 1).  AMS radiocarbon ages were obtained on a variety of materials, including bulk organic 237 

sediment, terrestrial macrofossils and pollen concentrates.  Because coal (lignite) has been identified as a 238 

contaminant in paleoclimate studies across Tierra del Fuego (Heusser, 1999; McCulloch et al., 2005) and 239 

is present in sedimentary rocks within the Lago Fagnano drainage basin (Olivero and Malumián, 2008), 240 

we focus our radiocarbon dating scheme on pollen concentrates.  AMS dating of pollen extracts is a 241 

reliable method for obtaining accurate radiocarbon ages and surmounting contamination difficulties 242 

introduced by older or radiocarbon-“dead” material (Brown et al., 1989; Mensing and Southon, 1999; 243 

Piotrowska et al., 2004; Vandergoes and Prior, 2003).  Moreover, pollen is considered a reliable material 244 
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to date in lacustrine settings because trees and pollen are typically in isotopic equilibrium with the 245 

atmospheric radiocarbon pool, rather than the lacustrine dissolved inorganic carbon (DIC) pool (as is the 246 

case for lacustrine macrophytes), which can have contributions of old DIC from groundwater/bedrock 247 

sources (e.g. Chondrogianni et al., 2004).  We found that a method developed by Vandergoes and Prior 248 

(2003), which combines a modified method of pollen extraction from lake sediments (e.g., Faegri and 249 

Iverson (1989), but excluding the use of C-containing acids/solvents) with stepwise liquid density 250 

separation, works best for our samples. A total of 15 grams of wet sediment obtained from 1.0 to 1.5 cm 251 

thick sections of core was digested using 10% HCL, 50% HF, 10% HNO3, and 10% KOH.  The 252 

remaining material was sieved at 125µm and then passed through a series of heavy liquid density 253 

separations using sodium metatungstate. After an initial pass using a solution with a specific gravity of 254 

2.1 to separate dense inorganic material from pollen, successive separation cycles were carried out, 255 

starting with specific gravity of 1.8 and decreasing to 1.1 at an interval of 0.1.  Individual specific density 256 

separates were obtained from 1.6 to 1.1 and those with the highest pollen yield that were free of black 257 

particulates (presumably dead C contaminants), as identified after inspection under a binocular 258 

microscope, were selected for dating.  The selected pollen concentrates were acidified with 1N HCl to 259 

remove any absorbed atmospheric CO2 before multiple DI rinses, combustion, conversion to graphite, and 260 

analysis at the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Lab.  261 

Radiocarbon dates were converted to calendar years BP (cal yr BP) using Calib 6.0 (Stuiver and Reimer, 262 

1993) using the Southern Hemisphere calibration curve (McCormac et al., 2004). We established an age 263 

model for the PC-18 sediment core by applying a linear regression through the median probability ages 264 

derived from Calib 6.0 (Table 1). 265 

4. Results 266 
4.1 – Sediment core stratigraphy 267 

 Piston core PC-18 and gravity core LF01 recovered the uppermost section of Unit EC in the deep 268 

eastern sub-basin (Figure 2).  The uppermost 230 cm in PC-18 and the entire LF01 core consist of brown 269 

silty clay, with dark 0.5 – 2 mm laminae that oxidize and fade rapidly after exposure. The laminated 270 
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interval is truncated by a series of nine 1-15 cm thick light-colored sedimentary units that consist of 271 

graded and fining upwards silt and sand. A complex change in sedimentology occurs at mid-depth (~230 272 

cm) in the PC-18 sediment core.  A 7 cm thick coarse graded sand unit unconformably overlies a 10 cm 273 

thick laminated interval, a 3 cm thick tephra, and ~300 cm of deformed and mottled inorganic silts that 274 

extend to the base of the PC-18 core (Figure 3).  The 7 cm thick sand unit with a scoured erosive base 275 

overlies the mobilized and deformed sediments (including the reworked tephra) and effectively divides 276 

the PC-18 core into a lower chaotic (disturbed) section, representing a mass wasting deposit, and an upper 277 

relatively undisturbed and laminated section (Figure 3).  The intermediate graded sand likely represents a 278 

turbidite that typically follows large-scale downslope sediment mobilization and overlies the mass flow 279 

deposit (Schnellmann et al., 2005). We focus our geochemical measurements on the upper undisturbed 280 

section (0-230 cm) of the PC-18 core. 281 

4.2 – Bulk Density 282 

 Bulk sediment density in the upper 230 cm of the PC-18 piston core averages 1.5 g/cc and 283 

exhibits a small (<0.2 g/cc) negative trend towards the top of the core.  Superimposed on the trend are 284 

nine abrupt positive increases in bulk density that correspond to the light-colored and graded silty-sandy 285 

sedimentary units described above (Supplemental Figure 2).  Positive excursions in the PC-18 density 286 

profile are also correlative with  density peaks in the LF01 and PC-16 sediment cores (Waldmann et al., 287 

2010a) obtained within 2km of the PC-18 core in the eastern basin (Figure 2 and Supplemental Figure 2) 288 

reflecting the basinwide and complete nature of the recovered lithologic succession. 289 

4.3 – Bulk organic geochemistry and biogenic silica 290 

 Bulk organic geochemistry and wt. % BSi results are presented in Figure 4.  Carbon and nitrogen 291 

concentrations increase monotonically from the base of the undisturbed section at 230 cm to the top of the 292 

core.  C/N generally follows this positive long-term trend in elemental concentration, but displays a series 293 

of 9 abrupt departures and a single large excursion at the top of the core (Figure 4).  There is a systematic 294 

pattern associated with these 9 negative departures in C/N ratio. C/N ratio abruptly rises, quickly falls, 295 
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and then re-attains its original values.  The bulk organic δ13C profile exhibits a total range of < 2‰ 296 

throughout the PC-18 sediment core (Figure 4).  The base of the core has relatively low values (mean of -297 

25.8‰) overlain by a section that averages -25.2‰ at 150 cm. Bulk organic δ13C gradually decreases 298 

from 150 cm to the lowest values in the record at the core top (-26.6‰).  Abrupt 0.25 – 0.5‰ decreases in 299 

δ13C correspond with the initial rise and rapid decline in C/N values in the core.  Sedimentary δ15N 300 

displays 2-3‰ variability at the base of the core followed by low frequency variations with maximum 301 

values at 130 and 25 cm with intervening low values at 175 and 75 cm.  Wt.% BSi averages 3.5% 302 

throughout PC-18; abrupt 2% declines are correlative with reductions in C/N and carbon and nitrogen 303 

concentrations. 304 

4.4 – Radiocarbon chronology 305 

 We present two age-depth models for the PC-18 core in Figure 5 and summarize the results in 306 

Table 1.  The bulk organic C, pollen concentrate, and terrestrial macrofossil radiocarbon dates obtained 307 

on the LF01 core were composited with dates from PC-18 using the bulk density profiles (Supplemental 308 

Figure 2) for core-to-core correlation.  Bulk sedimentary radiocarbon dates obtained from the sediment-309 

water interface and 4 lower horizons exhibit significantly older ages (>5000 years) than corresponding 310 

pollen concentrate ages taken from similar depths (Figure 5).  With the exception of the 6,500 cal yr 311 

sediment-water interface date, the remaining bulk dates are in stratigraphic order and exhibit a 5000 to 312 

7000 cal yr offset from corresponding pollen dates.  In two out of three cases, the terrestrial macrofossil 313 

dates are older than dates obtained on nearby pollen concentrates – the exception is the macrofossil date 314 

at 153 cm (see below).  Reproducibility of pollen dates precipitated from specific gravities of 1.3 and 1.6 315 

at 65 cm is <300 cal years BP and provides a minimum error estimate for our chronology. 316 

5. Discussion 317 

5.1 Radiocarbon contamination and the construction of a reliable age model 318 

 Three factors complicate the construction of a reliable radiocarbon chronology in Lago Fagnano 319 

sediments: (1) low concentrations of suitable/relevant organic material in cored sediments, (2) potential 320 

contamination by old or “dead” carbon sources within the watershed, and (3) remobilization and 321 
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deposition of older lacustrine or glacial sediments.  Obtaining a continuous sedimentary sequence with 322 

minimal turbidite disturbance in Lago Fagnano requires core recovery from the center of the deep eastern 323 

sub-basin, which by virtue of its distance from shore, contains very few terrestrial macrofossils. In fact, 324 

the limited terrestrial macrofossils (principally wood fragments) that are present in the PC-18, LF01, and 325 

PC-16 sediment cores are associated with turbidites and presumably were transported downslope from 326 

littoral or other areas of the lake during mass flow events (Waldmann et al., 2010b).  In addition to the 327 

questionable context of terrestrial macrofossils, the Fagnano watershed contains multiple old or “dead” 328 

carbon sources that can contaminate bulk organic material.  Principal contamination sources include the 329 

poorly consolidated late Pleistocene glacial material exposed along the shoreline and the coal-bearing 330 

Paleogene mudstones that outcrop immediately to the north of the deep eastern basin.  Finally, reworking 331 

associated with seismically-driven sediment gravity flow events may involve the erosion of older 332 

lacustrine material from shallower areas of the lake and redeposition within the center of the deep basin.  333 

Despite these difficulties, by combining radiocarbon dates on concentrated pollen extracts with our 334 

knowledge of sediment provenance from bulk organic chemistry and physical sediment properties, we can 335 

surmount these obstacles and construct a reliable sediment core chronology. 336 

 Our first attempt at establishing a radiocarbon chronology for the eastern sub-basin has consisted 337 

of analyzing bulk organic sediment from five horizons including the sediment-water interface from the 338 

LF01 core (Figure 5 and Table 1).  Radiocarbon dates obtained on the bulk acid- and base-insoluble 339 

residue have revealed a core-top age 6150 14C yr BP, an age reversal between the core top and the date 340 

below at 45 cm, followed by successively older dates down to 157 cm.  Based on the high-resolution 341 

seismic data and knowledge of the timing of sediment deposition with respect to know glacial events in 342 

the region (Kaplan et al., 2008; McCulloch et al., 2005), the ages obtained from bulk sedimentary dates 343 

are too old and must be non-representative of the actual timing of sediment deposition.  Radiocarbon 344 

dates obtained on the pollen concentrates, however, produce a radiocarbon stratigraphy with no reversals, 345 

a linear sedimentation rate, and a basal date of ~6,000 cal yr BP (Figure 5).  Although we elected not to 346 

date the sediment-water interface, as it immediately overlies an interpreted turbidite deposit and therefore 347 
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might be altered (see below), there are four paired pollen concentrate and bulk dates that exhibit offsets 348 

between 5,000 and 7,500 cal yr BP.  Two dates obtained from the same depth horizon, but precipitated 349 

from the heavy liquid at 1.3 and 1.6 g/cm3, are 10 years outside the 2 σ radiocarbon calibration range 350 

(within 300 14C years).  This age discrepancy may reflect heterogeneity in the 1.5 cm thick (15 g wet 351 

sediment) sample.  The terrestrial macrofossil radiocarbon dates are generally older than proximal pollen 352 

dates, with the exception of radiocarbon dates obtained at 153 cm, which appear to be derived from a 353 

turbidite interval and are excluded from our age model (Figure 5).  The older pollen concentrate date 354 

(relative to the macrofossil radiocarbon age) at 153 cm may signal minor reworking of pollen and/or 355 

heterogeneity within the turbidite deposit. 356 

We developed an age model for the PC-18 core by first removing the nine turbidite units using 357 

the density and organic geochemistry stratigraphy (see below) and placing a linear regression through the 358 

median probability calibrated pollen dates (Figure 5b).  To some extent, we can test the accuracy of our 359 

age models by comparing the published age of the Holocene Volcán Hudson (H1) tephra with the 360 

constructed age model.  The H1 tephra is present in both the PC-18 and PC-16 sediment cores and has 361 

been geochemically identified by Waldmann et al. (2010a).  The mean pooled age obtained from the 10 362 

most representative ages for this explosive eruption (see Figure 1 for location in central Patagonia) is 363 

6850 + 160 14C, which yields a 2σ calibrated age range of 7420 – 7960 cal yr BP and a median calibrated 364 

age of 7660 (Stern, 2008).  Although it is tempting to use the age of the tephra to rigorously test our age 365 

model, the location of the ash layer within the turbidite precludes an exact age/depth assignment for the 366 

PC-18 core (see Figure 3).  In this case, the mean pooled age for the H1 essentially represents a maximum 367 

limiting age and our pollen concentrate chronology is in agreement with this (i.e. it is older than our 368 

pollen ages; see Figure 5).  Overall, given the 300 year reproducibility of pollen concentrate ages, we take 369 

a conservative approach and estimate that the chronology presented here is accurate to 500 years during 370 

the Holocene. 371 
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Dead carbon derived from coal deposits in the lower Paleogene sedimentary exposures directly 372 

north of the eastern sub-basin (Figure 1) is the likely cause of the radiocarbon contamination in Lago 373 

Fagnano sediments.  In Puerto del Hambre (230 km NW) Heusser (1999) reported contamination by 374 

“infinitely old” carbon reworked by glacial scouring of Tertiary sedimentary deposits during the Late 375 

Glacial.  In addition, McCulloch et al. (2005) have identified age offsets >10,000 14C years between 376 

untreated (bulk) samples and >120 µm hand-picked macrofossil age determinations from sites along the 377 

Bahía Inútil coastline on the eastern side of the Straits of Magellan (Figure 1).  Similar to what we 378 

identify in Lago Fagnano sediments, Heusser (1999) described the contaminant as, “black, amorphous, 379 

noncrystalline, microscopic particulate without cellular differentiation.”  The Vandergoes and Prior 380 

(2003) method used here has effectively eliminated these black particles from our samples and has 381 

therefore allowed us to construct a working AMS radiocarbon chronology for Lago Fagnano. The results 382 

from these two studies, as well as our own, indicate that contamination by radiocarbon “dead” carbon 383 

derived from Tertiary sedimentary exposures is prevalent across Tierra del Fuego and should be kept in 384 

mind when new regional radiocarbon chronologies are developed.  Based on the radiocarbon evidence 385 

presented here, our previous age models from Lago Fagnano that incorporate bulk or basal turbidite 386 

organic matter should be considered suspect.  The age model presented here reflects the most up-to-date 387 

chronology for the Lago Fagnano eastern sub-basin and should be the chronology utilized in future work.   388 

5.2 Lago Fagnano sediment provenance 389 

 Bulk organic C and N isotopic ratios and concentrations can be used to understand sediment 390 

provenance, as well as transport and delivery mechanisms, within the Lago Fagnano watershed.  C/N 391 

ratios, for example, are commonly used to differentiate between algal and terrestrial sources of organic 392 

matter in lacustrine sediments (Meyers and Teranes, 2001).  Terrestrial organic matter derived from 393 

vascular land plants with relatively high cellulose concentration and low protein abundance typically have 394 

C/N ratios > 20 (Meyers, 2003).  Conversely, lacustrine algae typically have C/N values < 10 due to 395 

higher protein concentrations relative to land plants.  Because lacustrine organic matter is typically a 396 
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mixture of terrestrial and aquatic organic matter, C/N ratios can be used to identify the relative 397 

contributions of these two end-members to the sediment (Meyers and Teranes, 2001).  Figure 6 displays 398 

the bulk density, C/N ratio, and bulk δ13C depth profiles for PC-18.  With the exception of the large peak 399 

between 3 and 15 cm, C/N ratios are <10 throughout the record, indicating a predominantly algal source 400 

for the sedimentary organic matter.  C/N ratios can also be combined with bulk density and δ13C to 401 

highlight the turbidite deposits in the record (Figure 6).  In Fagnano sediment cores, turbidites 2-8 are 402 

characterized by an initial increase in C/N ratio followed by a rapid drop and subsequent rise to pre-403 

turbidite values (Figure 6).  Synchronous decreases in δ13C that begin with the initial rise in C/N and 404 

abrupt increases in bulk density clearly characterize these units and offer the potential to remove them 405 

from the sedimentary record (see below).  The initial rise in C/N ratio and decline in δ13C values probably 406 

reflect delivery of organic matter from littoral regions of the lake, while the low C/N values result from 407 

the fine-grained inorganic clays that cap the top of the turbidite unit (Figure 4).  All terrestrial 408 

macrofossils found in the cores were obtained from the bases of these units, while the low C and N 409 

concentration clays are characterized as reflective light-colored layers in sediment core images (Figure 3).  410 

The large turbidite at the top of the record is different from the smaller turbidites found throughout the 411 

core.  The concomitant rise in C/N ratio and bulk density is synchronous with a >0.5‰ decline in δ13C. 412 

Taken together, the data argue for large-scale downslope transport of terrestrial-derived organic matter.  413 

Waldmann et al. (2008) and Waldmann et al. (2010b) attribute turbidite deposition to tectonics-related 414 

mass flow events caused by seismicity along the Magallanes-Fagnano Transform fault system.  We now 415 

expand upon this interpretation by combining bulk organic δ13C and C/N measurements on representative 416 

organic material from Lago Fagnano and the surrounding watershed to constrain and identify locations of 417 

sediment supply to the deep eastern sub-basin. 418 

 In Figure 7 we compare δ13C and C/N values from the PC-18 core and grab samples from the 419 

eastern sub-basin with terrestrial organic matter (soil, leaf litter, and Nothofagus leaves) from the 420 

surrounding watershed.  PC-18 sediments were divided into non-turbidite (i.e., pelagic) and turbidite 421 
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categories based on the parameters presented in Figure 6 (bulk density, C/N ratio, and δ13C).  Pelagic 422 

lacustrine sediments are well-constrained in the carbon cross-plot between -25.2 and -26 ‰ and 7.5 and 423 

10 C/N units (Figure 7b).  Lacustrine sediments derived from turbidite intervals also plot within the range 424 

of the pelagic sediments, but half of the measured values have lower C/N values, which can be attributed 425 

to the fine-grained inorganic clays that comprise the tops of these units and have low C and N 426 

concentrations (0.4% and 0.07%, respectively).  The large turbidite at the top of the sediment core 427 

exhibits higher C/N values and lower δ13C values and therefore plots separately from the pelagic 428 

sediments and other turbidite samples (Figure 7).  In fact, this large turbidite exhibits C/N values close to 429 

those of grab samples obtained from shallower areas in the lake, and as a whole, plots within range of a 430 

shallow grab sample obtained close to the Río Turbio inlet.  Therefore, this uppermost turbidite appears to 431 

contain organic matter derived from shallower or littoral areas of the lake, while the smaller turbidites (2-432 

8, Figure 6) in the Holocene section appear to be sourced primarily from deeper sections of the sub-basin.  433 

The relationship between water depth, distance from shore, and bulk δ13C and C/N values is 434 

presented in Figure 8, where along E-W and N-S grab sample transects (see Figure 2b), δ13C increases 435 

and C/N decreases with water depth.  The large recent turbidite at the top of the PC-18 core may have 436 

been deposited as a result of collapse following a particularly large seismic event or slope failure during a 437 

moderate-sized, non-seismic event (e.g. gravitational delta collapse of some kind near the mouth of the 438 

Río Turbio). The smaller turbidites may reflect downslope-flows triggered by lower-magnitude seismic 439 

events that cause slope instabilities and thus mobilization and re-suspension of lacustrine sediments from 440 

lateral slopes, although the macrofossil samples found at the base of turbidites #3 and #5 also indicate 441 

some transport of littoral organic material.  Finally, samples obtained from the top 3 cm of the PC-18 core 442 

(highlighted by the circle) and sediment grab samples may exhibit lower δ13C values due to the 1.5‰ 443 

decline in atmospheric δ13C CO2 (Suess effect; Keeling, 1979; Schelske and Hodell, 1995). 444 

5.3 Paleoclimate interpretation 445 
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Combining bulk organic geochemistry, the pollen-concentrate age model and knowledge of 446 

sedimentation provided by the high-resolution seismic data from Lago Fagnano, allows us to draw 447 

conclusions regarding past climate variability in Tierra del Fuego.  In Figure 9 we present C/N, carbon 448 

mass accumulation rates (C-MAR), and bulk organic δ13C profiles for the last 8,000 years.  We have 449 

constructed these time series by incorporating the linear age model (Figure 5b) with the bulk geochemical 450 

measurements obtained from the turbidite-free intervals (Figures 4 and 6).  C/N and C-MAR co-vary and 451 

show a rise through the Holocene that culminates in the last 500 years of the record (Figure 9a). The co-452 

variation of these two parameters suggests that higher carbon deposition rates result from higher fluxes of 453 

terrestrial organic matter, either sourced from shallower areas (Figure 8) and/or from greater fluvial input 454 

to the lake (Figure 7).  Although C/N may be susceptible to degradation processes by selective removal of 455 

labile C compounds over N through time (e.g. Meyers and Terranes, 2002), the C and N isotope profiles 456 

from Lago Fagnano do not provide evidence of this.  There are no significant trends towards positive 457 

values (selective removal of the lighter isotope) in these two isotope profiles that would suggest there is 458 

significant organic matter degradation.   In addition to the increase in C/N and C accumulation rates 459 

through the Holocene, there is a concomitant increase in magnetic susceptibility that mirrors the middle to 460 

late Holocene trends in C/N and C-MAR (Figure 4).  Together, these proxies indicate that there is an 461 

overall increase in terrestrial organic matter and terrigenous material to the deep eastern sub-basin. The 462 

Holocene trend in these parameters most likely represents a combination of vegetation dynamics related 463 

to a Holocene advance of the Nothofagus (southern beech) forest into the lake water shed and the 464 

associated increase in precipitation that drives forest expansion. 465 

Heusser (2003) developed a pollen record from a mire located directly south of our coring sites 466 

within the Lago Fagnano drainage basin.  The record shows an increase in Nothofagus pollen from 9200 467 

to 5500 cal yr BP that is followed by high Nothofagus percentages (>90 %) to modern.  Because the 468 

eastern limit of Nothofagus in this region is controlled by precipitation (Heusser, 1995; Heusser et al., 469 

2000; Huber et al. 2004; Markgraf et al., 2007; Tonello et al., 2009), the rise in Nothofagus pollen is 470 

attributed to increasing moisture availability that expands and maintains the eastern extent of the forest 471 
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(Heusser, 2003).  The predominance of Nothofagus over Poaceae (grasses) starting in the middle 472 

Holocene and extending to Modern is a common feature of pollen records obtained from sites located 473 

within the forest-steppe ecotone in southern Patagonia (Heusser, 1995; Huber et al., 2004; Markgraf and 474 

Huber, 2010,  Moreno et al., 2009a; Villa-Martinez and Moreno, 2007).  Increasing C/N, C-MAR, and 475 

magnetic susceptibility through the Holocene in our record likely reflects the combination of increased 476 

precipitation and run-off combined with the establishment of a dense Nothofagus forest around the lake.  477 

Because precipitation in this region is largely driven by the intensity of the Southern Hemisphere 478 

westerly wind field (Garreaud, 2007; Moy et al., 2009), we interpret the increasing values of C/N, C-479 

MAR, and magnetic susceptibility through the mid-to-late Holocene as resulting from generally 480 

increasing westerly wind strength at this latitude. Although our paleoclimate interpretation of C/N and C-481 

MAR agrees well with regional records (e.g. Huber et al., 2004, Markgraf et al., 2010, Moreno et al., 482 

2009), it is difficult to exclude an influence of long-term tectonic change or lake basin evolution on these 483 

two parameters.  If modern slip rates of 6 mm/year are maintained along the transform fault system during 484 

the Holocene, there is potential for the northern side of the lake to move 50 meters relative to the southern 485 

side over the length of our 8,000 year record.  However, the shallow seismic stratigraphy indicates that 486 

the sedimentary sequence surrounding PC-18 is relatively uniform and there is no evidence of large-scale 487 

disturbance (Waldmann et al., 2008; Waldmann et al., 2010a). 488 

The Holocene bulk organic δ13C profile from Lago Fagnano increases at 8,000 cal yr BP, attains 489 

high values between 7,000 and 5,000 cal yr BP, and gradually declines through the late Holocene (Figures 490 

4 and 9).  Although the total range in δ13C is less than 1‰, the overall Holocene trend is similar to a 491 

Holocene record of Antarctic air temperatures from the Taylor Dome ice core (Steig et al., 2000) and 492 

reconstructed SST along the mid-latitude Chilean continental shelf (Lamy et al., 2002).  These two 493 

records generally exhibit higher temperatures during the early to middle Holocene between 7,000 and 494 

5,000 cal yr BP, followed by a gradual decline through the Neogacial period (Porter, 2000) during the last 495 

5,000 years (Figure 9).  The Lago Fagnano δ13C records exhibits a very similar structure over this time 496 

period, and likely reflects temperature-driven changes in algal productivity within the lake.  Increased 497 
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temperatures, particularly during the summer months, will work to enhance phytoplankton productivity in 498 

Lago Fagnano, preferentially removing 12C from the water TDIC pool leaving and producing organic 499 

debris enriched in 13C (Hodell and Schelske, 1998; Hollander and McKenzie, 1991).  The highest δ13C 500 

values in the Fagnano record between 7,000 and 5,000 cal yr BP are coincident with low C/N values and 501 

the highest Si/C ratios of the Holocene (not shown), further suggesting that the mid Holocene δ13C peak is 502 

indeed related to enhanced aquatic productivity. The correspondence between these three records 503 

indicates that the mid-Holocene warming was pervasive in the mid- to high-latitudes of the South 504 

American sector of the South Pacific region and extended across the Drake Passage to the Antarctic 505 

continent.  In particular, this early to middle Holocene warming may represent a significant warming of 506 

ACC waters and may represent a weakening or northward migration in the polar front during the middle 507 

Holocene. 508 

Although our bulk radiocarbon dates are contaminated by bedrock derived lignite, it is unlikely 509 

that the lignite will have a significant impact on our Holocene δ13C profile because: (1) coal exhibits high 510 

C/N values >50 (Ussiri and Lal, 2008), which are significantly elevated above the C/N values in our cores 511 

(Figure 4), and would suggest that the lignite is not an overwhelming part of the sedimentary matrix, (2) 512 

the alkali pre-treatment for bulk sedimentary radiocarbon samples that we employed preferentially 513 

removes the younger more labile carbon that is retained in the δ13C measurement and works to 514 

concentrate the “dead” more refractory carbon yielding older age measurements, and (3) the linear offset 515 

between pollen and bulk ages (Figure 5) decreases towards Modern  at the same time carbon 516 

accumulation rates are increasing, which is opposite to what we would expect if bedrock-derived lignite is 517 

significantly contributing to the bulk organic geochemical measurements. Regardless, future paleoclimate 518 

work in Lago Fagnano will target compound-specific isotope methods (Huang et al., 2002; Shuman et al., 519 

2006; Tierney et al., 2008), which can be used to avoid contamination and get a better understanding of 520 

Holocene changes in climate. 521 

 522 
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 523 

6. Conclusions 524 

 The Lago Fagnano sediment record provides a unique perspective on Holocene climate and 525 

tectonic disturbances in Tierra del Fuego.  We have combined bulk C and N stable isotopic ratios and 526 

elemental analysis on a lacustrine sedimentary sequence recovered from Lago Fagnano to track changes 527 

in sediment provenance and aquatic productivity during the last 8,000 years.  Although bedrock-derived 528 

lignite appears to be a significant radiocarbon contaminant in Lago Fagnano bulk organic sediments, 529 

radiocarbon dates obtained on pollen extracts provide a good chronology for the eastern sub-basin.  530 

Removing the influence of interpreted turbidites in the sedimentary record produces a linear age model 531 

for the last 8,000 years, and based on the reproducibility of radiocarbon dates and our interpolated age for 532 

the H1 tephra, we estimate our chronology to be accurate to 500 years or better during the Holocene.  533 

Future work on Lago Fagnano cored sediments will focus on reducing the uncertainty in the chronology 534 

by increasing the downcore density of pollen-concentrate radiocarbon dates.   535 

 Combining bulk elemental, isotopic, and physical sediment properties has allowed us to highlight 536 

the distribution in this part of the eastern sub-basin and better understand provenance associated with 537 

turbidites in the recovered sedimentary record.  Turbidites 2-8 may reflect small-scale mass flow events 538 

that primarily transport resuspended lacustrine silts and clays derived from lower lateral slopes, while 539 

turbidites 1 and 9 may represent larger-scale, mass flow events that transport organic material from 540 

shallower regions of the lake, perhaps in response to exceptionally strong regional seismic disturbances.  541 

However, unconstrained changes in sediment source and turbidite preservation (e.g. Waldmann et al., 542 

2010b) preclude a direct evaluation of past seismic magnitude given the data presented here. Ultimately, 543 

additional sediment cores and increasing the density of seismic data in the eastern sub-basin will be 544 

needed to corroborate these interpretations.  The co-variability and long-term Holocene trend in C/N ratio 545 

and carbon accumulation rate reflects an overall increase in the delivery of terrestrial organic matter to 546 

Lago Fagnano.  We attribute these variations to an overall increase in westerly-derived precipitation that 547 

drives the Nothofagus forest eastward and enhances run-off and fluvial input of terrestrial organic matter 548 
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to the lake.  The correspondence between the Lago Fagnano bulk organic δ13C record and other marine 549 

and terrestrial records from the Southern Hemisphere is intriguing and suggests to us a shared response to 550 

high latitude temperature change during the middle and late Holocene. 551 
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 835 

Figure Captions: 836 

Figure 1. Regional study area map illustrating location of Lago Fagnano and sites discussed in text.  a) 837 

Map of southern South America showing the location of Volcán Hudson (triangle) and the location of the 838 

Heusser (1999) and McCulloch et al., (2005) site locations (numbered #1 and #2, respectively).  Star 839 

denotes the location of Lago Fagnano. b) Satellite image of Lago Fagnano and surrounding drainage 840 

basin.  Numbered stars denote the location of the PC-18 (1) and LF01 (2) sediment cores obtained in the 841 

eastern basin.  The circle denotes the location of the Lago Fagnano meteorological station and the white 842 

box highlights the area enlarged in Figure 2a.  Landsat image source: NASA World Wind 843 

(http://worldwind.arc.nasa.gov). 844 

 845 

Figure 2. Lago Fagnano bathymetry and seismic stratigraphy showing sediment core and grab sample 846 

locations discussed in text.  a) Lago Fagnano bathymetric map and seismic track lines for the western (W) 847 

and eastern sub-basins (E).  b) Eastern sub-basin bathymetry piston and gravity core locations (stars) and 848 

the N-S and E-W grab sample transects (circles).  In this paper, we focus on the PC-18 sediment record 849 

obtained from 185 meters water depth and close to E-W seismic line #17 (labeled 2C).  c) High resolution 850 

3.6 kHz single-channel “pinger” seismic line #17 showing a longitudinal image of the eastern sub-basin 851 

(the closest and most representative line for core PC-18) and the transposed location of PC-18.  The PC-852 

18 record exposes the upper portion of the EC seismic stratigraphic unit, which is characterized by thinly 853 

spaced, high-amplitude internal reflections with low-amplitude to transparent intervals.  The EC unit has 854 

been interpreted to reflect pelagic/lacustrine conditions interbedded with downslope mass-flow events 855 

(Waldmann et al., 2010a).  The geochemical record presented here focuses on the uppermost 230 cm of 856 

this sequence. 857 

 858 

Figure 3. Lago Fagnano PC-18 piston core composite linescan image.   The upper core image (0 - 130 859 

cm) highlights the core-top, a representative laminated interval, and turbidite #3 (note white inorganic 860 
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clay unit that caps this deposit).  The lower core image highlights the erosive transition from the upper 861 

undisturbed section (top 230 cm) to the disturbed section below.  Note the presence of a 7 cm-thick sandy 862 

turbidite at the base of the undisturbed section, multiple erosive boundaries, graded sequences, 863 

deformation structures, and the location of the V. Hudson (H1) tephra. 864 

Figure 4. Compilation of Lago Fagnano bulk organic proxies.  Numbers 1 – 9 and horizontal shading 865 

highlight interpreted turbidites in the record (as determined by visual inspection, e.g. Figure 3), which are 866 

characterized by abrupt drops in C and N concentrations, C/N, and δ13C.  Triangles refer to pollen 867 

concentrate radiocarbon dates used in our age model and the dark heavy horizontal line shows the 868 

location of the H1 tephra within the disturbed (hatched) interval.  Our paleoclimate interpretation is 869 

restricted to the upper 230 cm of the sediment core stratigraphy. 870 

Figure 5. Radiocarbon chronology for the Lago Fagnano PC-18 sediment core. a) Age-depth 871 

(unmodified) profile for the PC-18 core showing dates obtained on pollen concentrates (circles), bulk 872 

sediment (diamonds), and terrestrial macrofossils (triangles).  Pollen concentrates are younger than 873 

corresponding bulk sediment dates and exhibit a linear downcore distribution without any age reversals. 874 

b) Age-depth profile for the modified stratigraphy (interpreted turbidites removed) showing linear 875 

regression through pollen concentrates used as an age model for the PC-18 core.  Although there is 876 

uncertainty in the placement or true depth of the H1 tephra in our cores due to its presence within the 877 

turbidite, our age model approximates the published age of the tephra within 400 years and provides 878 

another estimate of the accuracy of our chronology. 879 

Figure 6. Lago Fagnano bulk organic and bulk density stratigraphy illustrating turbidite distribution 880 

within the record.  We have removed the highlighted turbidites (1-9) from the bulk organic stratigraphy in 881 

order to interpret the paleoclimate record.  882 

Figure 7. Cross plots of δ13C and C/N illustrating potential Lago Fagnano sedimentary organic matter 883 

sources.  a) Compilation of δ13C and C/N measurements made on drainage basin organic matter (soil and 884 
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leaf litter) and lacustrine sediments obtained on the PC-18 sediment core and from grab samples obtained 885 

along a N-S and E-W transect across the eastern basin (see Figure 2b).  The terrestrial and sediment grab 886 

samples plot along a mixing line between PC-18 sediment samples and a terrestrial end-member best 887 

represented by leaf litter.  b) Same as in 7a but enlarged to show variations between PC-18 sediment core 888 

samples and grab samples.  The grab samples trend along a curved line extending from a shallow sample 889 

obtained close to the Río Turbio inlet to the PC-18 samples obtained from the largest turbidite (Turbidite 890 

1).  The Turbidite 1 samples exhibit higher C/N values and therefore plot away from the other turbidite 891 

and non-turbidite PC-18 samples.  Grab samples and the top 3cm PC-18 samples may be artificially 892 

depressed by ~1‰ due to the Suess effect (1.5‰ decline in atmospheric δ13C due to combustion of 893 

isotopically light fossil fuels; see text). 894 

Figure 8. Grab sample C/N and δ13C plotted as a function of water depth.  C/N increases and δ13C 895 

generally decreases in grab samples obtained closer to shore at shallower water depths. 896 

Figure 9. Compilation of Lago Fagnano paleoclimate proxies and selected Southern Hemisphere 897 

paleoclimate records.  a) Co-variability and the increasing Holocene trend in C/N and C-MAR provide 898 

evidence for enhanced drainage basin erosion and expansion of the Nothofagus forest around the lake 899 

during the last 8,000 years due to an increase in westerly-derived precipitation.  b) Alkenone SST 900 

reconstruction from the Chilean continental margin (41°S; Lamy et al., 2002). c) δ13C profile from Lago 901 

Fagnano (this study).  The δ13C profile provides evidence for enhanced aquatic productivity during the 902 

mid Holocene between 7,000 and 5,000 cal yr BP that likely reflects warmer summer temperatures.  After 903 

5,000 cal yr BP both profiles decline toward present and may reflect cooler summer temperatures related 904 

with Neoglacial ice expansion in the region after 5,500 cal yr BP (Porter, 2000). d) The Taylor Dome δD 905 

record (Steig et al., 2000) exhibits a similar Holocene profile to the Lago Fagnano record: an early 906 

Holocene warming is evident between 7,000 and 6,000 cal yr BP, which is followed by a gradual cooling 907 

through the Neoglacial period towards Present. 908 
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Table 1. Summary of radiocarbon dates obtained from Lago Fagnano bulk sediments, pollen concentrates 909 

and terrestrial macrofossils. 910 

Supplementary Figure Captions: 911 

Supplemental Figure 1. Meteorological composites derived from the Lago Fagnano weather station. a) 912 

Wind rose diagram illustrating relative frequency distribution of wind direction and speed from 2004 to 913 

2008.  The rose diagram indicates that the predominant wind direction is out of the SW, but higher wind 914 

velocities can also originate from the WNW and NW.  b) Monthly meteorological composites of 915 

temperature, wind speed and precipitation obtained from Lago Fagnano and Ushuaia (precipitation) from 916 

2004 to 2008. 917 

 918 

Supplemental Figure 2. Compilation of bulk density profiles obtained from Lago Fagnano eastern sub-919 

basin piston and gravity cores.  The nine Holocene interpreted turbidite deposits are characterized by 920 

abrupt increases in bulk density and can be traced across multiple sediment cores.  We have used the bulk 921 

density profiles to transfer radiocarbon ages from LF01 to the PC-18 sediment cores.  Inset diagram 922 

shows eastern sub-basin bathymetry from Figure 2b. 923 

 924 
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# CAMS # Sample ID Core
Core Depth 

(cm)
PC-18 Composite Depth 

(cm)
Modified Depth -- Turbidites 

removed (cm) Material Age Error
Median Probability Age 

(cal yr BP)
2σ

lower
2σ

upper

kluB00010FL0_10FL6975111  Organic 6150 30 6960 160 190
kluB72545.7510FL5.75_10FL7975112  Organic 5720 35 6450 130 110
kluB15475.2910FL5.29_10FL8975113  Organic 6740 35 7550 80 70
kluB582115.45110FL5.451_10FL9975114  Organic 9235 35 10340 100 150
kluB0317515.72210FL5.722_10FL0085115  Organic 11125 35 13030 90 80

6 118297 LF01 11522210FL22 Pollen- 1.6 g/cm3 1015 35 860 70 90
7 118298 LF01 43255610FL56 Pollen- 1.6 g/cm3 1920 30 1800 90 80

43255610FL3.1_56_10FL6638118 Pollen- 1.3 g/cm3 1680 70 1520 150 180
05371910FL19_10FL4638119 Pollen- 1.6 gm/cm3 2565 35 2590 130 160
4811135110FL351_10FL56381101 Pollen- 1.6 gm/cm3 4495 50 5060 190 230
92185172210FL4.1_5.722_10FL66381111 Pollen- 1.6 gm/cm3 5335 50 6070 140 130

lairtserreT4811135110FLdoow_351_10FL76381121  Macro 3410 50 3590 140 130
13 128995 LF06_sect4_10 PC-18 10 10 - Terrestrial Macro 505 35 510 20 30
14 128996 LFO6_sect4_61.5 PC-18 61.5 61.5 - Terrestrial Macro 2610 35 2630 140 130
15 - V. Hudson (H1) Eruption* PC-18 - naeM071042  Pooled Age 6850 160 7660 240 300

*from Stern (2008)

Table 1 - online version
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