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Wepresent reconstructions of late Holocene changes in the source of organicmatter and siliceous export produc-
tion in theRelocanví Fjord (41°S, 72°W), Northern Chilean Patagonia, based onorganic carbon content, δ13Corg, N/
C ratio, diatom assemblages and biogenic silica contents from three sediment cores. The agemodels are based on
a combination of 210Pb profiles, AMS 14C dating, and on the first occurrence of the diatom Rhizosolenia setigera f.
pungens, as a stratigraphic marker in the fjords. The cores span the last 300 to 700 yr. Diatoms dominate the si-
liceous assemblages in the three cores (98% on average). Our results suggest that precipitation seasonality in the
region of Reloncaví was high in CE 1300–1400 and CE 1700–1850, with a clear decreasing trend since CE 1850.
The latter trend is in agreement with instrumental records and tree-ring reconstructions. These fluctuations
seem to be associated with the Southern Annular Mode (SAM).

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The fjord systemof Chilean Patagonia (41–55°S) is under the perma-
nent influence of the Southern Westerly Winds (SWW), which are
responsible for the high precipitation (1000–7000 mm yr−1; e.g.,
Garreaud et al., 2013) on the western side of the Andes. The SWW dis-
play amarked seasonality: duringwinter, the core of the SWWmigrates
north and the wind belt expands latitudinally whereas in summer the
SWW belt contracts and is centered south of 45° S with maximum
precipitation in southernmost Patagonia (e.g., Garreaud et al., 2013).

Strong density, temperature and salinity gradients characterize the
water columnwithin the fjords, due to themixing of relatively fresh sur-
face waters from precipitation, river discharge and melting glaciers
(0–30 m depth, offshore flow) with saltier Pacific subantarctic waters
(down to ~150 m depth, onshore flow) (e.g., Sievers and Silva, 2008).
The biological productivity of the Chilean fjords is influenced by the
combined effect of important contributions of dissolved silicon from
freshwater discharge as well as the vertical entrainment of subantarctic
ceanográfica en el Pacífico Sur-

y Elsevier Inc. All rights reserved.
waters rich in macronutrients (nitrate and orthophosphate) from the
adjacent oceanic area (Iriarte and González, 2008; González et al.,
2010; Vargas et al., 2011). High seasonal variability in primary produc-
tion and solar radiation characterize the Patagonian fjord system (Acha
et al., 2004; Iriarte et al., 2007; González et al., 2010; Montero et al.,
2011).

Patagonian fjord sediments are mostly composed of a mix of marine
and terrestrial sources; the latter includes allochthonous organicmatter
(OM) and lithogenic particles. The proportion of lithogenic particles is
generally higher at the heads of the fjords than in the oceanic area,
due to local runoff (Sepúlveda et al., 2011; Silva et al., 2011; Vargas
et al., 2011; Bertrand et al., 2012a; Montade et al., 2012). In glacier-
influenced fjords, sediments have a very lowOMcontent due to dilution
by large amounts of inorganic matter (i.e., glacial clay) originating from
glacier erosion (Silva and Prego, 2002; Silva et al., 2011). Both freshwa-
ter and marine diatoms are abundant in fjord sediments, allowing re-
constructions of variability in freshwater input (tied to precipitation
on land and river runoff into the fjords) and siliceous productivity
through time (e.g., Sepúlveda et al., 2005; Rebolledo et al., 2011).

In the past decade, paleoclimate studies in the Chilean fjord area
have increased significantly and new knowledge on paleotemperature
as well as changes in SSW strength and related precipitation has been
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gained. Recently, Kilian and Lamy (2012) and Kilian et al. (2013) have
provided comprehensive reviews of continental paleoclimate and
marine paleoproductivity changes in the southernmost Patagonian re-
gion, based on fjord and lake sediments, peat bogs, and stalagmites. In
Northern Patagonia, numerous terrestrial pollen records from peat
bogs, lake and fjord sediments have been used to reconstruct past veg-
etation and climate changes during the Holocene (e.g., Jara andMoreno,
2012; Montade et al., 2012). A recent study by Bertrand et al. (2014a)
suggested that changes in wind-driven precipitation co-varied with
sea surface temperature in northern Chilean Patagonia over the last
1400yr,with a northwardmigration of thewindbelt during cold phases
and vice versa. However, few works have used a multi-proxy approach
(e.g., Rebolledo et al., 2008; Sepúlveda et al., 2009; Fletcher andMoreno,
2012), and little information exists on the variability of precipitation,
runoff and terrigenous organic carbon contents preserved in sedimenta-
ry cores of Northern Patagonia during the last 2000 yr. Within the last
~2000 yr two climate/productivity regimes were inferred from
sedimentary multi-proxy studies in the Jacaf Fjord (44°S, 73°W): dry/
warm climate and decreased marine productivity before CE 1050, and
wet/cold climate and increased productivity after CE 1200 (Rebolledo
et al., 2008; Sepúlveda et al., 2009). Recent sedimentary records
encompassing the past 150 yr in the Puyuhuapi Channel (44°S, 70°W)
and Gulf of Ancud (42°S, 72°W) have shown a decreasing trend in the
terrestrial signal (i.e., freshwater diatoms) during the 20th century
associated with a decrease in precipitation/river runoff and the occur-
rence of El Niño events (Rebolledo et al., 2005, 2011). Diminished
precipitation and river discharge over the last 400 yr have also been
derived from dendrochronological studies in Northern Patagonia (Lara
et al., 2008; Villalba et al., 2012).

In Patagonian fjord sediments, fluctuations in the sources of organic
matter (OM), as calculated from δ13Corg stable isotopes and the contents
of freshwater diatoms preserved in sediments have been used as prox-
ies for precipitation and river discharge (e.g., Rebolledo et al., 2005,
2011; Sepúlveda et al., 2009; Mayr et al., 2014).

TheNorthern Patagonia fjords are located at thenorthern limit of the
strongest influence of the SWW and thus the area is ideally located to
reconstruct past changes in precipitation-driven continental runoff
and sources of OM. The sediments are characterized by high deposition
rates of bothmarine and terrestrialmaterial (e.g., Sepúlveda et al., 2009;
Aracena et al., 2011; Silva et al., 2011). Thus, it is important to establish
reliable proxies of changes in precipitation and sources of OMpreserved
in the sediments of the Chilean fjords, where the instrumental records
are limited (i.e., restricted to a few locations), sometimes discontinuous,
and cover only the last ca. 150 yr.

Existing studies of Reloncaví Fjord (41°S, 72°W) focus on the
geochemistry of the surface sediments (Silva et al., 2009, 2011), the
Figure 1.Generalmap of the Reloncaví Fjord. (a) Satellite image of the study areawith indicatio
drawn according to Adriasola and Stöckhert (2008). The location of the 1960 turbidite andMas
restricted to the outer basin and that core RC-5B is located at the outer edge of the 1960 mass-w
Fjord (from Castillo et al., 2012). See Table 1 for the exact coordinates.
geomorphology of the fjord (Araya–Vergara et al., 2008), sedimentary
evidences of paleo-earthquakes (St-Onge et al., 2012), and assessments
of the impacts of aquaculture (Iriarte et al., 2010). None of these studies
uses a multi-proxy approach combining changes in siliceous microfos-
sils (mainly freshwater diatoms) and geochemistry to reconstruct
past climate and environmental changes through time. Our objectives
were: 1) to study the spatial variability in geochemical features of the
Reloncaví Fjord, and 2) to provide a ∼700-yr history of past variability
in siliceous export production and OM sources (terrigenous and ma-
rine) related to changes in precipitation and river discharge to the fjord.

Study area

The Reloncaví Fjord, located in Northern Patagonia (41° 21′ to 41°
45′S; 72° 16′ to 72° 39′ W, Fig. 1), is ∼55 km long and 3 km wide, with
depths ranging from 450 m near the mouth (opening to the large
Reloncaví Sound without a well-defined sill) to b100 m at its head
(Valle-Levinson et al., 2007; Castillo et al., 2012). This fjord provides
important ecosystem services as it is intensely used for tourism and
aquaculture (salmonids, mytilids) that has resulted in an important
anthropogenic intervention since CE 1980 (Iriarte et al., 2010).

Climate, oceanography and plankton

Precipitation in the area fluctuates between 1800 and3400mmyr−1

with maxima in austral winter. At 41°S, precipitation is almost entirely
controlled by the SWW and there is a strong correlation between
zonal wind velocity and precipitation (r = 0.8; Garreaud et al., 2013).
The latitudinal position of the SWW belt is strongly related to atmo-
spheric and sea surface temperature, on various time scales (Lamy
et al., 2010). When the climate is colder, the westerlies migrate toward
the equator and vice versa. In the first case, precipitation seasonality is
low (it rains all year instead of just in winter) and/or there is more
precipitation depending on the latitude. In contrast, when the SWW
are in a southernmost position, precipitation seasonality is high (i.e.,
wet winters and very dry summers). This is when erosion and transport
of terrestrial organic matter toward the fjords increase (Bertrand et al.,
2014a).

Freshwater supply into the Reloncaví Fjord comes mainly from the
Puelo (annual average 650 m3 s−1), Petrohué (280 m3 s−1) and
Cochamó (35 m3 s−1) rivers (Valle-Levinson et al., 2007; Iriarte et al.,
2010; http://www.dga.cl) (Fig. 1). These rivers have pluvial–nival re-
gimes with maximum discharges during winter (May through August)
and a secondary peak associated with snow meltwater in spring
(November to early December; Castillo et al., 2012).
n of themain river inflows. The approximate trace of the Liquiñe-Ofqui Fault Zone (LOFZ) is
s-Wasting Deposits (MWD) are from St-Onge et al. (2012). Note that the 1960 turbidite is
asting deposit. (b) Sampling locations are indicated on the bathymetric map of Reloncaví

http://www.dga.cl
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Reloncaví Fjord is highly stratified. This is particularly evident in sa-
linities of the fjord, which vary between 3 and 32.6 psu, with values
b20 psu at 0–5 m, and higher salinities at depth (Castillo et al., 2012).
Lowest salinities are found within the first fewmeters of the water col-
umn at stations near the mouths of the Petrohué, Puelo and Cochamó
rivers. Water temperatures in winter and austral spring vary between
10.5 and 16°Cwith highest valueswithin the first 20m of thewater col-
umn. Dissolved oxygen concentrations are 9–8 mL/L at the surface, and
lower at depth but never below 2 mL/L. Silicic acid ranges 50 (surface)
to 3 μM (bottom) from surface to bottom and the highest values are
found close to the discharge of the main rivers and in the Marimelli
basin. Nitrate and orthophosphate concentrations are the lowest at
the surface, reflecting consumption by phytoplankton in surface layers,
and increase with depth (concentrations ranges are: 0.5–27 μM for ni-
trate and 0.3–2.8 μM for orthophosphate). Water column data can be
found at http://www.shoa.cl/n_cendhoc/productos/cimar10/area/
web_areaestudio.html.

Phytoplankton distribution in the Reloncaví Fjord follows a clear
succession with large (N20 μm) chain-forming diatoms dominating in
spring with blooms of Chaetoceros didymus, C. radicans, C. convolutos,
Leptocylindrus danicus, Rhizosolenia spp. and Skeletonema spp. followed
by thecate dinoflagellates in winter (Iriarte and González, 2008;
González et al., 2010). Maximum values of primary production
(0.4–3.8 g Cm2 d−1) are observed during austral spring to late summer
and minimum values in winter (0.1–0.2 g C m2 d−1) (Montero et al.,
2011).

Geology

The Reloncaví Fjord basin is mostly composed of granodiorites that
belong to the Northern Patagonian batholith, and Quaternary volcanic
rocks (SERNAGEOMIN, 2003). The bedrock is locally covered by Quater-
nary glacio-fluvial deposits and easily erodible postglacial volcanic ash
soils (Bertrand and Fagel, 2008). The upper basin of the Reloncaví
Fjord between the Petrohué and Puelo deltas, follows the Liquine-
Ofqui Fault Zone (Fig. 1a), which is a major transpressional system
with associated Quaternary volcanoes (Lange et al., 2008; Cembrano
and Lara, 2009), along which earthquakes ruptures (e.g., the last 2007
Moment magnitude (Mw) 6.2 event; Legrand et al., 2011; Vargas et al.,
2013) trigger landslides on land, in lakes and in the fjords (Chapron
et al., 2006; Watt et al., 2009; St-Onge et al., 2012; Van Daele et al.,
2013). In addition, large subduction earthquakes affected the area in
CE 2010 (Mw 8.8), CE 1960 (Mw 9.5), CE 1837, CE 1737, and CE 1575;
all of them, except for the CE 1737 event, were related to very long rup-
ture zones and were capable of generating tsunamis in some of the
fjords and in the adjacent Pacific Ocean (e.g., Cisternas et al., 2005;
St-Onge et al., 2012). Earthquake-triggered mass-wasting deposits
were also identified on seismic profiles acquired along the slopes of
the Puelo River delta and in the infill of the intermediate and outer ba-
sins (St-Onge et al., 2012). Additionally, four active volcanoes (Calbuco,
Yates, Osorno and Hornopirén; Fig. 1a) are located in the vicinity of the
Reloncaví Fjord (Fontijn et al., 2014). Edifice collapse generating land-
slides are a major hazard posed by many volcanoes (e.g., Watt et al.,
2009).

Materials and methods

Sampling

We recovered eleven surface fjord sediment samples (0–1 cm) cor-
responding to sites that follow a gradient from themouth to the head of
the fjord (Fig. 1b). These sediments were recovered with a Rumohr
corer (RC) during the campaigns of 2008 and 2009 onboard L/C Tirana,
and in 2012 onboard RV Jürgen Winter. Additionally, we make use of
geochemical information previously obtained by Silva et al. (2009,
2011) from fjord surface sediments (stations C10F-4, C10F-5, C10F-6
and C10F-7), as well as from local rivers Puelo and Petrohué (stations
C10F-50, C10F-51, C10F-53; Table 1 and Fig. 1b), which were collected
in 2004 during the CIMAR-10 FIORDOS cruise (http://www.shoa.cl/n_
cendhoc/productos/cimar10/index.html).

Analytical results from surface sediment samples were plotted to vi-
sualize spatial distribution of geochemical variables using Ocean Data
View (ODV) Software version 4.6.1. The graphic representation of the
data was constructed with a VG gridding.

Cores were collected with a Rumohr corer at three sites (RC-5B, RC-
6B and RC-7B) in the Reloncaví Fjord inNovember 2008 onboard the L/C
Tirana (Fig. 1b; Table 1). The ca. 75-cm long cores were extruded and
sliced at 1-cm intervals. The samples were stored in plastic bags and
kept frozen at−20°C until laboratory analyses on land. For certain stra-
ta, smear-slides were taken following the procedure of Mazzullo et al.
(1988) and analyzed under the light microscope.

Physical properties of the sediment

Dry bulk density (DBD) was calculated as:

DBD g cm−3� �
¼ dry mass gð Þ= dry mass gð Þ=2:65 g cm−3� �þ water mass gð Þ=1:025 g cm−3� �� �

;

where 2.65 g cm−3 is the grain density and 1.025 is the density of fjord
water (Bloesch and Evans, 1982).

Magnetic susceptibility was determined every 1 cm using a
Bartington MS2E sensor connected to a Bartington MS2 meter. Results
are expressed as 10−8 dimensionless (SI) volume-susceptibility units.
Measurements were performed at the Sedimentology Laboratory of
the EULA Center, University of Concepción, Chile. Grain size analysis
was performed on wet sediments using a Malvern Mastersizer 2000
equipped with a Hydro-G dispersion unit at the Laboratory of Sedimen-
tology of the University of Chile, Santiago. Proportions of clay, mud and
sand and other statistical parameters of the grain size distributions
(mean grain size, skewness, sorting, and kurtosis) were calculated
with the statistical software Gradistat version 8.0 using the geometric
moments method (Blott and Pye, 2001).

Age–depth modeling

The chronology of the three cores was established by combining
210Pb measurements, 14C dating, and the first occurrence of the diatom
Rhizosolenia setigera f. pungens (Cleve-Euler) Brunel 1962, which has
been previously used as a marker for ~CE 1898–1919 in the Ancud
Gulf (Rebolledo et al., 2011). 210Pb concentrations were measured by
alpha spectrometry of its daughter isotope 210Po (in secular equilibri-
um), using an Ortec Alpha Spectrometer at the laboratory Géosciences
of the Université de Montpellier, France (see Rebolledo et al., 2011 for
methodology details). 210Pb ages were estimated using the Constant
Rate Supply model (CRS, Appleby and Oldfield, 1978; Turekian et al.,
1980; Cochran et al., 1998), which assumes a constant flux of 210Pbxs
to the sediments, and allows determination of recent sedimentation
rates and ages.

A total of 13 AMS 14C ageswas obtained on bulk sedimentary organic
matter (n = 10), organic (n = 2; plant, wood) and inorganic (n = 1;
marine shell fragment) macro-remains picked from the three sediment
cores (Table 2). No terrestrial macro-remains suitable for dating were
found in cores RC-5B and RC-6B. Radiocarbon concentrations were
measured at the National Ocean Sciences Accelerator Mass Spectrome-
try (NOSAMS) Facility and Beta Analytics, USA. Radiocarbon ages were
calibrated using the calibration curve SHCal04 (McCormac et al.,
2004). A correction of 360 yr was applied to all 14C ages obtained on
bulk sediment. This value was calculated as the difference between
14C ages results obtained on terrestrial organic macro-remains (Beta-
326985 and Beta-326987) and bulk sediments (OS-73586 and OS-
73587) in sediment core RC-7B (Table 2). This correction assumes

http://www.shoa.cl/n_cendhoc/productos/cimar10/area/web_areaestudio.html
http://www.shoa.cl/n_cendhoc/productos/cimar10/area/web_areaestudio.html
http://www.shoa.cl/n_cendhoc/productos/cimar10/index.html
http://www.shoa.cl/n_cendhoc/productos/cimar10/index.html


Table 1
Location of sampling sites and geochemical data obtained from surface sediments in the Reloncaví Fjord.

Numbers Sampling sites Latitude (°S) Longitude (°W) Water depth (m) SiOPAL (%) Corg (%)a Ntot (%) N/C δ13Corg

Surface sediment samples
1 RC-2 −41.739 −72.586 210 4.77 0.24 0.05 0.17 −22.92
2 RC-3 −41.695 −72.471 118 10.46 1.76 0.20 0.10 −22.98
3 RC-5B −41.686 −72.416 260 8.12 1.06 0.09 0.08 −22.30
4 RC-4D −41.642 −72.373 91 4.63 1.26 0.12 0.08 −24.47
5 RC-5 −41.641 −72.336 152 8.52 2.31 0.14 0.05 −26.40
6 RC-5C −41.639 −72.338 174 9.66 2.80 0.15 0.05 −27.15
7 RC-6 −41.582 −72.350 141 8.65 1.54 0.13 0.07 −24.97
8 RC-6B −41.584 −72.335 196 7.65 1.78 0.22 0.11 −22.97
9 RC-7B −41.551 −72.335 200 7.24 1.06 0.82 0.07 −22.94
10 RC-7 −41.514 −72.304 117 10.24 1.77 0.16 0.08 −25.14
11 C10F-7 −41.550 −72.334 196 6.37 1.20 0.13 0.09 −24.20
12 RC-7C −41.459 −72.318 90 6.35 1.78 0.25 0.10 −25.43
13 C10F-4a −41.717 −72.616 452 6.56 1.0 0.10 0.09 −24.50
14 C10F-5a −41.674 −72.413 175 6.01 1.2 0.14 0.10 −24.50
15 C10F-6a −41.592 −72.341 155 5.78 1.4 0.14 0.10 −23.70

River sediment samples
16 C10F-50b −41.650 −72.300 0 2.5 0.17 0.06 −24.30
17 C10F-51b −41.650 −72.300 0 3.6 0.25 0.08 −26.40
18 C10F-53b −41.367 −72.317 0 9.3 0.74 0.07 −25.90

a Data from cruise CIMAR-10 FIORDOS (Silva et al., 2009, 2011; www.cendhoc.cl).
b Riverine samples (Silva et al., 2011).
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that the 14C results obtained on organic macro-remains represent the
real age of deposition. Since carbon in the bulk sediment samples orig-
inates from bothmarine and terrestrial sources, the correction of 360 yr
combines the local marine reservoir effect (480–530 yr; Mohtadi et al.,
2007; Bertrand et al., 2012b) and the soil carbon sequestration effect
(i.e., the age of terrestrial carbon reaching the fjords is older than the
age of deposition; Bertrand et al., 2012c).

The final age models were constructed with the software CLAM 2.1
(Blaauw, 2010), using the 210Pb CRS ages, the first occurrence of
Rhizosolenia setigera f. pungens and the calibrated 14C ages (Table 2).
Smooth splines (smooth level 0.75) were fitted through the datapoints,
taking into account the instantaneous deposition of the sand layers.
Three 14C ages were considered as outliers based on their stratigraphic
position and on their anomalous ages compared to the surrounding
samples (Table 2). Since no detailed sedimentological core description
was available, only the sand layers were considered as event deposits
when constructing the age–depthmodels. Non-sandy turbidites related
Table 2
AMS 14C ages obtained on sediment cores RC-5B, RC-6B and RC-7B from the Reloncaví Fjord. The
et al., 2004). A reservoir correction of 360 yr was applied to the bulk sediment samples (see de
final age models. The first two samples of core RC-5B were considered as outliers, based on thei
likely reworked material. Likewise, the mollusk sample from core RC-6B (60–61 cm) was rejec
reservoir ages in the Chilean fjords.

Core
number

Depth in
core (cm)

Laboratory
code

Material δ13Corg (‰)
14C age
(14C yr

RC-5B* 31–32 Beta-326982 Bulk organic matter −24.7 1090 ±
RC-5B* 43–44 Beta-330350 Bulk organic matter −25 1280 ±
RC-5B 58–59 Beta-326983 Bulk organic matter −24.6 1090 ±
RC-5B 64–65 Beta-330351 Bulk organic matter −23.9 1010 ±
RC-6B 32–33 OS-73722 Bulk organic matter −27.25 655 ±
RC-6B 59–60 Beta-326984 Bulk organic matter −24.4 760 ±
RC-6B* 60–61 OS-73485 Mollusk 0.91 375 ±
RC-6B 71–72 OS-73585 Bulk organic matter −26.95 1170 ±
RC-7B 30–31 Beta-326985 Wood −27.9 160 ±
RC-7B 45–46 Beta 326986 Bulk organic matter −25.9 690 ±
RC-7B 45–46 OS-73586 Bulk organic matter −27.25 470 ±
RC-7B 58–59 Beta-326987 Plant material NA 210 ±
RC-7B 59–60 OS-73587 Bulk organic matter −27.48 610 ±
to large subduction earthquakes of Valdivia (1960 and CE 1575) may
however occur in some of the cores (e.g., Chapron et al., 2006;
St-Onge et al., 2012). Finally, the age distributions of the sand layers
were computed using CLAM 2.1.
Geochemical analyses

Determination of biogenic silica followed the methodology de-
scribed by Mortlock and Froelich (1989) and was conducted at the
laboratories of Marine Organic Geochemistry and Paleoceanography,
University of Concepción, Chile. Values are expressed as SiOPAL (%) and
measured with an analytical precision of ±0.5%. Because diatoms are
the main component of the siliceous assemblage in Northern Patago-
nian fjords (e.g., González et al., 2010), we use the content of biogenic
silica in our cores as a proxy for siliceous export production (see review
in Tréguer and De La Rocha, 2013).
14C ageswere calibratedwith OxCal 4.1.5, using the SHCal04 calibration curve (McCormac
tails in age–depth modeling section). Asterisks indicate ages that were not included in the
r stratigraphic position immediately above and below a sand layer, whichmeans that they
ted because of its anomalously old age, which may be related to the lack of constraints on

BP ± 1σ)
Calibrated ages (cal yr CE) Calibrated ages after correction

(cal yr CE)

2 σ range Weighted average 2 σ range Weighted average

30 898–1042 999 1258–1402 1359
30 690–886 796 1050–1246 1156
30 898–1042 999 1258–1402 1359
30 1021–1153 1089 1381–1513 1449
30 1300–1401 1349 1660–1761 1709
30 1229–1382 1295 1589–1742 1655
30 1464–1632 1554
40 782–1016 925 1142–1376 1285
30 1674–1954 1823
30 1290–1392 1341 1650–1752 1600
25 1428–1496 1459 1788–1856 1819
30 1649–1953 1763
25 1319–1421 1375 1679–1781 1735

http://www.cendhoc.cl
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For determination of organic carbon (Corg) and total nitrogen (Ntot)
contents, ~100 mg of freeze-dried sediments were ground and sent for
analysis to the Stable Isotopic Facility of the School of Biological
Sciences, University of Washington, USA. The samples were acidified
to remove inorganic carbon. The dry material (~30 mg) was placed in
tin capsule and combusted in an Eurovector (Milan, Italy) elemental
analyzer. The resulting CO2 gas was separated by gas chromatography
and analyzed in a Micromass (Manchester, UK) Isoprime isotope ratio
mass spectrometer (IRMS). Carbon stable isotopes (δ13 Corg) were
determined using the elemental analyzer coupled with a Mass Spec-
trometer, in Manchester, UK, with a precision ±0.27‰. δ13Corg values
are expressed as‰ relative to the Pee Dee Belemnite (PDB) standard:

δ13Corg ‰ð Þ ¼ 13C=12C
� �

sample
= 13C=12C
� �

standard
–1

� 	
� 1000

We use the N/C molar ratio to reflect the contribution of terrestrial
organic carbon in marine environments (Perdue and Koprivnjak,
2007; Sepúlveda et al., 2011). δ13 Corg and the N/C ratio have been
widely used as indicators of the source of OM, either allochthonous
(terrestrial) or autochthonous (marine) (e.g., Thornton and McManus,
1994; Meyers, 1997; Perdue and Koprivnjak, 2007). We use these two
proxies to help reveal past changes in the source of OM.

The relative contribution of allochthonous OM in cores RC-5B (locat-
ed near the mouth of the Puelo River) and RC-6B and RC-7B (near the
mouth of the Cochamó River) was assessedwith the two-sourcemixing
model of Thornton and McManus (1994), as:

% allochthonous material terrestrialð Þ
¼ δ13Corg sample–δ

13Corg marine

� �
= δ13Corg terr–δ13Corg marine

� �h i
� 100;

where % autochthonous material (marine) = 100 − % allochthonous
(terrestrial) material; δ13Corg sample = isotopic value of the sample;
δ13Corg marine = marine end member value −20.5‰ (Rebolledo et al.,
2011) and δ13Corg terr = terrestrial end member value −29.3‰
(Sepúlveda et al., 2011).

We estimated mass accumulation rates of terrigenous organic
carbon (MARterr OM) from the % allochthonous material (see above) as
follows:

MARterr OM ¼ Corg terr � DBD� SR;

where Corg terr is the concentration of terrigenous organic carbon in
a given strata, DBD is the dry bulk density in g cm−3, and SR is the
sedimentation rate in cm yr−1 obtained from CLAM 2.1 software.

Siliceous microfossils counts

Cores RC-6B and RC-7Bwere used for identification and counts of di-
atoms, silicoflagellates, sponge spicules, crysophyte cysts andphytoliths,
following Schrader and Gersonde (1978). Approximately 500 mg of
freeze-dried sediments were oxidized using amix of hydrogen peroxide
at 30%, sodium pyrophosphate and hydrochloric acid to remove organic
matter, clays and carbonates. Once the samples were cleaned, 0.2 ml
was deposited onto a cover slip, air dried and mounted with Naphrax
mounting medium (refraction index = 1.7). Two permanent slides per
sample were prepared in this fashion and observed under a Zeiss
Axisocope 2 plus microscope with phase contrast at 400× and 1000×.
For each sample, at least 300 diatom valves were counted. Diatom spe-
cies identification was based on the works of Cupp (1943); Rivera
(1981); Round et al. (1990); Hasle and Syvertsen (1996); Sims (1996)
andWitkowski et al. (2000). Diatoms were grouped by ecological affin-
ity into the following categories: high nutrient (HN), coastal planktonic
(CP), non-planktonic (NP which groups benthic, epiphytic, epipsamic
and tycoplanktonic species), freshwater (FW), warm water (WW), and
cold water (CW) (Rebolledo et al., 2011). Laboratory and microscopy
work was carried out at the Paleoceanography laboratory, University
of Concepción.

We also calculateddiatomdiversity as the Shannon-Wiener diversity
index:

H’ ¼ −Σ pi� ln pi;

where pi = ni/N, pi = the proportion of the total number of individ-
uals per species in each sample, ni = number of individuals per
species, N = total number of individuals per sample (Brower et al.,
1998).

Climate and river discharge time series

To test the climatic significance of theMARterr OM and freshwater di-
atoms (%) preserved in Reloncaví Fjord sediments (proxies for terrestri-
al input), our results were compared to several instrumental and proxy
time-series. More specifically, we used accumulation rates of terrestrial
organic carbon and the percentage of freshwater diatomsof cores RC-6B
and RC-7B, as proxies for precipitation-driven river discharge. We did
not consider core RC-5B, due to the poorly-constrained chronology of
this core (Table 2). The composite records were obtained from interpo-
lating 10-yr averages in cores RC-6B and RC-7B, and then averaging the
values from in each core. Our resultswere compared to the following in-
strumental and proxy time-series: i) historical precipitation at Puerto
Montt (CE 1862–2010; KNMI Climate Explorer http://climexp.knmi.
nl); ii) historical Puelo River discharge (CE 1948–2010; http://www.
dga.cl); iii) Puelo River discharge reconstructed from tree rings (CE
1600–2000, Lara et al., 2008); iv) Fe/Al record from Quitralco Fjord
(Bertrand et al., 2014a); v) the Southern Annular Mode (SAM) (from
http://www.nerc-bas.ac.uk/icd/gjma/sam.html, CE 1957–2010) and
the SAM-NCEP reconstructed for the CE 1409–2006 period (Villalba
et al., 2012 from ftp://ftp.ncdc.noaa.gov/pub/data/paleo/treering/
reconstructions/villalba2012sam.txt); and vi) alkenone-derived sea
surface temperature (SST) anomaly for 41–51°S, which was obtained
using four SST records: GeoB3313 (41°S; Lamy et al., 2002), GeoB7186
(44°S; Mohtadi et al., 2007), PC33 (44°S; Sepúlveda et al., 2009), and
MD07-3124 (51°S; Caniupán et al., 2014). These four records were
interpolated at 1-yr intervals using the Interp component of Arand soft-
ware (http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html), and
SST anomalies were calculated independently for each record, using
the CE 1300–2000 period as a reference (Bertrand et al., 2014a). The
resulting SST anomalies (deviation from the mean, in °C) were then
averaged over the four cores. Other data are also expressed as anomalies
(precipitation and river discharge), whichwere calculated by subtracting
the mean from each observation and dividing them by the historic
standard deviation of the respective series.

Results

Surface sediments

A clear spatial segregation pattern emerges fromresults of geochem-
ical parameters in surface sediments (Table 1, Fig. 2). Higher SiOPAL
(7.83 ± 1.55%) and Corg values (1.74 ± 0.54%), lower N/C (0.08 ±
0.02) and more depleted δ13Corg values (−24.77 ± 1.46‰) were
found in sediments near the main river discharges than at the stations
located closer to the fjord mouth, which displayed lower SiOPAL
(5.67 ± 1.27%) and Corg values (0.62 ± 0.54%), higher N/C (0.13 ±
0.06), and less depleted δ13Corg values (−23.70 ± 1.12‰).

Sediment cores

Sediments of the Reloncaví Fjord were dark brown and dark olive
gray in color (7.5 yr 3/2 and 5 yr 3/2 on the Munsell color scale), and
composed predominantly of sandy silt with low percentage of clays

http://climexp.knmi.nl
http://climexp.knmi.nl
http://www
http://www.nerc-bas.ac.uk/icd/gjma/sam.html
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/treering/reconstructions/villalba2012sam.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/treering/reconstructions/villalba2012sam.txt
http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html
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(b10%) (Fig. 3). Distinct fine sand layers of variable thickness were
found in each core (Fig. 3): RC-5B (33–40 cm and 74–75 cm), RC-6B
(40–45 cm and 75–76 cm), and RC-7B (76–77 cm). These layers also
contained plant remains and roots. Smear-slides observation excluded
the presence of angular and fragmented quartz associatedwith volcanic
eruptions mentioned previously, probably due the eastward transport
of volcanic ashes by the prevailing SWW (Bertrand et al., 2014b).

Dry bulk density values were 0.82–1.99 g cm−3 in core RC-5B,
0.43–1.63 g cm−3 in core RC-6B, and 0.16–1.15 g cm−3 in core RC-7B.
Magnetic susceptibility fluctuated between 27 and 936 × 10−8 SI. In
all cores, the highest DBD andmagnetic susceptibility values were asso-
ciated with the sand layers (Fig. 3). Average grain size fluctuated
between 20 and 100 μm, except for the sand layers, which reached
values of up to 600 μm. Skewness ranged between 0.5 and−2, kurtosis
was 2–9, and sorting ranged 3–7. Sedimentswere in generalmesokurtic
to leptokurtic in sand layers and poorly sorted (Fig. 3).
Chronology

The age models are shown in Figure 4. We rejected two sediment
samples from RC-5B that most likely are part of a reworked deposit
since they are located immediately on top and below the sand layer
(Fig. 4, Table 2). They could be part of a turbidite/event deposit that is
thicker than the sand layer itself. Also, we discarded themarinemollusk
age, because the marine reservoir age is very variable in fjords where
water exchange with open ocean is limited (Olsen et al., 2009), and
Figure 2.Geochemical characteristics in surface sediments of the Reloncaví Fjord. Graphic repre
SiOPAL, b) organic carbon Corg, c) N/C molar ratio, and d) stable carbon isotopes δ13Corg. The ma
thus the shell fragment found may not be very reliable for dating in
Reloncaví Fjord.

The 210Pb activities in the three cores display a clear pattern of expo-
nential decay. Background values of 0.56 ± 0.18, 0.40 ± 0.07 and
0.66 ± 0.04 dpm g−1 were recorded at 35, 22, and 20 cm depth for
cores RC-5B, RC-6B and RC-7B, respectively. According to our age
models cores RC-5B and RC-6B span the last 700–800 yr, and core
RC-7B covers the last 300 yr. Average sedimentation rates obtained
from CLAM 2.1 software were 0.18, 0.14 and 0.24 cm yr−1 for cores
RC-5B, RC-6B, RC-7B, respectively. Variations in accumulation rates
through time are presented in Figure 4.

The ages assigned to the sand layers in core RC-5B at 33–40 cm and
74–75 cmare CE 1795–1865 and CE 1070–1430 (highest probability: CE
1280–1360), respectively. In core RC-6B, ages assigned to the sand
layers at 40–45 cm and 75–76 cm are CE 1600–1950 (highest probabil-
ity: CE 1700–1800) and CE 1140–1350, respectively. Finally the sand
layer at 76–77 cm in core RC-7B was dated at CE 1580–1740 (Fig. 4).

Geochemistry of the sediment cores

The content of SiOPAL was higher, on average, in core RC-5B (8.2%)
followed by core RC-7B (5.9%) and core RC-6B (5.8%) (Fig. 5a, f, k). An
increase in SiOPAL toward the present was evident in cores RC-6B
(since ~1800) and RC-7B (most prominent since ~1900s) but not in
core RC-5B, which showed values fluctuating between 6 and 11% during
the last 200 yr. The content of Corg in all three cores oscillated between
0.02 (lowest values generally associated with the sand layers) and 2.1%.
sentation (Ocean Data View software ODV 4) of the spatial distribution of a) biogenic silica
in rivers are indicated.



Figure 3. Sedimentological and granulometric characteristics of sediment cores RC-5B, RC-6B and RC-7B from the Reloncaví Fjord.Horizontal gray bars indicate thepresence of sand layers.
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Figure 5. Reloncaví Fjord downcore geochemical characteristics plotted against age. Geochemical characteristics in cores RC-5B, RC-6B and RC-7B (biogenic silica SiOPAL, organic carbon
Corg, total nitrogen Ntot, N/C molar ratio, and stable carbon isotopes δ 13Corg), and the proportion of terrigenous andmarine OM from two-sourcemixingmodel of Thornton andMcManus
(1994). Horizontal gray bars indicate sand layers.
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The patterns of Ntot were similar to those of Corg with values of
0.004–0.23% (Fig. 5b, g, l). In RC-5B and RC-6B, there was a strong pos-
itive correlation between Corg and Ntot (RC-5B: r Pearson = 0.94,
p b 0.05; RC-6B: r Pearson = 0.91, p b 0.05) but this correlation was
less robust in core RC-7B (r Pearson = 0.64, p b 0.05). The N/C molar
ratio varied between 0.10 and ~0.03 (Fig. 5c, h, m). δ13Corg ranged
between−20.5 and−27.6‰ (with depleted values in the sand layers)
that reflect a mixture of allochthonous (terrestrial) and autochtonous
(marine) OM sources. δ13Corg increased toward the present in core
RC-6B, as well as (more subtly) in core RC-7B (Fig. 5d, i, n).

The results of the two-source mixing model based on δ13Corg in the
three cores showed a clear decrease in the fraction of terrestrial carbon
toward the present, which was most evident in core RC-6B since CE
1800, and since the mid-1900s in core RC-7B (Fig. 5e, j,o). The average
proportion of terrestrial OM in cores RC-5B, RC-6B and RC-7B amounted
to 36%, 52% and 59%, respectively.

Siliceous microorganisms

Diatoms represented 98% of the total siliceous microfossil assem-
blage; silicoflagellates, sponge spicules, chrysophyte cyts and phytoliths
Figure 4. Chronologies of cores RC-5B, RC-6B and RC-7B. a–c. Agemodels for RC-5B, RC-6B, RC-7
(abbreviated as R. pungens) in the downcore record. Downcore profiles of total 210Pb activities;
210Pb and the standard deviation of the background. The vertical dotted line is the supported
graphs to the right indicate the most probable age of the sand layers.
were a very minor component (Fig. 6). Thus, only the diatom results
are presented here. Figures 7 and 8 summarize the downcore fluctu-
ations in SiOPAL, total diatoms (valves g−1), diatom diversity (Shan-
non index H′), and the main ecological diatom groups with their
representative species for cores RC-6B and RC-7B. SiOPAL and total di-
atoms content were positively correlated in both cores (RC 6B, r2 =
0.67, p b0.01; RC-7B, r2 = 0.62, p b0.01), indicating that for the
Reloncaví Fjord, SiOPAL is a good indicator of changes in diatom abun-
dance (Figs. 7a, b; 8a, b). Diatomdiversity in cores RC-6B and RC-7B var-
ied between 1.5 and 3.5 (Figs. 7b and 8b), and along with SiOPAL and
diatom abundance, showed a clear decrease in the sand layers mainly
in core RC-6B.

The high-nutrient group (HN), mainly represented by resting spores
of the genus Chaetoceros, was somewhat more abundant in core RC-6B
than in RC-7B; on average 48% and 41%, respectively. Spores of
Chaetoceros radicans/cinctus contributed 22% in core RC-6B and ca. 14%
in RC-7C (Figs. 7c, 8c). A decreasing trend in the contribution of this
group and its main species is evident in core RC-6B since CE 1900. The
coastal-planktonic group (CP) contributed with ca. 25% in both cores,
with Cyclotella litoralis as the main species (14% in core RC 6B and ~9%
in core RC 7B) (Figs. 7d, 8d). Within the CP group, the first occurrence
B based on 210Pb ages, AMS-14C, and the first occurrence of Rhizosolenia setigera f. pungens
the horizontal error bars represent on standard deviation (1 s) based on the propagation of
activity (background) and the line represents the sedimentation rates for each core. The



Figure 6. Siliceous microorganisms preserved in Reloncaví Fjord sediments. Most important diatoms (A–P) and the silicoflagellate Distephanus speculum (Q). (A) Aulacoseira granulata.,
(B) Navicula palpebralis, (C) Stephanodiscus astraea, (D) Cyclotella meneghiniana, (E) Discostella stelligera, (F) Navicula decussis, (G) Hannaea arcus, (H) Thalassiosira eccentrica,
(I) Thalassiosira pacifica, (J) Cyclotella litoralis, (K) process of Rhizosolenia setigera f. pungens, (L) Coscinodiscusradiatus/marginatus, (M) Opephora pacifica, (N) Thalassionema nitzschioides
var. nitzschioides, (O) Paralia sulcata, and (P) Actinoptychus vulgaris. Scale = 10 μm in Figs. A, B, G–L, and N–Q. Scale = 5 μm in Figs. C–F and M.
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Figure 7. Biogenic opal and diatoms of Core RC-6B, Reloncaví Fjord. a) SiOPAL content (%);b) total diatoms (valves g−1, green circles) and Shannon–Wiener diversity index (H′, white cir-
cles); and c–h)main ecological diatomgroups high nutrient (HN), coastal planktonic (CP), non-planktonic (NP), freshwater (FW), warmwater (WW), and coldwater (CW).White circles
in the CP groupmark the occurrence of Rhisozolenia setigera f. pungens; note that the first appearance in this record is ~CE 1919. Gray horizontal bars show the two sand layers in this core
(see also Fig. 4).
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of R. setigera f. pungens in the downcore records is noteworthy: from
16–17 cm (RC-6B) and 32–33 cm (RC-7B) onwards, corresponding to
an age of CE 1902 ± 25 in both cores. The freshwater group (FW) con-
tributed on average 14% (RC-6B) and ~17% (RC-7B) of the total assem-
blage; Cyclotella spp. was the most important genus (3%), followed by
Aulacoseira granulata (2%) and minor contributions of Rhoiscophenia
curvata, Navicula decussis, Cyclotella meneghiniana, Hannaea arcus
(Figs. 7e, 8e). The non-planktonic group (NP), represented by Paralia
sulcata,Opehora pacifica andDiploneis subovalis as characteristic species,
contributed with 6% to the total assemblage. Greater representation of
P. sulcata was observed mainly in the sand layer at 44–45 cm in core
RC-6B (Fig. 7f). On average, the cold water group (CW) contributed
~6% in both cores, with Thalassiosira pacifica being the most abundant
species (Figs. 7g, 8g). Finally, the least abundant group was the warm
water group (WW) which averaged ~0.2 and 2% in cores RC-6B and
Figure 8. Biogenic opal and diatoms of Core RC-7B, Reloncaví Fjord. a) SiOPAL content (%); b) tot
cles); and c–h)main ecological diatomgroups high nutrient (HN), coastal planktonic (CP), non-
in the CP groupmark the occurrence of Rhisozolenia setigera f. pungens; note that the first appea
(see also Fig. 4).
RC-7B, respectively (Figs. 7h, 8h); Thalassionema nitzschioides var.
inflatula characterized this assemblage.

Discussion

Surface sediments in Reloncaví Fjord

SiOPAL in the Reloncaví Fjord ranged 4–10.5%, which is in agreement
with those values reported by Aracena et al. (2011) and Bertrand et al.
(2012a) for Northern Patagonia fjords (1.8–17.7%). The high abundance
of diatoms and the positive correlation of SiOPAL with total diatom
concentrations demonstrate that this siliceous group dominates the
biogenic silica signal in Reloncaví Fjord sediments, in agreement with
previous studies (Rebolledo et al., 2005; Sepúlveda et al., 2005; Mayr
et al., 2014).
al diatoms (valves g−1, green circles) and Shannon–Wiener diversity index (H′, white cir-
planktonic (NP), freshwater (FW), warmwater (WW), and coldwater (CW).White circles
rance in this record is ~ CE 1884. Gray horizontal bars show the two sand layers in this core



Figure 9. Compilation plot of N/Cmolar ratio vs. δ13Corg for surface sediments and downcore records in the Reloncaví Fjord (for locations see Table 1, the number represents the locations
for each sample). Surface sediments from 41–46°S given by Silva et al. (2011), and surface sediments from 44–46°S reported by Sepúlveda et al. (2011). Marine end-member from
Rebolledo et al. (2011) refers to the downcore average value of core MD07-3109H from the Ancud Gulf (42°S, 72°W). Marine end-member from Sepúlveda et al. (2011) was obtained
by averaging values from outside the fjord area in the Boca del Guafo with values from continental slope sediments from Hebbeln et al. (2000). Terrestrial end-member is adopted
from Sepúlveda et al. (2011) based on river sediments and degraded and fresh plant material in Northern Patagonia, and on soil samples and plants from Mayr et al. (2011). Error bars
= standard deviation.
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Corg values in fjord sediments ranged mostly between 0.5 and ~3%,
whereas higher values were observed in riverine sediment samples
(Puelo River C10F-51: 3.6%; Petrohué River C10F-53: 9.3%; Table 1).
Contents in Reloncaví Fjord fall within the range of those reported for
the Inner Sea of Chiloé and other Northern Patagonia fjords (0.5–4%;
see review in Aracena et al., 2011; Bertrand et al., 2012c).
Sources of organic matter in the Reloncaví Fjord

In order to place the bulk organic geochemical results obtained on
Reloncaví surface and downcore sediments in a regional context,
we used i) available information on N/C molar ratio and δ13Corg for
Northern Patagonia fjords (41–46° S; Sepúlveda et al., 2011; Silva
et al., 2011); ii) the marine end-member values for N/C molar ratio
and δ13Corg from Rebolledo et al. (2011) and Sepúlveda et al. (2011);
iii) the terrigenous end-member values from Sepúlveda et al. (2011);
and iv) the soil and terrestrial values from Comau Fjord at 42°S (Mayr
et al., 2011). When plotting the N/C molar ratio and δ13Corg for the
surface sediments jointly with the downcore average values for cores
RC-5B, RC-6B and RC-7B (Fig. 9) it is evident that the organic matter of
all our Reloncaví Fjord sediment samples (surface and downcore) is
composed of a mixture of the twomarine and terrestrial sources, in var-
iable proportions. The values of N/C molar ratio (0.04–0.17) and δ13Corg
(from−22 to−27‰) follow a spatial pattern that reflects the origin of
the OM, where the stations nearest to river inflows exhibit lower N/C
and depleted δ13Corg values. Furthermore, the average downcore value
of core RC-7B is plotting near the values of the terrestrial end-member
(e.g., soil values from the Comau Fjord; 42°S; Mayr et al., 2011)
(Fig. 9), reflecting the high input of terrestrial organic matter in this
inner fjord sediment core. Overall, averaging all N/C and δ13Corg values
Figure 10. Compilation of sedimentological proxies preserved in Reloncaví Fjord sediments, and
cumulation rate (MARterr OM, green line) obtained from interpolating 10-year averages ofMARterr O
6B and RC-7B obtained in the same way as MARterr OM. b) Historical record of precipitation at Pu
mental record of Puelo River discharge (light blue line; CE 1957–2010, http://www. dga.cl), an
c) Fe/Al (g/g) in Quitralco fjord at 46°S (red circles; Bertrand et al., 2014a). d) Periods of high pre
Fjord at 44°S (green rectangles; Sepúlveda et al., 2009), and Lago Plomo 47°S (winter precipitatio
(1957–2010; from http://www.nerc-bas.ac.uk/icd/gjma/sam.html), and reconstructed SAM
reconstructions/villalba2012sam.txt), gray line. Black lines in b and c, and red line in c indicate tw
cords off Chilean Patagonia (41–51°S; GeoB3313 (41°S; Lamy et al., 2002), GeoB7186 (44°S; Moh
2014); red line indicates average SST anomaly and the gray envelope represents the standard d
seasonality periods.
for surface and downcore sediments, we obtain values of N/C =
0.079 ± 0.027 and δ13Corg=−24.49± 1.27 thus reflecting the impor-
tant contribution of terrigenous OM in the Reloncaví Fjord.
Diatom assemblages in sediments as recorders of seasonal fluctuations in
the water column and statigraphic markers

In the Inner Sea of Chiloé, González et al. (2010) have shown that
the higher radiation and enhanced photoperiod of spring together
with the continuous supply of freshwater loaded with silicic acid
promote the growth of chain-forming diatoms N20 μm in thewater col-
umn. The genera Chaetoceros, Skeletonema and Thalassiosira dominate
the spring microphytoplankton in Northern Patagonia (Iriarte et al.,
2007; González et al., 2010). Highest abundances of Rhizosolenia spp.
occur in spring and summer, and are associated with a more stratified
water column (Alves-de-Souza et al., 2008; Iriarte et al., 2010).

In our sediment cores RC-6B and RC-7B, the diatom genus
Chaetoceros was represented by abundant resting spores (N40% of the
diatom assemblage; Figs. 7c and 8c), whereas the genera Skeletonema
spp., Thalassiosira (T. eccentrica, T. oestrupii, T. angulata, T. tenera) and
the species Rhizosolenia setigera f. pungens were common members of
the sediment assemblage but never abundant and represented on
average 3%, 6% and 2% of the total diatom assemblage, respectively.
Thus, we infer that only part of the spring–summer diatom signal is
actually preserved in the sediments of the Reloncaví Fjord.

The euryhaline diatom R. setigera f. pungens (Sancetta et al., 1991) is
present in cores RC-6B and RC-7B from ~CE 1902 ± 25 onwards which
agrees with other sedimentary studies from Northern Patagonia, and
confirms its first occurrence as a robust geochronological marker
(Rebolledo et al., 2011). In the area of the Reloncaví Sound, the first
historical and reconstructed climatological time-series. a) Composite of terrigenous mass ac-
M in cores RC-6B and RC-7B, and composite freshwater diatoms (%, blue line) from cores RC-
erto Montt (blue line; CE 1862–2010; http://climexp.knmi.nl) plotted together with instru-
d reconstructed Puelo River discharge from Lara et al. (2008), gray line (CE 1600–2000).
cipitation in Lago Puyehue at 41°S (dark-yellow rectangle; Bertrand et al., 2005), in the Jacaf
n only; yellow rectangles; Elbert et al., 2011). e) Southern Annular Mode (SAM), black line
-NCEP index from Villalba et al. (2012;ftp://ftp.ncdc.noaa.gov/pub/data/paleo/treering/
o-year running average. f) Composite alkenone-derived SST anomaly based on available re-
tadi et al., 2007), PC33 (44°S; Sepúlveda et al., 2009), andMD07-3124 (51°S; Caniupán et al.,
eviation (Bertrand et al., 2014a). Vertical gray rectangles highlight the highest precipitation
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occurrence of R. setigera f. pungens in the sedimentary record (Rebolledo
et al., 2011) coincides with the construction of the Puerto Montt pier in
~CE 1888 and later installation of the port of Puerto Montt (http://
www.empormontt.cl/sitio/es/historia), raising the possibility that this
species has been introduced to the area by ships' ballast water.
Downcore diatom concentrations average 8 × 106 valves g−1 for
core RC-6B and 5× 106 valves g−1 for core RC-7B, excluding sand layers.
These values are one order of magnitude lower than those recorded in
other Northern Patagonia fjords (i.e., Puyuhuapi, Jacaf and Comau, all
with ca. 107 valves g−1; Rebolledo et al., 2005, 2008; Mayr et al.,

http://www.empormontt.cl/sitio/es/historia
http://www.empormontt.cl/sitio/es/historia
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2014), possibly due to dilution by high terrestrial input that
characterizes the Reloncaví Fjord.

Sand layers in cores RC-6B and RC-7B were characterized by low-
est diatom abundances, low diversity, and an increment in the con-
tribution of Paralia sulcata within the NP group (from 1% outside
the sand layer to 4% inside, core RC-6B). This species has been de-
scribed as an indicator of high energy environments in Swedish
fjords (McQuoid and Nordberg, 2003) and its higher contribution
in sand layers of West Point, Washington, has been associated with
paleo-tsunami events (Hemphill-Haley, 1996).

The possible origin of sand layers in Reloncaví Fjord sediments

Based on geochronological, geochemical analysis and historical evi-
dences, we believe that the sand layers described in sediment cores
RC-5B, RC-6B and RC-7B represent remobilized sediments during the
large earthquakes that affected the area in the last millennium (e.g.,
Cisternas et al., 2005). They likely represent coarse material supplied
by subaquatic and aerial (landslide) slope failures, resembling what oc-
curred in Aysén fjord during the 2007Mw 6.2earthquake (Naranjo et al.,
2009; Van Daele et al., 2013). Moreover, the increase in the diatom
Paralia sulcata in sand layers seems to be associatedwith landslides trig-
gered by earthquakes. Because sand layers in our cores have a terrestrial
origin (with depleted δ13Corg and low N/C values; Fig. 5) we cannot
assume a tsunamigenic origin. Diatoms have been widely used as indi-
cators of coseismic subsidence and uplift associated with earthquakes
events in coastal sediments and buried soils (Cisternas et al., 2005;
Horton et al., 2011; Garret et al., 2013).

According to our age models (Fig. 4), the upper sand layers in cores
RC-5B (33–40 cm) and RC-6B (40–45 cm) most likely represent the CE
1737 or CE 1837 earthquakes, whichwere clearly described in historical
documents but not recorded in the sediments of the nearby Maullín
estuary (Cisternas et al., 2005). Cores RC-5B and RC-6B do not seem to
have recorded the large CE 1575 earthquake that affected the region
(Cisternas et al., 2005; St-Onge et al, 2012). The single sand layer
described in core RC-7B could correspond to either the CE 1575 or CE
1737 earthquake.

By comparison, St-Onge et al. (2012) found no evidence of sand
layers associated with the CE 1837 and CE 1737 earthquakes in
sediment core MD07-3108Cq, which was taken at the mouth of the
Reloncaví Fjord. They however did find tsunami sand layers related to
the CE 1960 and CE 1575 earthquakes. Seismic profiles from the head
and middle of the fjord provided additional evidence for mass wasting
deposits associated with the earthquake of CE 1960, CE 1575 and ~CE
1200–1400. A turbidite was recorded in a sediment core recovered
near Puelo River (RC-5C; 41°38′S, 72° 20′ W), in the middle part of
the fjord (Fig. 1a). In this core, Marín (2014) described a sand layer at
25–14 cm,whichwas dated at CE 1964±4, characterized by low values
of 210Pbexcess, SiOPAL and by an increase in sand percentages. Within age
uncertainties, it could be a recorder of either the CE 1960 earthquake or
the historical landslide-debrisflowdeposit of CE 1965 from the adjacent
Yate volcano (Fig. 1; Watt et al., 2009; Marín, 2014; Rebolledo et al.,
2014). This suggests that the earthquake-triggered turbidites
associated with the CE 1960 MW 9.5 subduction earthquake were
mainly restricted to the outer part of the fjords (St-Onge et al., 2012).

The deeper sand layers in cores RC-5B (74–75 cm) and RC-6B
(75–76 cm) may correspond to pre-historical seismic activity in the
fourteen and fifteen centuries, as described by Cisternas et al. (2005),
possibly the CE 1319 earthquake (Moernaut et al., 2014). We do not
have enough data to make any links to these older events.

Variations in OM sources and relation to climate variability

In Chilean Patagonia, precipitation is linked to the SWW. Multi-
decadal variability in the strength and latitudinal movements of the
SWWbelt has been associated with the SAM, a measure of the pressure
gradient between Southern Hemispheremid-and high latitudes and the
El Niño-Southern Oscillation (ENSO) (Garreaud et al., 2009; Quintana
and Aceituno, 2012; Villalba et al., 2012; Moreno et al., 2014).

Organicmatter of terrigenous origin and the contents of freshwater di-
atoms in sediments have been used as proxies of changes in precipitation
on land and river discharge into Patagonian fjord environments (e.g.,
Rebolledo et al., 2005, 2011; Sepúlveda et al., 2009; Mayr et al., 2014).
Here, we assessed the use of MARterr OM and freshwater diatoms (%) in
Reloncaví Fjord as proxies for temporal changes in terrigenous input re-
lated to precipitation and river discharge. The correlation between
monthly precipitation at Puerto Montt and Puelo River discharge (for CE
1948 − 2010) was high and positive (r Pearson = 0.68, p b 0.05). Thus,
for the last ~700 yr, we use composite MARterr OM (CE 1328 − 2010)
and composite freshwater diatoms (%) (CE 1688 − 2010) in cores
RC-6B and RC-7B (discarding turbidite intervals; for more details, see
section Material and methods) (Fig. 10a), and compare our two proxy
recordswith instrumental and reconstructed time series of precipitation
and Puelo River discharge (Fig. 10b) and Fe/Al record from Quitralco
Fjord (Bertrand et al., 2014a) (Fig. 10c), proxy records of SAM
(Fig. 10e), and SST for 41–51°S (Fig. 10f) (seeMaterial andmethods sec-
tion for details). We observe increasedMARterr OM in CE 1300–1400 and
CE 1700–1850, when in Quitralco Fjord (Bertrand et al., 2014a) precipi-
tation seasonality is high (higher during CE 1300–1400 than during CE
1700–1800). Our interpretation is that in both Reloncaví and Quitralco,
precipitation seasonality also controls terrestrial erosion, which is re-
corded in terrestrial OM accumulation rates. This is in agreement with
the record of Bertrand et al. (2005) for Lago Puyehue (41°S), who
interpreted increased accumulation rates of terrigenous particles in the
lake as a result of higher river discharge due to increased precipitation.
Also, Sepúlveda et al. (2009) using a multi-proxy approach in a core
recovered from the Jacaf Fjord (44° S), suggested higher precipitation
between CE 1200 and 1450 and during CE 1750–1850. A recent precip-
itation reconstruction from Lago Plomo (47°S, Elbert et al., 2011) shows
wet phases at ca. CE 1600, CE 1630–1690, and CE 1780–1850 (Fig. 10d).
Based on these comparison, we infer that the highest precipitation
seasonality recorded in Reloncaví Fjord sediments in CE 1700–1850
(and probably also between CE 1300 and 1400) is coeval with positive
anomaly SSTs in Patagonia (Fig. 10).

For the last ~150 yr, MARterr OM, freshwater diatoms and Puelo River
discharge reveal a decreasing trend toward the present (Fig. 10a, b).
This is accompanied by an increasing SAM-NCEP index as well as
decreasing SSTs, which accelerated since the ~1950s (Fig. 10e, f). The
SAM-NCEP index reveals a long-term trend of negative values that
stretch almost the entire ~600-yr series (Villalba et al., 2012), with
more pronounced negative values (indicating more precipitation)
during CE 1460–1635, around CE 1750, CE 1830, CE 1870, CE 1900,
and CE 1925–1950 (Fig. 10e). In the last decades have been observed
an ozone depletion in the stratosphere at high latitudes in the SH, and
westerly flow has mostly decreased over Northern and Central Patago-
nia causing a drying trend to the west of the Andes (Garreaud et al.,
2013). The decrease in precipitation and river discharges (Aravena
and Luckman, 2008; Lara et al., 2008; León-Muñoz et al., 2013) as well
as the positive phase of the SAM index have been related to a shift to
higher latitudes of the SWW and associated storm tracks, to a poleward
migration of the descending branch of the Hadley cell, and the conse-
quent southern expansion of the dry subtropical belts (Shindell and
Schmidt, 2004; Villalba et al., 2012; Garreaud et al., 2013) (Fig. 10).

Conclusions

Geochemical parameters (SiOPAL, Corg, N/C, δ13Corg) in surface sedi-
ments of the Reloncaví Fjord reveal a spatial gradient of allochthonous
and autochtonous organic matter with a clear terrigenous signal near
the mouths of major rivers (Puelo, Cochamó and Petrohué).

Diatoms dominate the siliceous assemblages preserved in the sedi-
ments with an average value of 98%. Freshwater diatoms in Reloncaví
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Fjord sediments are a good proxy of changes in precipitation over
Northern Patagonia and Puelo River discharge.

Downcore records show evidence of earthquakes that affected the
Reloncaví area: turbidites (sand layers), possibly associated with the
historical earthquakes of CE 1837, 1737, 1575, 1200–1400. Sand layers
were characterized by overall low abundance of diatoms and slight
increased contribution of the species Paralia sulcata, an indicator of
high-energy environments.

Most importantly, the sediment records show marked fluctuations
in allochtonous vs. autochthonous sources of organic matter during
the past 700 yr. By comparing sediment proxies with instrumental
records, we showed that freshwater diatom concentrations and the
MARterr OM in Reloncaví Fjord sediments can be used as proxies for
precipitation-driven river discharge. The combined increase in both
variables suggests high precipitation seasonality in the Reloncaví Fjord
during CE 1300–1400 and CE 1700–1850, and a clear decreasing pattern
since CE 1850. MARterr OM and freshwater diatoms match the instru-
mental record of rainfall available for the last 100 yr and reinforce the
idea that this multi-proxy approach in Reloncaví Fjord sediments is
suitable for revealing changes in climate that occurred in Northern
Chilean Patagonia during the late Holocene.
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