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Abstract

The Chilean Patagonia constitutes one of the most important and extensive fjord systems
worldwide, therefore can be used as a natural laboratory to elucidate the pathway of both organic and
inorganic matter in the receiving environment. In this study we use data collected during an intensive
oceanographic cruise along the Magellan Strait into the Almirantazgo Fjord in southern Patagonia to
evaluate how different sources of dissolved inorganic carbon (DIC) and recycling may impact particulate
organic carbon (POC) δ13C and inﬂuence the nutrients and carbonate system spatial distribution. The
carbonate system presented large spatial heterogeneity. The lowest total alkalinity and DIC were associated
to freshwater dilution observed near melting glaciers. The δ13CDIC analysis suggests that most DIC in the
upper 50 m depth was not derived from terrestrial organic matter remineralization. 13C-depleted riverine and
ice-melting DIC inﬂuence the DIC pool along the study area, but due to that DIC concentration from rivers and
glaciers is relatively low, atmospheric carbon contribution or biological processes seem to be more relevant.
Intense undersaturation of CO2 was observed in high chlorophyll waters. Respired DIC coming from the
bottom waters seems to be almost insigniﬁcant for the inorganic carbon pool and therefore do not impact
signiﬁcantly the stable carbon isotopic composition of dissolved organic carbon and POC in the upper 50 m
depth. Considering the combined effect of cold and low alkalinity waters due to ice melting, our results
highlight the importance of these processes in determining corrosive waters for CaCO3 and local acidiﬁcation
processes associated to calving glacier in fjord ecosystems.

1. Introduction
The coastal ocean plays a key role in global biogeochemical cycles and the climatic regime on Earth.
Freshwater runoff from rivers, estuaries, and fjords are recognized to inﬂuence the biogeochemistry of productive coastal areas and are important in the modiﬁcation and exchange of organic and inorganic carbon
between terrestrial and marine environments (Canuel, 2001).
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Globally, the discharge of organic matter by rivers occurs at a rate of 20 Gt yr1 (1 Gt = 1 × 1012 kg), which is
similar to the accumulation rate of organic carbon in whole marine sediments (Berner & Berner, 1996; Onstad
et al., 2000). This is particularly relevant during the spring season due to the increase in freshwater inputs
associated to the melting of the ice accumulated during winter (Aniya, 1999). It is well known that a signiﬁcant fraction of the organic matter exported by rivers and glaciers is constituted by very old material
(Raymond & Bauer, 2001), unlike the new material produced in the pelagic ecosystem (Vargas et al., 2011).
Chemical weathering and export of inorganic carbon from soils into rivers provide a signiﬁcant amount of
the atmospheric CO2 sequestered by the terrestrial ecosystem to the coastal ocean (Cao et al., 2011). The role
of freshwater input from glaciers and rivers in the biogeochemical cycles of carbon in fjord ecosystems needs
necessarily to be assessed to establish the pathway of both organic and inorganic matter in the
receiving environment.
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The Chilean Patagonia constitutes one of the most important and extensive fjord regions worldwide, which,
along with similar systems of Scandinavia, Iceland, Greenland, British Columbia, and Alaska, form some of the
largest fjord areas in the world (González et al., 2013; Silva & Vargas, 2014,). This fjord system extends for over
1,600 km, which is approximately one third of the Chilean territory (Silva & Vargas, 2014). Thus, this region has
a high geomorphological complexity and different hydrographic processes inﬂuence the oceanographic conditions, including, river runoff, ice melting, and oceanic intrusion. In the southern region of this large fjord system, the Strait of Magellan constitutes a major feature of the southern end of South America, connecting the
Paciﬁc Ocean with the Atlantic Ocean through a channel across the continent. This region has several features, such as (1) a complex interaction between the atmosphere, land, and the ocean (i.e., strong poleward
winds and Cape Horn Current) (Strub et al., 1998), (2) enhancement of the terrigenous sediment supply (Silva
et al. 2011), and (3) input of freshwater rich in terrestrial organic matter by river runoff (e.g., Bachellor river),
groundwater, rainfall, and ice-melting from glaciers associated to Darwin Mountain Range that release icebergs and introduce clay/minerals and freshwater plumes into the fjord heads (Valdenegro & Silva, 2003).
Freshwater from Patagonian rivers generally contains large amount of silicic acid and organic carbon (e.g.,
Iriarte et al., 2007; Silva et al., 2011; Torres et al., 2011; Vargas et al., 2008), which combined with the adjacent
marine nutrients support a high primary and secondary productivity in these environments (Dagg &
Whitledge, 1991; Lohrenz et al., 1990). In this channel and fjord environment, the metabolic state results from
a balance between primary production and respiration processes (Torres et al., 2011). Measurements of the
inorganic carbon species give some insights of the biogeochemistry associated to the metabolism of this ecosystem, mainly because the recycling of inorganic carbon is related to the metabolic state through the production and uptake of CO2 during photosynthesis and respiration (van Breugel et al., 2005). Both the pH and
alkalinity also depend on the processes of remineralization of organic matter and ultimately on the ecosystem metabolism involved (Raymond & Cole, 2003).
Carbon stable isotopes (δ13C) have been widely used for tracing the source and fate of organic matter in
aquatic ecosystems (e.g., Lafon et al., 2014; McCallister et al., 2006). In this fjord environment, the most
13
C-depleted dissolved organic carbon (DOC) and particulate organic carbon (POC) is oxidized/respired while
sinking to deeper waters, and therefore, 13C-depleted dissolved inorganic carbon (DIC) is accumulated in
deep waters (van Breugel et al., 2005). When deep waters mix with the surface photic zone, it is used by plankton for both photosynthesis and calciﬁcation (e.g., cocolitophores) (van Breugel et al., 2005). Recycling of the
respired CO2 may thus result in a decrease in δ13C value of organic carbon and carbonate in the fjord sediments (Schouten et al., 2000). The isotopic signature of the DIC (δ13CDIC) is therefore a reliable measure of
the carbon cycling processes in aquatic ecosystems and a powerful tool to determine how glaciers and rivers
could be sources of DIC versus respired DIC escaping to surface waters and recycled in the photic zone.
Furthermore, because river and glacier meltwater has low total alkalinity (AT) and low DIC concentrations,
when mixing with seawater, it decreases salinity, AT, and DIC diminishes concentrations of CO32 and therefore, aragonite saturation state (Ωaragonite) (Yamamoto-Kawai et al., 2009).
Here we report the spatial variability in the carbonate system along a transect from the western side of
Magellan Strait to the Almirantazgo Fjord in southern Patagonia (Figure 1). By using information of carbonate
chemistry and carbon stable isotopes we also aimed to evaluate if DIC recycling and freshwater DIC sources in
the upper water column might impact the δ13C pool in this stratiﬁed fjord ecosystems. With this objective we
performed a study of stable carbon isotopes in different carbon pools (DIC, DOC, and POC) along this transect,
including two major freshwater sources at each side of this transect, river runoff, and ice melting from calving
glaciers associated to Darwin Mountain Range Ice Field. Our results are also interpreted in the context of
major implications for local acidiﬁcation processes in this southern Patagonia region.

2. Material and Methods
2.1. Survey Area
The study was carried out in the framework of a research cruise (CIMAR 16 Fiordos) conducted in the austral
spring between 20 October and 12 November 2010 onboard the R/V Abate Molina. A single transect with 12
oceanographic sampling stations was performed from the western side of Magellan Strait (52°390 S, 74°470 W),
crossing the Whiteside Channel, to the Almirantazgo Fjord (54°36.20 , 69°21’W) (Figure 1). The transect presents three deep basins (>400 m) separated by shallow constrictions-sills (Carlos III and Whiteside <100 m
VARGAS ET AL.
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Figure 1. Study area and location of sampling stations along the Almirantazgo Fjord and Magellan Strait, for both physical
and biogeochemical data. Base map from the National Center for Environmental Information, NOAA (http://maps.ngdc.
noaa.gov/viewers/geophysics/). A: Bachelor River, B: Marinelli, and C: Parry Glaciers.

depth). The western basin, which is the deepest (~1,200 m depth), cover the Strait of Magellan from its
western extreme coastal sill to the Carlos III Island constriction-sill. The central basin includes the central
zone of the Strait of Magellan and the Whiteside Channel, whereas the south-eastern basin, includes part
of the Whiteside Channel and the Almirantazgo Fjord (~200–400 m depth) and the Marinelli and Parry
Glaciers, both at the head of the transect (Figure 1). The western extreme of this section connects with the
Paciﬁc Ocean and in its central part (e.g., Whiteside Channel); it is open to the Atlantic Ocean through the
shallow and narrow passages called Primera and Segunda Angostura (~4.6 km wide, 50 m depth and
7.3 km wide, and 47 m depth, respectively) in the eastern side of the Strait of Magellan. In the southeastern part of the Almirantazgo Fjord, two major calving glaciers are located, the Marinelli and Parry
Glaciers, which are part of the Darwin Mountain Range Ice Field (Figure 1). This transect is also
characterized by the contribution of two major freshwater sources, a small river (<20 m3 s1), the Bachelor
River (Stn A at Figure 1), which is at the western side of the transect, and the contribution due to ice
melting from Marinelli and Parry Glaciers at the eastern side of the transect. (Stns B and C, respectively at
Figure 1).
2.2. Sample Collection, Hydrography, Nutrients, and Chlorophyll Analyses
During the research cruise, temperature and conductivity proﬁles were collected with a Seabird 19 CTD,
whereas water samples for different chemical analyses were collected with a Niskin bottle-rosette system.
Seawater samples for dissolved oxygen and nutrient analyses were collected at discrete standard depths
(1, 5, 10, 25, 75, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, and 850 m), with maximum depth of each
proﬁle determined by water depth at each station. Dissolved oxygen was determined onboard following
Carpenter (1965). Apparent oxygen utilization (AOU) was estimated as the difference between the oxygen
concentration at 100% saturation and the measured oxygen concentration in seawater samples. Dissolved
oxygen concentration at 100% saturation was calculated following Murray and Riley (1969) using the CTD
measurements of temperature and salinity.
Samples for nitrate (NO3), phosphate (PO43), and silicic acid (Si(OH)4) were kept frozen (20°C) in 60 mL
acid-cleaned high-density plastic bottles according to Gordon et al. (1994) protocol. The samples were analyzed in the Marine Biogeochemistry Laboratory of the Pontiﬁcia Universidad Católica de Valparaíso, with a
nutrient auto-analyzer following Atlas et al. (1971). Water samples for chlorophyll a (Chl a) analyses were collected at 1, 5, 10, and 25 m depth. For Chl a and phaeopigments, 200 mL of seawater were ﬁltered (MFS glass
VARGAS ET AL.
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ﬁber ﬁlters, 0.7 μm nominal pore size) in triplicate and immediately frozen (20°C) until later analysis via
ﬂuorometry, using acetone (90% vol/vol) for the pigment extraction (Turner Design TD-700) according to
standard procedures (Parsons et al., 1984).
Samples for DIC and DOC concentration, δ13CDIC, δ13CDOC, and δ18O, were collected at 2 and 50 m depth with
a Niskin bottle-rosette system. For POC concentration and δ13CPOC a surface sample at 2 m depth was also
collected at each station. Additional surface (1 m) samples for all these analyses were also collected from a
Zodiac rubber boat at the Bachelor River’s mouth as well as right next to the area where ice breaks up at
the Parry and Marinelli glaciers.
2.3. Estimation of the Carbonate System Parameters
Seawater samples for pH and total alkalinity (AT) were collected at 1, 5, 10, 25, and 50 m depth. Unfortunately,
samples for AT were not collected from the Bachelor River’s mouth and other potential freshwater sources.
The pH samples were collected in 50 mL syringes using a Tygon tube and then transferred to a 25 mL thermostated closed cell at 25.0 ± 0.1°C for analysis with a Accumet® model 20 pH meter (input impedance
>1011 Ω, 0.1 mV sensitivity and nominal accuracy 0.001 pH units) using a glass combined single junction
Ag/AgCl Metrohm electrode (code 6.0259.100). The electrode was calibrated with tris and 2-aminopyridine
buffers at 25.0 ± 0.1°C (pH 8.089 and 6.786; Department of Energy (DOE), 1994), and pH values were therefore
reported on the total hydrogen ion scale (Department of Energy (DOE), 1994). The estimated analysis error
was estimated as <0.009 pH for most of the samples.
Samples for total AT were stored in 500 mL borosilicate bottles, poisoned with 50 μL of saturated HgCl2 solution and kept in darkness at room temperature until their analysis. AT was determined following the Dickson
et al. (2007) acid titration method. The analysis was performed with an automated titration burette
(Metrohom, model Titrino Ti-Touch), in a 100 mL thermostated (25°C ± 0.5°C) closed cell (Department of
Energy (DOE), 1994). The accuracy was compared to a certiﬁed reference material (supplied by Andrew
Dickson, University of California, San Diego, USA) and the AT repeatability averaged 2–3 μmol kg1.
Temperature, salinity, pHT, and AT data were used to calculate the other parameters of the carbonate system
(e.g., pCO2 and CO32) and the saturation stage of Omega Aragonite (Ωaragonite). However, uncertainties from
each measured parameters can result in uncertainties in the calculated values of carbonate system parameters, which for our estimates it would be around 6% (pCO2) and 8% (Ωaragonite) (McLaughlin et al.,
2015). Analyses were performed using CO2SYS software for MS Excel (Pierrot et al., 2006) with Mehrbach solubility constants (Mehrbach et al., 1973) reﬁtted by Dickson and Millero (1987). The KHSO4 equilibrium constant determined by Dickson (1990) was used for all calculations.
2.4. Dissolved Inorganic Carbon, Dissolved/Particulate Organic Carbon, and δ13C
For dissolved inorganic carbon (DIC) and its δ13C signature, a 30 mL of seawater subsample was collected
with a sterile syringe and ﬁltered through a Swinex containing a ﬁlter of 0.2 μm and poisoned with HgCl2
to halt biological activity. The septa of vials were exchanged for butyl rubber septa to prevent CO2 diffusion. Samples were refrigerated at 5°C until their analysis (<7 days from collection). For dissolved organic
carbon (DOC) and δ13CDOC, a 30 mL subsample was collected with a sterile syringe and ﬁltered through a
Swinex containing a GF/F ﬁlter of 0.7 μm, precombusted for 4–5 h at 450°C. The samples were collected
directly in 40 mL Glass 200 Series I-CHEM® vials, preventing the formation of any bubbles. Prior to analysis, DOC samples were bubbled with CO2-free nitrogen for 7 min to ensure complete removal of dissolved inorganic carbon. For POC and δ13C, a surface subsample (0.5 to 2.5 L) was ﬁltered through
combusted (4–5 h at 450°C) GF/F ﬁlters to concentrate particles. Filters were dried at ~60°C for 24 h
and held in a desiccator until analyzed.
All samples were run on an OI Analytical TIC-TOC Analyzer Model 1030, ﬁrst run to determine the ppmC
organic/inorganic concentration, then for the δ13C isotope. The TIC-TOC analyzer was interfaced to a
Finnigan MAT Delta Plus isotope ratio mass spectrometer for analysis by continuous ﬂow. Data were normalized using internal standards. The analytical precision was 1.8% for the quantitative measurements and
±0.2‰ for the isotopes. Analyses were conducted in the G.G. Hatch Isotope Laboratories at the University
of Ottawa, Canada.
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1

Figure 2. Vertical distribution of temperature (°C), salinity, dissolved oxygen (mL L
Magellan Strait to the Marinelli and Parry Glaciers.

), phosphate (μM), nitrate (μM), and silicate (μM) from the west open of the

2.5. Oxygen Isotopes and δ18O
Water samples for oxygen isotopic composition were collected from seawater and ice. The δ18O was analyzed
by CO2-water equilibration using 0.2 mL (fresh) or 0.6 mL (saline) of water and a gas mixture of 2% CO2 in
helium. The CO2 was analyzed on the same Finnigan MAT Delta plus isotope ratio mass spectrometer at
the G.G. Hatch Isotope Laboratories at the University of Ottawa, Canada. Although duplicates were not collected during the cruise, the analytical precision estimated from standards measured with samples was
±0.15‰. The samples were measured relative to the Vienna SMOW (VSMOW) standard, and are referenced
relative to VSMOW.

3. Results
3.1. Hydrography
Large variation of the water temperature was observed along the transect, from cold waters (4–5°C) near the
glaciers (Stns 51 and 52) to higher temperatures (~8°C) at the western side of the Strait of Magellan (Stns 14
and 15; Figure 2a). The vertical temperature showed a well-mixed distribution in the southeast basin near the
glaciers and a weak thermocline in the central basin. A slight increase in temperature was observed between
Stns 54 and 60 in the area where waters from the Almirantazgo Fjord mix with those from Magellan Strait,
near Dawson Island. The western basin, below 100 m, showed an intrusion of warmer water (>7.5°C) from
the Paciﬁc Ocean (Figure 2a). A horizontal salinity gradient in the surface layer was also evidenced due to
the low salinity waters (<28) close to the glaciers to high salinity (>32.0) at the western side of the Strait
of Magellan (Figure 2b). The area close to Bachelor River mouth (Stn 12) also evidenced low salinity (<29 practical salinity unit (psu)) above 10 m depth (Figure 2b), giving origin to a strong halocline (~0.2 psu m1).
Below 100 m a high-salinity intrusion (>33 psu) of oceanic waters sinks into the western basin (Figure 2b).
Both temperature and salinity reﬂected the intrusion of the oceanic Paciﬁc Sub-Antarctic Water into the western basin (Figures 2a and 2b).
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3.2. Dissolved Oxygen and Nutrient Concentrations (PO43, NO3, and Si(OH)4)
Surface dissolved oxygen concentration varied largely along the transect, with higher dissolved oxygen concentration at the Whiteside Fjord (>7 mL O2 L1, Stn 55) and lower concentration at the western side of the
Magellan Strait (<7 mL O2 L1, Stns 14 and 15) (Figure 2c). Below the well-oxygenated surface layer, dissolved
oxygen tended to decrease slightly with depth to values lower than 6 mL O2 L1 below 400 m depth, mainly
in the deeper western basin, and lower than 5.5 mL O2 L1 at 100 m depth at head of the Almirantazgo Fjord,
hypoxic conditions (<2 mL L1; Díaz & Rosenberg, 1995; Silva & Vargas, 2014) were not observed in water
column along whole the study area (Figure 2c).
Phosphate and nitrate concentrations were lower at the surface layer with minimum values (<0.5 and <2 μM,
respectively) near the glaciers area and the Bachelor River outﬂow. Maximum values (>1 and >12 μM) were
observed at the western side (Figures 2d and 2e, respectively). Below the surface layer, phosphate and nitrate
concentrations increased with depth to values higher than 1.2 μM and 14 μM at 100 m depth at the
Almirantazgo Fjord and below 200 m depth in the western Magellan Strait’s basin (Figures 2d and 2e).
Low silicic acid concentrations were observed in the surface layer, especially in areas without the inﬂuence of
the river and glacier discharges (i.e., from nondetected to 2.0 μM; Figure 2f). Below the surface layer, silicate
concentration increased with depth to values higher than 6 μM at 100 m depth at the Almirantazgo Fjord. In
the deep layer, silicate increased slowly to still low levels, with a maximum concentration (>4.0 μM) at 400–
600 m at the western basin (Figure 2f).
3.3. Total Chlorophyll a (Chl a) and Carbonate System Variability
A patched spatial distribution was observed for surface Chl a (above 25 m depth) in the Almirantazgo Fjord
and the Magellan Strait (Figure 3a). The lower Chl a concentrations were observed in low salinity ice-melting
water from glaciers, whereas highest Chl a were observed in Stns 55, 8, and 13 in the western side of
Magellan Strait.
A large spatial heterogeneity along the transect was also observed for the different carbonate system parameters estimated in our study. A nonsigniﬁcant relationship between AT and salinity was found, which may
suggest the contribution of other noncarbonate sources to AT, and/or the possibility of more than one freshwater end-members along the study area (Figure 4a). Highest pHT and low pCO2 levels were associated to
high Chl a concentration (chlorophyll > 5 μg L1) from Stns 7 to 53 along Dawson Island (Figures 3a and
3b). On the contrary, lower pHT (<8) and higher pCO2 (>400 μatm) levels were observed in deep waters below
25 m depth and Stn 52 at the mouth of Parry Fjord (Figures 3b and 3d). At this respect, a relationship between
pCO2 and AOU (Figure 4b) evidenced a weak but statistically signiﬁcant positive correlation between both
parameters (r2 = 0.24, p = 0.0001), which although suggest that O2 supersaturation (i.e., negative AOU levels)
might be associated to autotrophic behavior (intense undersaturation of CO2) in high Chl a surface waters,
whereas high pCO2 waters (>400 μatm) were associated to O2 undersaturated (positive AOU levels) in deeper
waters, mostly due to the remineralization of organic matter. This low observed correlation can be explained
since low pHT/high pCO2 values were also observed associated to surface low salinity waters in the upper 5 m
depth at Stn 52 at the Parry fjord’s mouth (Figures 3b and 3d), which was also inﬂuenced by low alkalinity
waters (AT < 2,000 μmol kg sw1; Figure 3c), mostly associated to the ice-melting from Parry Glacier.
Nevertheless, cold (<6°C) and low salinity waters (<28 psu) associated to this ice-melting area showed a
CO2 undersaturation in the upper 15 m depth (Figures 3d and 4b). The T-S diagram showed that waters of
low salinity were characterized by well-oxygenated waters (Figure 5a), very low NO3 concentration due to
the dilution effect of ice melting near calving glaciers (Figure 5b), and low pH (Figure 5c). Low Ωaragonite
(Ω < 1.5) was observed in deep waters (>25 m depth) along whole transect (3F). However, almost the entire
water column at Stns 51 and 52 near Parry Glacier in Almirantazgo Fjord showed Ωaragonite < 1.5 (Figure 3f).
3.4. Carbon Species (DIC, DOC, and POC) and Isotopic Signal
Dissolved inorganic carbon measured at surface (2 m depth) and subsurface (50 m depth) waters showed
similar concentrations along the transect with values from 1,151.7 to 1,436.7 μmol kg1 (Figure 6a).
Freshwater samples collected at the Bachelor River mouth, and ice-glacier samples from Marinelli and
Parry Glaciers evidenced a very low DIC concentration (190.8 μmol kg 1 and 45.8 to 116.7 μmol kg 1,
respectively; Figure 6a). Isotopic DIC signal (δ13CDIC) varied from 0.7 to 1.9‰ at 2 and 50 m depth along
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SW), pCO2 (μatm), and Ωaragonite from the west

the transect (Figure 6b). Only at the west side of the Magellan Strain a single value of 0.01‰ (Stn 11) was
detected at 2 m depth (Figure 6b). Depleted δ13CDIC values (12.9 to 23.6‰) were detected at the
Bachelor River and Marinelli and Parry Glaciers (Figure 6b). A keeling-plot of δ13CDIC versus 1/DIC
concentration provides δ13C values of respired carbon added at depth, which showed a mean δ13CDIC of
~3‰ (Figure 7a).
A large spatial heterogeneity in surface DOC (2 m depth) concentration was observed during our study, with
highest concentration at the Almirantazgo Fjord (Stn 51) (Figure 6c). Nonsigniﬁcant differences in DOC concentration were observed between surface and subsurface (50 m depth) layers (t test = 1.289, p = 0.233). DOC
concentration at the Bachelor River mouth was 1,084.2 μmol kg 1, whereas ice samples from both glaciers
evidenced very low DOC concentrations (Marinelli: 198.3 μmol kg 1, and Parry: 81.7 μmol kg 1; Figure 6c).
Similar DOC isotopic signal was observed along whole transect at both surface and 50 m depth (Figure 6d).
Depleted δ13CDOC (more than 20‰) were found at the Bachelor River and near Parry Glacier, but, in general,
nonsigniﬁcant differences were found between surface and subsurface layers (t test = 1.075, p = 0.314)
(Figure 6d). Surface POC also showed a large variability along the transect, with a mean range from
12,083.3 to 24,583.3 μmol kg 1 (Figure 6e). POC at the Bachelor River was 12,916.7 μmol kg 1, whereas
Marinelli Glacier showed 15,833.3 μmol kg 1 and Parry Glacier 9,166.7 μmol kg 1 (Figure 6e). Relatively constant POC isotopic signal was detected along the transect (19.7 to 24.6‰; Figure 6f). Similar to δ13C-DOC
the most negative values were associated to freshwater discharges (Bachelor River: 28.5‰, Marinelli
Glacier: 25.2‰, and Parry Glacier: 25.8‰; Figure 6f). DOC and POC isotopic signals were positively correlated (r2 = 0.56, p = 0.005), suggesting that most of the DOC was produced by respired POC in our study area
(Figure 7b).
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3.5. Oxygen Isotopic Signal
Besides carbon isotope signals, δ18O recorded at 2 and 50 m depths
showed a large variability with values ranging from 0.75 to 2.35‰;
Figure 8). Surface values were always more negative than at 50 m depth
mainly near the glacier area. The oxygen isotopic signal showed strong
negative values associated to the freshwater discharges from the
Bachelor River and from the ice-melting water at both glaciers
(Figure 8). This trend is also observed under the salinity gradient, where
the Parry Glacier ice water δ18O values was 5.4‰ while 12.6‰ in
Marinelli Glacier ice and 10.8‰ in ice-melting derived freshwater carried by the Bachellor river (Figures 8 and 9).

4. Discussion
4.1. Physical-Chemical Spatial Variability
The hydrography conditions were dominated by the intrusion of SubAntarctic waters (SAAW) from the Paciﬁc Ocean in the western
Magellan Strait below 150 m deep and Estuarine Waters (EW) in the surface layer (0–100 m) and eastern side of the study area (Palma & Silva,
2004). Due to its higher density, the warmer, saltier, and nutrient-rich
SAAW sink into the Magellan Strait western basin, ﬁlling it and reaching
distances of ~200 km toward the strait’s inner part. The surface layer
receives cold freshwater discharges mainly from the Bachelor River
and the Marinelli and Parry Glaciers, and runoff inputs from the
Darwin Mountain Range, originating the EW. The T-S diagrams showed
that EW was not only characterized by low salinity and high oxygen,
Figure 4. (a) Relationship between salinity and total alkalinity (TA = 55.55 salibut also by low NO3/pH conditions. The mixing of SAAW with EW
2
nity + 500.39, R = 0.13, n = 57) and (b) relationship between AOU and pCO2
forms the modiﬁed Sub-Antarctic Water in the intermediate part of
(dark circles), and salinity and pCO2 (white squares) for the study area.
the study area (Palma & Silva, 2004). The intrusion of denser water in
the west initiates an estuarine-like circulation with deep SAAW ﬂowing eastward and surface EW ﬂowing
westward. However, the shallow Carlos III constriction-sill (50–100 m deep) in the western Magellan Strait
inhibits the circulation, increasing the retention time in the surface and subsurface layer at both sides of
the sill.
Low nutrient concentrations prevailed in the study area. Phytoplankton consumption and freshwater from
rivers, runoff, glaciers melting, and rainfall can have low nutrient content (Panella et al., 1991; Silva &
Vargas, 2014). High nitrate (~16 μM) and phosphate (>1.2 μM) values were observed below 200 m at the western side of the Magellan Strait inﬂuenced by the inﬂow of SAAW. Surface nitrate and phosphate values were
lower than previously reported (e.g., Iriarte et al., 2001; Torres et al., 2011; Valdenegro & Silva, 2003). The low
nutrient concentrations can be due to the presence of a shallow sill (<100 m depth) in the western basin,
which can reduce the injection of waters rich in nitrate and phosphate to the surface layer or increase the
residence time of the surface water increasing the consumption time of nutrients, as well as biological consumption by phytoplankton. In this sense, high Chl a values suggest an important uptake by phytoplankton.
Silicic acid concentrations were low for the entire study area compared to other channels in Patagonia. The
rivers that ﬂow into the fjords of northern Patagonia (~41.5–46.5°S) typically transport high silicic acid concentrations (20–100 μM; Silva, 2008). In the study area, there is only one small river (Bachelor River <20 m3 s1,
Stn 12), and it has been suggested that lower total DSi can be expected below 51°S due to reduced runoff and
potential small load of silicic acid surface layers (Torres et al., 2014). However, there is also the possibility that
the contribution of silicic acid can be almost immediately utilized for phytoplankton growth resulting in Si
limitation in the region. The weathering and loading of bioavailable silicic acid is a result of lithology, vegetation cover, precipitation, and temperature (Conley et al., 2006). The steep slopes in the coastal zone of the
studied area, small watersheds giving origin to short and low river’s ﬂows (<1 m3 s1), runoff, limited soil,
and poor development of vascular plants seems to reduce the silicic acid levels of the freshwater being discharged into the surface waters (Torres et al., 2011). Silicic acid values of 8 μM near the glacier area and below
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Figure 5. Temperature/salinity (TS) diagram for the data collected in the study area. The colors in the TS diagrams repre1
sent (a) dissolved oxygen (mL L ), (b) nitrate (μM), and (c) pH. Data are shown in Figure 2 (dissolved oxygen and
nitrate) and Figure 3 (pH).

200 m depth may be due to glacier erosion (Anderson, 2006) keeping low values at surface due to
phytoplankton uptake, and due to remineralization in deep layers (Silva & Vargas, 2014).
Phytoplankton biomass may be supported mainly by the available nutrients and light in fjords of the Chilean
Patagonia (Iriarte et al., 2013; Jacob et al., 2014). In this case, the available nitrate and phosphate originated
mainly from SAAW (<200 m) were probably used by the existing phytoplankton biomass, keeping it higher
than 10 μg L1 in some sites above the surface layer. Compared to previous reports in the same area and period (Iriarte et al., 2001) Chl a values were ﬁve times higher during this study. Additionally, the phytoplankton
biomass estimated consisted of cells larger than 20 μm (data not showed), which is consistent with spring
phytoplankton bloom and rapid nitrate uptake. A simple Si(OH)4/NO3 calculation shows that the average
ratio is usually <1, leading to a partial silicic acid limitation for diatom growth (Turner et al. 1988). Thus,
the phytoplankton biomass in the study area was a mixture of dinoﬂagellates and chain-forming diatoms,
such as the genera Pseudo-nitschia, Thalassiosira, and Chaetoceros (González et al., 2016).
4.2. Carbonate System and Sources of Inorganic and Organic Carbon in the Study Area
Quantifying the processes controlling dissolved inorganic carbon (DIC) dynamic in aquatic ecosystems is
essential for estimations of the ecosystem carbon budget. The inorganic geochemical processes occurring
in Sub-Antarctic fjord and channels inﬂuenced by freshwater discharges from both river and ice melting
are still poorly understood. Our results evidenced that carbonate system along Almirantazgo Fjord and
Magellan Strait showed a large spatial heterogeneity. The lowest AT and DIC were associated to freshwater
dilution observed at the stations near the Perry and Marinelli glaciers. Similar results have been found in other
Artic tidewater-glacier fjord (Fransson et al., 2015) and in Antarctic surface waters near outﬂowing glaciers
(Mattsdotter Björk et al., 2014). The values of DIC and pCO2 were in the mean range for a high-latitude fjord
ecosystem (Fransson et al., 2015; Torres et al., 2011). Below 25 m depth, the water has higher pCO2
(>500 μatm) and relatively lower pH (<8.1) than in surface oxygenated waters.
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The linear regression of measured δ13CDIC versus 1/DIC showed a y
intercept of ~3‰ (Figure 7a), which suggests that most DIC in the
upper 50 m was not originated from organic matter remineralization.
In fact, we did not observe signiﬁcant differences in δ13CDIC between
surface and subsurface layer at 50 m depth (Figure 6b). We do not know
if in deeper waters we could observe a more signiﬁcant contribution of
respired CO2 to DIC pool (as observed in some Norwegian Fjord; van
Breugel et al., 2005); however, at least during this austral spring,
respired DIC coming from the bottom waters seems to be almost insigniﬁcant for the inorganic carbon pool in the upper 50 m. Moreover, this
area along the Almirantazgo Fjord and Magellan Strait is characterized
by well-oxygenated waters (i.e., >6 mL O2 L1) from surface to bottom
(1,200 m maximum depth; Figure 2c). In addition, 13C-depleted riverine
and ice-melting DIC, clearly derived from terrestrial organic matter
respiration, did not inﬂuenced the DIC pool along the study area, since
DIC concentration in both freshwater sources was extremely low
(<200 μmol kg1) and large river discharges are not observed in this
region. In consequence, δ13CDIC values suggest that DIC available for
photosynthesis is almost completely derived from atmospheric CO2
dissolution, which indeed showed pCO2 values <400 μatm in the surface layer, suggesting an intense undersaturation of CO2 (i.e., from
Stn 7 to Stn 53; Figure 3), with the exception of a strong gradient along
Parry Fjord, with pCO2 oversaturation at the fjord’s mouth (Figure 3).
Similar CO2 gradient have been observed during the austral spring
along the Ballena Fjord within the Magellan Strait, from low pCO2 at
the head of the fjord, close to the glacier, to higher levels at the fjord’s
mouth (Torres et al., 2011). The fjord and inner channels in Southern
Patagonia are typically characterized by stratiﬁed conditions
13
Figure 6. (a) Dissolved inorganic carbon, (b) C-DIC, (c) dissolved organic car- (González et al., 2013; Valdenegro & Silva, 2003), and this stratiﬁed con13
13
bon, (d) C–DOC, (e) particulate organic carbon, and (f) C-POC, from the
dition occasionally acts as a sink for CO2 (Torres et al., 2011). Moreover,
west open of the Magellan Strait to the Marinelli and Parry Glaciers at 2 and 50 m
the rapid depletion of DIC in high chlorophyll surface waters results in a
depth.
signiﬁcant atmospheric CO2 uptake in the upper surface layers, as evidenced by the isotopic signature of DIC during our research cruise (i.e., δ13CDIC 1–2‰). In consequence,
respired carbon should not impact signiﬁcantly the stable carbon isotopic composition of the DOC and
POC pools. Indeed, δ13CDOC did not showed a signiﬁcant heterogeneity and it ranged from 18 and
20‰. The relationship between δ13CDOC and δ13CPOC suggests that in some proportion, POC constituted
a signiﬁcant source to the DOC pool in the study area. However, DOC concentration was very high in the western side of the Magellan Strait (>1,000 μmol kg 1) and maximum at the head of the Parry Fjord
(>2,500 μmol kg 1). Similarly, POC concentration was relatively high in this area, despite the very low chlorophyll concentration (<2 μg L1; Figure 3a). In consequence, it can also suggests that the possibility that POC
in the ice-melting inﬂuenced area can be eolian and/or captured by glaciers or petrogenic and sourced from
bedrock erosion in the Parry Glacier. It is well known that sedimentary organic carbon in fjords is largely composed of three components, marine biospheric, terrestrial biospheric, and petrogenic organic carbon (Smith
et al., 2015). Considering our δ13CDOC values, the high DOC concentration observed, did not seem to be only
associated to phytoplankton-derived POC respiration, but also rapid breakdown of petrogenic POC as evidenced for other glacier-inﬂuenced fjord areas (Cui et al., 2016, 2017). Recycling of petrogenic organic carbon
is of signiﬁcant importance in the global carbon cycle since its oxidation represents a substantial carbon
source to the atmosphere, whereas the fraction escaping to oxidation can be reburied in marine sediments
having minimal effect in the modern carbon cycle (Galy et al., 2015).
The δ13CPOC values found during our study suggest autotrophic production by marine phytoplankton, which
typically range between 18‰ and 24‰ (Tyson, 1995), as a consequence of isotopic fractionation during
DIC uptake by photosynthesis (Hayes, 2001). Indeed, the photoautotrophic carbon isotope fractionation
between DIC and POC, εp can be calculated using the equation suggested by van Breugel et al., 2005. The
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estimated εp ranged from 21.3 to 26.3‰ in surface waters, which is in
the range for the maximum fractionation associated with Rubisco for
marine photosynthetic algae (~25‰; Hayes, 2001).
Oxygen isotopic analyses have also evidenced that there is a single
water mass spanning from the surface to at least 50 m depth all along
the transect. The δ18O analysis in the meltwater from Marinelli and
Parry Ice showed large differences that point out to perhaps new ice
being formed from a mixture of rain and seawater near the Parry during
winter. Finally, the δ18O isotopic results showed little freshwater inﬂuence along the transect, except at stations very close to a freshwater
input like the Bachellor River (Figure 9).
4.3. Inﬂuence of Ice Melting on Ocean Acidiﬁcation State
Sub-Antarctic fjord ecosystems could be particularly vulnerable to
ocean acidiﬁcation due to the cold and relatively fresh surface
waters, which have great potential for CO2 uptake. However, there
are almost no observations of the natural spatial variability of the
carbonate system in this region, and particularly at our knowledge,
this is the ﬁrst detailed study of the carbonate system in a highlatitude fjord system (Almirantazgo Fjord-Magellan Strait region
in Patagonia).
Different processes might affect the CaCO3 saturation state (Ω) in
this region, such as air-ocean CO2 exchange; biological processes,
such as photosynthesis and respiration; and physical processes such
as temperature and salinity changes, river discharges, and glacier
melt. Similar to what we have found for the ice-melting waters at
the Parry Fjord, different studies have shown that sea ice meltwater
result in low Ω due to dilution of AT and CO32 concentration in
13
13
Figure 7. Relationship between (a) δ C-DIC (‰)versus 1/DIC and (b) δ C-POC cold waters of high-latitude fjord ecosystems (Chierici & Fransson,
13
versus δ C-DOC (‰) in the study area.
2009; Evans et al., 2014; Yamamoto-Kawai et al., 2009), which in
turns gives a positive feedback on ocean acidiﬁcation by decreasing
the pH. Therefore, increasing ice melting could be a signiﬁcant challenge for calcifying pelagic and
benthic organisms inhabiting the Southern Patagonia, such as pelagic pteropods (Roberts et al., 2011),
echinoderms (Arntz et al., 1994), and gastropods (Newcombe & Cárdenas, 2011). This area holds important benthonic ﬁsheries like king crab, mussel, and sea urchin, all of which could be affected by decreasing pH. Moreover, although CaCO3 subsaturation (Ω < 1) was only observed at Stn 52 at the Parry Fjord’s
mouth, Ω < 1.5 were observed almost through all the studied area, with the exception of the central
part near Dawson Island (Stns 60, 55, and 54). At this respect, it is well known that some marine calciﬁers, such as, bivalves require Ω values higher than 1.6 during larval stages to adequately incorporate
CaCO3 (Barton et al., 2012; Salisbury et al., 2008). The regional implications could be very complex depending on climate and intrinsic
glacier dynamics affecting the coastal ocean. For example, the western side of Patagonia has been characterized by high freshwater
discharge and melting ice (Dávila et al., 2002). In that respect,
Rignot et al. (2003) demonstrated that glaciers in Patagonia are thinning more quickly than can be explained by global warming and
decreased precipitation, and even their contribution to sea level
per unit area can be larger than that from Alaska glaciers.
Accordingly, we hypothesize that ice melting in calving glaciers in
some locations of Patagonia could impact substantially marine calciﬁers populations. However, the spatial extents of this physiological
18
Figure 8. δ O (%o) from the west open of the Magellan Strait to the Marinelli threshold as well as the implications on carbon cycling are relatively
unknown, and more data are needed to test these ideas.
and Parry Glaciers at 2 and 50 m depth.
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18

Figure 9. Relationship between δ O (%o) and salinity (psu) for freshwater samples (riverine freshwater and ice samples)
and samples collected along the Magallanes-Almirantazgo transect.

The highest pH, low pCO2, and high Ω observed near the Dawson Island and Whiteside Channel coincided
with relatively high Chl a concentration. Indeed, strong thermal/salinity gradients as observed in this area
are known to induce primary production due to upwelling of nutrient and mineral-rich water as a result of
glacial plumes (e.g., Lydersen et al., 2014). Indeed, González et al. (2016) have also reported a high productivity associated to this region, and it is well known that biological production consumes DIC, and therefore
result in an increase in pH and Ω.
Considering that most of processes determining Ω can be affected under climate change scenarios, the combined effect of cold and relatively low alkalinity waters due to ice melting, our results highlight the importance of these processes in determines corrosive waters for CaCO3 and local acidiﬁcation processes
associated to calving glacier in fjord ecosystems. In consequence, our results evidence the importance of
future studies dealing with the spatial-temporal variability of ice-melting waters in Sub-Artic and SubAntartic fjord regions affected by warming and/or glacier retreat, in order to understand the vulnerability
for marine calcifying organisms to the changing ocean.

5. Conclusions
In this study we addressed how different sources of DIC (mostly riverine discharges and glacier melting) and
recycling may impact POC δ13C and inﬂuence nutrients and carbonate system spatial distribution along a
Sub-Antarctic fjord channel system in the southern Chilean Patagonia.
The observed low nutrient concentration might be a consequence of the combined effects of a diminished
nutrient supply to the surface due to the presence of a shallow sill, which reduces the injection of high nutrient SAAW with biological consumption by phytoplankton.
The carbonate system showed a large spatial and temporal heterogeneity. The lowest AT and DIC
were associated to freshwater dilution observed near melting glaciers. The δ13CDIC analysis suggests
that most DIC in the upper 50 m depth was not derived from organic matter remineralization. 13Cdepleted riverine and ice-melting DIC that seem do not inﬂuence the DIC pool along the study area,
mostly due to DIC concentration from freshwater sources (rivers and glaciers), are relatively insigniﬁcant. Intense undersaturation of CO2 was observed in high chlorophyll waters. Respired DIC coming
from the bottom waters seems to be almost insigniﬁcant for the inorganic carbon pool and therefore
do not impact signiﬁcantly the stable carbon isotopic composition of DOC and POC in the upper
50 m depth.
Although CaCO3 subsaturation (Ω < 1) was only observed at the Parry Fjord’s mouth, Ω < 1.5 were observed
almost through all the studied area, with the exception of an area near Dawson Island. Considering the
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combined effect of cold and relatively low alkalinity water due to ice melting, our results highlight the importance of these processes in determining corrosive waters for CaCO3 and local acidiﬁcation processes associated to calving glacier in fjord ecosystems of Chilean Patagonia.
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