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Lake Melincué, located in the central Pampean Plains of Argentina, is a shallow (~4 m), subsaline lake
(TDS > 2000 ppm), highly sensitive to hydrological changes. The modern shallow lake system is com-
posed of: (a) a supralittoral area, which includes a narrow mudflat, a vegetated mudflat and wetlands
subenvironments; and (b) the main water body, comprising lacustrine marginal and inner areas. The
development and extension of these subenvironments are strongly conditioned upon lake surface fluctu-
ations. Past environmental changes were reconstructed through sedimentological, physical and geo-
chemical proxy analyses of two short sedimentary cores (~127 cm). Well-constrained 2!°Pb ages
profiles were modeled and radiocarbon chronologies were determined, covering a period from ~AD
800 to the present. The analyzed sedimentary cores from Lake Melincué allowed for the reconstruction
of past hydrological scenarios and associated environmental variability, ranging from extremely low lake
levels during dry phases to pronounced highstands at wet periods. The paleohydrological reconstruction
revealed very shallow conditions in the period between AD 806 and AD 1880, which was registered by
massive deposits with low organic matter. Relatively wetter phases disrupting this dry period were rep-
resented by organic matter increases. A major wet phase was registered by AD 1454, after the end of the
Medieval Climate Anomaly. A subsequent abrupt shift from this wet phase to drier conditions could be
matching the transition between the end of the Medieval Climatic Anomaly and the beginning of the Lit-
tle Ice Age. The occurrence of sedimentary hiatuses between AD 1492 and AD 1880 in Melincué sequence
could correspond to intensive droughts during the Little Ice Age. After AD 1880, banded and laminated,
autochthonous, organic matter-rich sediments registered an important lacustrine transgression and the
onset of a permanent shallow lake, corresponding to the beginning of the current warm period. The
uppermost recent fine-grained, low salinity, organic sediments represent a lake transgression occurred
in the 1970s, coeval with a general increase in precipitation across southeastern South America. This
transgression is registered regionally in other Pampean lakes and in the 20th century instrumental
records of Lake Melincué. This paleoenvironmental reconstruction provides a new high-resolution record
that registers striking hydroclimatic changes occurred at a regional scale across the Pampean Plains dur-
ing the last millennium and it contributes to understand the past climatic history in southeastern South
America.
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1. Introduction
Abbreviations: CRS, Constant Rate of Supply; LIA, Little Ice Age; LSR, linear

sedimentary rate; MCA, Medieval Climate Anomaly; SAM, South American Mon-
soon; SM, magnetic susceptibility; TOC, total organic carbon; TIC, Total Inorganic
Carbon.
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Among the several natural archives with the potential to unravel
past environmental variability in South America (Villalba et al,,
2009), shallow, closed lakes are especially sensitive to changes in
the hydrological balance, responding rapidly through marked
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modifications in their physical, chemical and biological compo-
nents. A growing number of studies highlight the value of sedimen-
tological and geochemical analysis of closed-lake deposits for
reconstructing past hydrological changes (e.g. Moreno et al,
2007; Valero-Garcés et al., 2003; Last and Ginn, 2005; Adrian
et al., 2009; Steinman and Abbott, 2013).

Between 30° and 40°S, the Pampean region in central Argentina
is characterized by the development of widespread shallow, closed
lacustrine and swamp environments (Iriondo, 1989) with a wide
range of water composition, salinities and trophic states (Quirds
and Drago, 1999). Previous instrumental and historical studies
revealed that Pampean hydrological systems have undergone
important water level oscillations, mainly triggered by moisture
changes (Cioccale, 1999; Pasquini et al., 2006; Piovano et al.,
2009), which can be ascribed to the activity of the South American
Monsoon (SAM) circulation system (Zhou and Lau, 1998; Vera
et al., 2006; Garreaud et al., 2009). Within this geographical and
climatic setting, paleolimnological research has focused on the
areas north of 31°S (e.g. Lake Mar Chiquita; Piovano et al., 2002,
2004a, 2004b) and south of 37°S (e.g. Lagunas Encadenadas del
Oeste de Buenos Aires; Cordoba, 2012; Lakes Nahuel Rucé and Lon-
coy, Stutz et al,, 2010, 2012), revealing important hydrological
changes throughout the late Holocene. However, a large unex-
plored area located between these latitudes has the potential to
be a rich source of paleolimnological and paleoclimatological infor-
mation. Therefore, understanding the magnitude and timing of late
Holocene hydrological changes in these middle areas could be
meaningful for regional correlation and cross validation of hydro-
climatic reconstructions.

The sedimentary record of the closed and shallow Lake Melin-
cué (33°S-61°W), provides an opportunity to unravel the history
of past hydrological changes, covering the paucity of paleoclimatic
data in the central area of the Pampean Plains during the late
Holocene.

The overall goal of this paper is to provide a high resolution
paleoenvironmental reconstruction for the last 1000 years in the
central area of the Argentinean Pampas, through the integration
of multiple sedimentological, physical and geochemical proxies.
The study also identifies the hydrologic response of the lake system
to large-scale climatic events during the late Holocene, such as the
Little Ice Age (Bradley and Jones, 1993; Bradley et al., 2003;
Villalba, 1994; Thompson et al., 1986), the Medieval Climate
Anomaly (Villalba, 1994) and the current warm period (termed
in Bird et al., 2011). Results here will contribute to the correlation
of contrasting climatic stages in the last 1000 year evolution across
the Pampean Plains, supplying information to understand the past
activity of the South America monsoonal system.

2. Regional setting

The regional climate is temperate, subhumid-humid and
mainly controlled by the South American Monsoon atmospheric
system, which transports humidity from the Amazonian basin to
extratropical latitudes via low level jet streams (Zhou and Lau,
2001; Vera et al., 2006; Garreaud et al., 2009; Fig. 1A). The mean
annual precipitation is ~970 mm, with the maxima concentrated
during the austral summer (December-March) and minima during
the winter (June-September), following the seasonal activity of the
atmospheric circulation. The lake is located north of the Arid Diag-
onal (Bruniard, 1982; Fig. 1A), which separates the region under
the influence of the South American Monsoonal system, with pre-
vailing summer precipitation, from the Westerlies circulation
influence, with prevailing winter precipitation. The Arid Diagonal
corresponds to a narrow band of low precipitation (<250 mm yr ')
and extends in Argentina from the Atlantic coast at ca. 40-42°S up
to the eastern flank of the Central Andes at 25-27°S.

Lake Melincué (33°S-61°W) is placed in an intracratonic basin
in the Pampean Plain region (Fig. 1B). The lake is located within
a NW-SE depression called “Pampa Hundida” (Pasotti et al.,
1984), formed under flexural cortical and dynamic mantle effects
(Pasotti et al., 1984; Brunetto et al., 2010; Davila et al., 2010). Lake
Melincué originated as a product of the low terrain morphology
and damming of a drainage system, which had previously flowed
to the east (Pasotti et al., 1984; Iriondo and Krohling, 2007). The
stratigraphy surrounding the lake is composed of an aeolian sedi-
mentary succession deposited since the Pleistocene (Fig. 1B;
Krohling, 1999; Iriondo and Krohling, 2007).

While the drainage basin has an extension of 680 km?, the lake
occupies a surface of ~60 km? (Fig. 1C). Currently (in 2013), the
lake has a maximum water depth of ~4 m and has an ellipsoidal
shape (east-west direction, ratio maximum longitude/maximum
width = 1.6).

The primary source of water supplies is from unconfined out-
wash during episodic high precipitation; other supplies include a
small permanent stream - El Pedernal - and groundwater. In order
to reduce water level increases and flooding in the city of Melincué,
water management began in the early 1940s, with the construction
of the San Urbano channel, which reduces the upper catchment
area (Fig. 1C; Peralta et al., 2003). To further control high water
stands, lake water pumping started in 2004.

3. Materials and methods

The lake watershed and the present-day depositional environ-
ments were identified using Digital Elevation Models from USGS/
NASA Shuttle Radar Topography Mission (Jarvis et al., 2008) and
Landsat images (U.S. Geological Survey), and then mapped using
Google Earth (Google inc. SRTM).

A standardized regional annual precipitation index for the
1899-2011 period was developed using the standardized mean
annual precipitation records from twelve meteorological stations
located up to 200 km from the lake (Marcos Juarez, Firmat, Nueve
de Julio, Junin, Venado Tuerto, Rosario, Zavalla, Laboulaye, Los Cis-
nes, Pergamino, Oliveros and Canals; sources: National Meteoro-
logical Service, Instituto Nacional de Tecnologia Agropecuaria;
Fig. 1B), following methods used by Jones and Hulme (1996). The
obtained precipitation index was then smoothed using a 5-term
running average analysis to observe low frequency precipitation
changes.

The annual lake water level record was reconstructed for the AD
1900-2013 period by compiling historical and instrumental data
from different sources (Pasotti et al., 1984; Romano et al., 2005),
as well as from personal communications of local observers.

A lake bathymetric map (m a.s.l.) was created with the informa-
tion from 362 water depth points, measured in 2013 with a NAV-
MAN 4433 sonar. Surface sediment samples were collected with a
dredge from 20 selected points. The mineralogy of efflorescence
samples from the lake shore were determined by X-ray diffraction
(Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba).
Depth profiles of temperature (T, °C), total dissolved solids (TDS,
ppm), electrical conductivity (EC, uS cm™!), salinity (Sal., PSU)
and dissolved oxygen (DO, ppm) were measured throughout the
water column with a multiparameter probe.

Two short cores, M7B (length = 110 cm; 33°43'11.4"S/61°28'59.4"W)
and MS8B (length =127 cm; 33°42'50.7"S/61°22'23"W), were
retrieved from the deepest part of the lake in March 2011, using a
Beaker-type sediment hand corer. The cores were stored at 4 °C
and then split into two halves. Volumetric magnetic susceptibility
(MS) was measured with a MS2E Bartington sensor every 0.5 cm
on each core half. An initial core description was done following
the criteria proposed by the Limnological Research Center Core
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Fig. 1. Regional setting of the study area. (A) Schematic representation of the South American Monsoon system: location of the convergence zones in summer and winter
(blue long-dashed lines), South American Low Level Jet (SALL]), low level Easterlies, Arid Diagonal (red short-dashed line). (B) Geological map of the region; Lake Melincué is
surrounded by aeolian and lacustrine silts deposits from the Pleistocene and Holocene. The black dots indicate the location of meteorological stations. (C) Landsat image
(NASA, 2010) showing the Lake Melincué drainage basin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Facility (http://Irc.geo.umn.edu/laccore/icd.html). Samples were
taken every 1 cm or 2 cm, limited by macroscopic sedimentological
and MS changes.

Subsamples (n=49) for grain size analysis were pre-treated
with H,0, (30%) for organic matter removal, and with HCI (10%
for 24 h) to eliminate carbonates. Mean particle sizes were deter-
mined on both surface and core samples with an HORIBA LA950
laser scattering analyzer.

Total nitrogen (TN), total carbon and total organic carbon (TOC)
percentages were determined by combustion and chromatography
separation in a CNS elemental analyzer (NA Fisons) at CEREGE
(Centre Européen de Recherche et d’Enseignement des Géosciences
de I'Environnement, Aix-en-Provence, France), following the
method proposed by Verardo et al. (1990). Subsamples for TOC
were previously decarbonated (10% HCI). Total Inorganic Carbon
(TIC) was then calculated by subtracting TOC from the total carbon.
TOC/TN ratio was employed as an additional indicator in the anal-
yses. Obtained variables were analyzed through principal compo-
nent analysis (PCA).

The radiocarbon chronology of twelve organic-rich samples (5
from M7B and 7 from M8B) was obtained via Accelerator Mass
Spectrometry (AMS) at the NSF-Arizona AMS Laboratory (Tucson,
USA). Ages were calibrated using the Calib 7.0 software package
(Stuiver and Reimer, 1993) and modeled with the SHCal13 curve
(Hogg et al., 2013), selecting medians of the 95.4% distribution
(20 probability interval).

Radionuclides of 21°Pb were measured at the Instituto de Pesqui-
sas Energéticas e Nucleares (IPEN, Sao Paulo, Brazil) in order to date
the recent sediments. The uppermost 70 cm of duplicated cores
(M7A and M8A) was sampled at ~2 cm interval or at every visible
sedimentary change. The analytical determination was based on

radiochemical separation of the sample, gross alpha counting, for
226Ra (Oliveira, 1993), and gross beta activity, for 2'°Pb concentra-
tions, which were measured on a proportional detector of low back-
ground radiation Berthold LB 770 (Moreira, 1993). The procedures
are detailed by Piovano et al. (2002). Unsupported 2'°Pb activity
was calibrated using the Constant Rate of Supply model (CRS;
Appleby, 2008) to calculate sediment ages, following Sanchez-
Cabeza and Ruiz-Fernandez (2012) and Binford (1990).

4. Results
4.1. Hydroclimatic variability and limnology

Regional rainfall is characterized by a marked temporal variabil-
ity and controls the hydrological balance of the Lake Melincué. The
close connection during the 20th century between regional annual
precipitation index and lake water-level variability is presented in
Fig. 2A and B. These graphs show that low regional precipitation
index and low lake-stands dominated from AD 1900 to 1970s. In
the 1970s, a shift toward precipitation increases led to important
rises in water level. The highest recorded lake level, 86.15 m a.s.l.,
was reached in 2003; after this maximum, the lake started to retreat.

Water-level modifications produce large surface variability over
the flat geomorphology of the lacustrine system and its surround-
ing area. Reduced lake areas are developed during the lowstands
(e.g., 60 km? in AD 1972; Fig. 2C), while considerable larger exten-
sions characterize the highstands (e.g. 145km? in AD 2003;
Fig. 2C). Lake expansions have provoked important floods, which
have affected most of infrastructure surrounding the lake (roads,
farmlands, towns and tourism infrastructure) as well as part of
the city of Melincué. Most of the affected engineering was located
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Fig. 2. Precipitation and lake-level variability during the 20th century. (A) Standardized regional annual precipitation index (gray line) and smoothed values of the temporal

series (black line; 5-term running average). The index was calculated for the period 1899-

2011, from 12 precipitation stations (distance to Melincué <200 km). Yellow shaded

bars indicate positive smoothed precipitation indexes. (B) Lake Melincué mean annual water level (m a.s.l.) reconstructed through data from different sources (Romano et al.,
2005; Pasotti et al., 1984 and personal communication of local observers). Average water level is marked with a dashed line. The length of the last high lake level period is
indicated with a horizontal bar. (C) Satellite Landsat images (NASA) showing the lake surface in contrasting low (1972) and high (2003) lake level-stands. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version

near the lake; since it was constructed in low topographic levels
during lowstand periods (i.e., during the late 19th century).

On a north-south transect, the lake morphology is character-
ized by a low gradient shallow zone, where coarsed-grain sedi-
ments accumulate, and a deep and flat depocenter where finer
sediments are deposited (Fig. 3). In the southwestern lake-shore
a small permanent stream, El Pedernal, flows into the lake.
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of this article.)

The lake is polymictic, without significant vertical thermal strat-
ification (according to March 2011 and April 2013 measurements;
Fig. 4), which is a common characteristic of Pampean lakes
(Quirds et al., 2002; Iriondo, 1989) due to a combination of low
depths and intense winds. Lake water is subsaline (i.e.,
TDS = 2077 ppm; EC =4155.83 pScm™!) and alkaline (pH =9.56;
Fig. 4). Nevertheless, chemical composition can be modified by lake
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Fig. 3. Bathymetry map and grain-size distribution of the superficial sediments of

Lake Melincué. Elevation contour lines are marked with gray lines (contour

interval = 1 m a.s.l.). The grid map of the mean particle size is based on 49 superficial lacustrine samples (Krigging interpolation method); light yellow colors represent coarser
material while dark brown colors indicate finer sediments. The locations of sedimentary cores (M7B and M8B) are indicated. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Vertical profiles of chemical and physical water properties of Lake Melincué
in March 2011 and April 2013, including pH, temperature (T, °C), electrical
conductivity (EC, puS/cm), total dissolved solids (TDS, ppm), salinity (Sal., PSU),
dissolved oxygen (DO, ppm). Note the absence of significant water stratiphication in
both samplings.

level oscillations. For instance, while in 2011 the composition was
bicarbonate, sodium and chloride-rich, by 2013 the composition
became only bicarbonate and sodium-rich (unpublished results).

4.2. Present day depositional subenvironments

The modern shallow lake system is composed of: (a) a supralit-
toral area, which includes a narrow mudflat, a vegetated mudflat
and wetlands subenvironments; and (b) the main water body, that
includes lacustrine marginal and lacustrine inner areas (Fig. 5A).

The supralittoral area is bounded by the lake shoreline and
reaches a maximum extension during lowstands (Fig. 5B) and a
minimum, during highstands (Fig. 5C). The mudflat subenviron-
ment is similar to those described in other closed lacustrine sys-
tems (Hardie et al., 1978; Piovano et al.,, 2002; Last and Ginn,
2005; Zanor et al., 2013, among others). It is confined to a narrow
area around the lake (Fig. 5D) characterized by thin (<1 cm), puffy
and porous efflorescent crusts, which are mainly composed of bur-
keite Nag(CO3)(SO4); (Fig. 5E and F). These types of crusts are pro-
duced when subsurface brines are drawn to the surface by
evaporative pumping or by evaporative concentration (Hardie
et al., 1978; Eugster, 1980; Last and Ginn, 2005). Cracking struc-
tures can be found locally in this subenvironment (Fig. 5E). The
mudflat is surrounded by a vegetated mudflat (Fig. 5G), where sal-
ine crusts are also developed but some hallophilous vegetation (e.g.,
Distichlis spicata and Paspalum vaginatum; Romano et al., 2005)
grows forming patches. The wetlands are developed in a low gradi-
ent zone around the lake with a dominant SW-NE direction; this
area is currently under intense anthropogenic stress (Fig. 5H and I).

The mudflat is formed only during low water level conditions
(Fig. 5B), and thus, higher salinities. During higher levels (e.g. in
2003; Fig. 5C), ion concentration of lake water is diluted precluding
the evaporites precipitation. As a result, mudflats become flooded
and the lake system is composed of only the main water body
and the wetlands.

Within the main body of water, the lacustrine marginal suben-
vironment is formed on a low slope zone, located between the
present day shoreline and the inner area (Fig. 5A). It is composed
of a coarse silts and fine sands, hard substratum (Fig. 3) that corre-
sponds to the submerged continuation of the supralittoral area.
Within the marginal area, some topographic highs parallel to the
lake shore are emerged, forming islands (Fig. 5B, C and ]).

The inner lacustrine area occupies the flat, distal and deepest
zone of the lake (Fig. 5A). This area has been submerged for the
majority of the time for which instrumental information is avail-
able. Relatively high slopes separate the inner areas from the shal-
low marginal zone. Pelagic deposits are composed of dark, soft,
very fine to medium silt (Fig. 3).

Current low stand conditions allow for the development of all
the described subenvironments. Lake expansion-contraction
cycles, however, can re-shape these subenvironments, causing
marked lateral shifts in their limits.

4.3. Sedimentary cores and paleoenvironmental interpretation

4.3.1. Sedimentology and proxies’ description

Through first core description two main sections can be identi-
fied: a basal massive and compact sediment below the ~70/75 cm
depth (M7B/M8B) and an uppermost section composed of banded
(>1 cm) and laminated (<1 cm) sediments (Fig. 6).

A distinctive dark, massive layer stands out from both cores
between 83/90 cm and 93/96 cm (M7B/M8B).

High resolution sedimentological and multiple proxies indicate
significant changes along the sedimentary sequence of Lake Melin-
cué (Fig. 6). Overall, MS ranges from 3.5 to 133.5 SI, showing the
highest values in the lower portions, below the 72/76 cm level
(M7B/M8B). Mean particle size varies between 14 and 59 pum;
the coarsest sediments are found in the middle sections of both
cores, while the finest material characterizes the top of the cores
(uppermost 30 cm). TIC percentages reach up to 2.00%. The TOC
and TN percentages range from 0.01% to 0.25% and from 0.44% to
2.73%, respectively, and they positively covary along the cores.
TOC/TN ratios range from 10.27 to 35.00, showing a major shift
at ~70 cm.

Multivariate principal components analysis (PCA) provides a
broad view of the relationships among TOC, TN, TIC, TOC/TN ratios,
MS and mean particle size of the samples (Fig. 7A and B). Two prin-
cipal components, (PC1 and PC2) can be identified accounting for
46.15% and 26.29% of the variance, respectively.

PC1 shows a significant negative correlation with TN and TOC,
while it correlates positively with TOC/TN values (Fig. 7A). Results
suggest that this component is related to the organic matter
source, allowing for the distinction between allochthonous and
autochthonous origins (Fig. 7B; Meyers and Lallier-Verges, 1999;
Meyers, 1994, 2003).

PC2, on the other hand, has a positive correlation with TIC and
mean particle size, but a negative correlation with MS and TOC/TN
ratio. Results suggest that PC2 groups samples according to the
water salinity and carbonates precipitation. Almost no correlation
is observed in the biplot between TIC and the organic proxies TN
and TOC; (Fig. 7B).

4.3.2. Sedimentary facies

Based on the sedimentary attributes, the analysis of physical
properties and geochemistry, seven sedimentary facies (F1-F7;
Table 1; Figs. 6 and 8) are defined, representing the record of
diverse paleolimnological conditions. Average values of measured
variables and the synthesis of paleoenvironmental interpretation
for each facies are detailed in Table 1. Facies are described follow-
ing their position in the core, from base to top. The description
includes the most diagnostic paleoenvironmental parameters.

F5 and F6 are composed of massive sediments (Figs. 6, 8A and B)
with low organic matter proportion (TOC < 1%) and a TOC/TN ratio
>20, indicative of terrestrial contribution (Table 1; Meyers, 1994;
Meyers and Teranes, 2002). They are associated with high TIC per-
centages (~0.6%) and thus, with high water salinity. This interpre-
tation is supported by the PCA results, which groups the F5 and F6
facies near the TIC curve and the PC2 positive end (Fig. 7B). F5 is
interpreted as mudflat deposits, which occasionally can be flooded
by very shallow water bodies. Higher organic matter percentages
found in F6 (maximum of up to 1.81%; Fig. 6) could be caused by
higher inputs of terrestrial organic matter under shallow lake
water levels.
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F7 is composed of black, massive (Fig. 8A), organic-rich muds
(TOC = 1.3%; mean particle size =21.56 um; Table 1) with a pre-
dominantly terrestrial organic matter source (TOC/TN > 20).
Organic-rich sediments show low TIC percentages (~0.33%), sug-
gesting the development of a subsaline lake of intermediate to high
water depth, with a dominant input of allochthonous organic
matter.

F5, F6 and F7 display high MS values (>30 SI), which could be
favored by low dilution from poor organic components and mag-
netic material preservation in an oxidant shallow environment
(Dearing, 1999).

F4 is formed by banded (Fig. 8C) light/dark gray, organic-rich
(>2%) coarse silts (32.39 um; Table 1). Coarse particles reveal a
high competence clastic flux into the lake. TOC/TN ratios ~14 indi-
cate mixed terrestrial and algal organic matter (Meyers, 1994;
Meyers and Teranes, 2002). Minimum MS values (13.78 SI) in this
facies could be explained by a dilution of the magnetic signal by
high organic matter proportion, and magnetic dissolution pro-
cesses in anoxic bottom conditions (Karlin and Levi, 1983;
Dearing, 1994). High TIC percentages (0.52%) point toward evapo-
ritic precipitation in saline waters (Fig. 7). Based on these evi-
dences, F4 can be interpreted as the deposit of an intermediate
to deep, saline and highly productive lake.

F2 and F3 form thick sets (>5 cm) of finely laminated sediments
(<1 mm; Fig. 8D). F3 is formed by light gray, well preserved, finely

laminated silts with carbonates (TIC ~0.5%) and high TOC ~1.4%
(Table 1). Combined sedimentological and geochemical variables
indicate that deposition took place under shallow to intermediate
lake levels, high salinities and high primary productivity.

F2, in turn, is formed by dark-brown, finely laminated (Fig. 8D
and E), medium to fine silts with low TIC percentages (0.26%;
Table 1). Fine particle sizes reveal a low-energy, deep depositional
environment, while low carbonate amounts indicate compara-
tively lower water salinities regarding F3.

Alternating F2 (dark with marked lamination) and F1 (light and
faintly laminated) are developed along the uppermost part for the
core (Figs. 7 and 8E). These organic matter-rich facies (TN = 0.1%;
TOC ~ 1.3-1.5%; TOC/TN ~14; Table 1; Fig. 5) can indicate high inter-
nal productivity (e.g. Mayr et al., 2005). An association of both facies
with the organic proxies (TN and TOC) on the negative end of PC1 in
the distribution biplot (Fig. 7B) supports this interpretation. Finer
particles and better-developed lamination in F2 indicate a quieter
deposition and thus, comparatively higher lake levels than F1.

4.3.3. Sedimentary units

Based on the vertical arrangement of the distinctive identified
facies, three main sedimentary units are defined in the sedimen-
tary sequence: unit A (UA), unit B (UB) and unit C (UC; Fig. 6).
The paleoenvironmental evolution of the lake system and associ-
ated hydrological changes can be reconstructed from each unit.
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20 error and the median age (AD). 2'°Pb ages were obtained through the CRS model. Shaded horizontal bars highlight high organic carbon levels. Relative lake levels (very
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Units are easily recognizable by macroscopic sedimentological dis- composed of F5, F6 and F7 facies. It is recognizable at a macro-
continuities and marked shifts in the analyzed proxies. scopic scale as massive and compact gray sediments (Fig. 8A and

B). Geochemically, it is characterized by TOC/TN ratios >20, which
4.3.3.1. Unit C. This unit extends from the base of the cores up to a reflects a dominant terrestrial source of the scarce organic matter
sharp contact at 72/76 cm depth (in M7B/M8B; Fig. 6) and it is (Meyers, 1994; Meyers and Teranes, 2002).
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Table 1

Facies description, proxies and paleoenvironmental interpretations. From left to right, columns contain: the facies code; a synthetic description; mean values of the measured
variables - TOC, TN and TIC (%), TOC/TN ratios, MS (SI units) and mean particle sizes (im); and the inferred lake level and paleoenvironmental characteristics.

Facies Variables Inferred lake level and paleoenvironmental characteristics
(mean
values)
F1  Ochre, faintly laminated, organic-rich, medium TOC=1.29% TOC/TN = 14.16 Intermediate to shallow, perennial subsaline lake with high algal
silts TN=0.11% MS =343 %1077 SI productivity
TIC=0.19% Mean particle
size =20.5 pm
F2  Dark-brown, finely laminated, organic-rich, TOC =1.55% TOC/TN = 13.84 Deep, perennial subsaline lake with low energy sedimentation and
medium to fine silts TN=0.11% MS=33.54%107°SI high algal productivity
TIC=0.26% Mean particle
size=17.73 um
F3 Light gray, finely laminated, organic-rich TOC=1.37% TOC/TN = 13.92 Shallow, perennial saline lake with carbonate precipitation
medium silt with carbonates TN =0.10% MS =24.13 % 107> SI
TIC = 0.49% Mean particle
size =25.45 um
F4 Light/dark gray, banded, organic-rich coarse silts TOC = 1.96% TOC/TN =13.78 Intermediate to deep, perennial saline lake, with high algal
with carbonates TN =0.15% MS=13.78 x 107> SI  productivity and detritic input (high competence transport). Anoxic
TIC=0.52% Mean particle bottom
size =32.39 pm
F5 Gray, massive and compact, highly magnetic, TOC =0.70% TOC/TN =22.9 Very shallow to ephemeral saline lake with low algal productivity.
medium to coarse silts with carbonates TN = 0.03% MS =47.04 %107 SI  Probable subaerial exposures
TIC=0.61% Mean particle
size = 26.85 pm
F6 Light gray, massive and compact, silt with TOC=0.97% TOC/TN = 22.89 Shallow saline lake with relatively higher terrestrial organic supplies
carbonates and organic matter TN = 0.05% MS =34.4 %1075 SI
TIC=0.58% Mean particle
size =27.91 pm
F7  Black, massive organic-rich mud TOC = 1.40% TOC/TN =21.53 Intermediate to deep subsaline lake, with terrestrial organic matter
TN = 0.06% MS=36.8x10">SI  input
TIC=0.33% Mean particle

size =21.56 pm

At the base of the unit, massive and compact silts from F5 alter-
nate with relatively organic-richer facies from F6. The alternation
represents the record of fluctuating hydrological scenarios
between very shallow or ephemeral water bodies, fringed by mud-
flats (F5), and comparatively, higher water level environments (F6).

At 85/95 cm depth (in M7B/M8B), above an irregular contact, it
overlies the organic-rich F7, denoting a period of lacustrine trans-
gression and high organic matter accumulation. The top of F7 is
also cut by a sharp and irregular contact that might have been
caused by erosive processes which took place during subaerial

exposures under pronounced droughts. Overlying F7, alternating
F5/F6 indicates the return of very shallow water levels.

Massive and homogeneous sediments throughout UC can be
ascribed to sediment mixing/reworking, which are evident in the
present-day mudflats: halophyte vegetation growth, activity of
organisms tolerant to salinity, precipitation-desiccation of saline
minerals, cracking, and wind action.

4.3.3.2. Unit B. An abrupt drop of MS and TOC/TN values and
increased organic matter percentages mark the base of UB at
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Fig. 8. Detailed photographs of the identified sedimentary facies (F1-F7) from Lake Melincué sequence. (A) F5, F6 and F7 intercalation; (B) sets of F7, F5 and F6; (C) banded
F4; (D) F3 and F2; (E) F2 and F1 intercalation. Light colored (yellow), dashed lines mark different banding structures and dark-colored (red), dashed lines indicate erosive
structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

72/76 cm depth (M7B/M8B), highlighting a remarkable change in
the limnology of Lake Melincué. The drop in the TOC/TN ratio to
values <14 suggests a shift in the major origin of the organic mat-
ter, from predominantly terrestrial plants in UC to mixed organic
sources. The well-defined laminations and bands that extend along
UB, without visible discontinuities, reflect a deeper water column
and perennial lacustrine conditions.

UB is composed of F4, F3 and F2 sets and can be separated in
subunits UB1 and UB2. UB2 extends from the base of the unit up
to 60/65 cm depth (M7B/M8B; Fig. 6). It is formed by banded
organic-rich sediments from F4, which record an important lake
transgression, promoting primary organic productivity. At 60/
63 cm (M7/M8) the initial deposition of subunit UB1 indicate a
new lake expansion. Sediments from UB1 grading upward from
F2 to F3 facies (Fig. 6), indicate declination in the lake internal pro-
ductivity and raising salinities. This trend evidences a gradual lake
contraction toward the top of the subunit.

4.3.3.3. Unit A. The onset of Unit A at 30/33 cm level (M7B/M8B;
Fig. 6) is marked by an increase of organic matter contents, and sig-
nificant TIC drop. The unit is composed of organic-rich, fine silts
sets formed by alternating F1 and F2, indicating the development
of high lake level conditions, lower salinities and high primary
productivity.

5. Chronology

The chronology of Lake Melincué cores was based on 2'°Pb and
AMS C dating (Fig. 9). The “C chronology was applied in the lower
part of the cores. These results are shown in Table 2. The sediments
of Lake Melincué reflect the history of the last millennia. The oldest
age reached is 1144 + 78 cal. yr BP/AD 806 (Fig. 9) at the 108 cm
level at the base of M7B.

The chronological results show age reversals in UB (Fig. 9;
Table 2). Since the anomalous ages were obtained from samples
with low TOC/TN ratios (<20), which indicate the presence of
lacustrine organic matter (Meyers, 1994, 2003), a bias could be
introduced due to a potential reservoir effect. Thus, five radiocar-
bon ages derived from UB samples were rejected (two in M7B
and three in M8B; Table 2; Fig. 9), and the '“C chronological frame-

work was built using samples from UC, which are characterized by
dominant terrestrial organic matter sources. Distinctive sedimen-
tary features were used to crosscheck the dates from both cores.
For example, lithologically correlated F7 was dated by
496 £ 48 cal. yrBP/AD 1454 at 86.5cm in  M7B, and
458 + 59 cal. yr BP/AD 1492 at 91.5 cm in M8B.

Linear regressions were applied in order to estimate a minimum
sedimentation rate in UC sediments. Minimum linear sedimenta-
tion rates (LSR) of 0.04 and 0.07 cm yr~! were estimated for UC
dated sediments from M7B and M8B, respectively (Fig. 9). Extre-
mely low sedimentary rates found in M7B could indicate the pres-
ence of overlooked hiatuses within the core. Comparable
sedimentary rates were reported in other shallow, saline Pampean
lakes for the same temporal period (0.02 cm yr~'; Cérdoba, 2012).

A high resolution chronological framework for Units B and A was
obtained through the 2'°Pb dating method (Fig. 9). The oldest limit
reached with the CRS model (Appleby and Oldfield, 1978; Robbins,
1978) in M8C and M7C cores corresponds to AD 18594 (at
~78 cm) and AD 18325 (at 78 cm depth), respectively. Since
modeled 2'°Pb ages must be validated against independent strati-
graphic markers of a known age (e.g. Appleby, 2008; Arnaud
et al., 2002; Von Gunten et al., 2009), two stratigraphic markers
were selected to control the upper (UA) and lowermost (UB) parts
of the 21°Pb dated sediments. Previous paleolimnological studies
on Pampean lakes have recognized significant correlations between
sedimentary facies and lake-level changes (Piovano et al., 2002,
2004a, 2004b, 2009). Sedimentary organic matter variation was
used to reconstruct the primary productivity and lake water-level
changes controlled by hydroclimatic variability (Piovano et al.,
2002; da Silva et al., 2008; Cérdoba, 2012). Therefore, stratigraphic
markers were defined as organic matter-rich levels associated with
high lake productivity and wet phases. The marker of AD 1976 + 4
was chosen to control the younger 2'°Pb derived dates. It corre-
sponds to an uppermost organic carbon-rich mud accumulated by
1976 matching the most noticeable lake highstand occurred during
the 20th century, registered on instrumental and paleolimnological
records across the Pampean Plains (Pasquini et al., 2006; Piovano
et al.,, 2009; Cérdoba, 2012).

The oldest stratigraphic marker corresponds to AD 1878 + 10. It
was validated against documentary and instrumental evidences,
which indicate precipitation increases for the corresponding
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period. A major El Nifio episode was reported for AD 1877-1878
(Aceituno et al., 2009) with anomalously intense rainfall and flood-
ing events in southeastern South America. In central Argentina,
intense precipitations were documented in Cérdoba and cata-
strophic floods were registered in the coastal city of Rosario
located in the Parana River basin, close to Melincué (see location
in Fig. 1B; Aceituno et al., 2009). The chronological marker
assigned to AD 1878 + 10, can also be traced in other lake sedimen-
tary records as a comparatively positive hydrological budget dur-
ing the second half of the 19th century, including a water level
increase at 1878 in Mar Chiquita lake (Piovano et al., 2002;
Cérdoba, 2012).

Results indicate a strong agreement between the obtained CRS
chronological model and the proposed age of chronostratigraphic
markers in Lake Melincué records (Fig. 9). Linear regression applied
for the 1832-2011 period shows a LSR of 0.50 and 0.53 cm yr~' in
M7B and M8B, respectively. This increment in the sedimentation
rate during the deposition of UB and UA can be linked to the devel-
opment of a perennial lake after the middle 19th century. In addi-
tion, by the end of the 19th century, agricultural villages were
settled around the lake leading to a change in land use (H1 in

Fig. 6; Pasotti et al., 1984; Biasatti et al,, 1999). These combined
factors could explain the increases of sedimentary flux in the
perennial lacustrine system.

LSR in the upper units UA and UB from M7A and M8A show
similar values. Moreover, facies limits and arrangements in both
cores yield equivalent ages (Fig. 9).

6. Paleoenvironmental evolution and lake level changes during
the last millennium

The analyzed sedimentary cores from Lake Melincué allow for
the reconstruction of past hydrological scenarios and associated
environmental variability, ranging from extremely low lake levels
during dry phases to pronounced highstands at wet periods.

The environmental reconstruction reveals a first stage, which
spans from 1144 + 78 cal. yr BP/AD 806 until AD 1880 + 3 and is rep-
resented by sediments from UC. During this stage, Lake Melincué
experienced a highly fluctuating hydrological behavior, including
very low to ephemeral stands and intermediate to high water level
stages.
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Table 2

AMS radiocarbon dates from organic rich samples obtained from M7B and M8B cores. Calibration was made with CALIB 7.0 software package (Stuiver and Reimer, 1993) using the

SHCal13 calibration curve (Hogg et al., 2013). Asterisks indicate the rejected ages.

Depth  Laboratory  Material '4C AMS Calibrated age 20 median Calibrated age 20 Calibrated age 20 a Age median

(cm) code age (yrBP)  probability (cal. yr BP)™" minimum (cal. yr BP)*®  maximum (cal. yr BP)**  (yr)*” probability (AD)*"

M7B core

*65 AA98347 Bulk 440 + 62 448 319 527 64 1502
sample

*73.5 AA98346 Bulk 621+43 593 521 650 37 1357
sample

86.5 AA98345 Bulk 474 + 39 496 334 539 48 1454
sample

93.5 AA98344 Bulk 918 £ 40 780 690 907 55 1170
sample

108 AA98343 Bulk 1271 +64 1144 981 1278 78 806
sample

MS8B core

*65 AA98351 Bulk 402 + 65 408 303 510 64 1542
sample

*74 AA98350 Bulk 354+39 391 302 485 49 1559
sample

*76.5 AA96001 Bulk 495+ 35 508 463 543 28 1442
sample

91.5 AA98349 Bulk 433 +41 458 324 513 59 1492
sample

99 AA96002 Bulk 777 £35 676 572 729 35 1274
sample

110 AA98348 Bulk 881 +40 746 674 883 45 1204
sample

125 AA96003 Bulk 1057 £35 926 802 970 50 1024
sample

@ Calibration program: CALIB 7.0.0 Stuiver and Reimer (1993).
b Calibration curve: SHCal13 curve Hogg et al. (2013).

The massive and organic matter poor F5-F6 facies deposited at
the base of the cores, between 1144 + 78 cal. yr BP/AD 806 until
676 * 35 cal. yr BP/AD 1274, indicate that the lake had a different
environmental behavior than today, closer to those found in
ephemeral saline lakes located in drier environments (Hardie
et al., 1978; Talbot and Allen, 1996; Last, 2002; Last and Ginn,
2005; Zanor et al., 2013).

A humid phase, inferred from relative TOC increments in F6
facies at 105/115cm level (M7B/M8B), was registered in
746 + 45 cal. yr BP/AD 1204. This wetter pulse was contemporane-
ous with the MCA period defined in southeastern South America
from ~AD 1100 to AD 1350 (Villalba, 1994). North and east of
the Arid Diagonal (Fig. 1A), the MCA is characterized by climatic
amelioration with higher temperatures and increased humidity
(Cioccale, 1999; Piovano et al., 2009; Thompson et al., 2013). How-
ever, paleolimnological data from basal UC indicate that rather
being uniform, this period was characterized by a marked hydrocli-
matic variability given by dry stages interrupted by wetter pulses.
The most remarkable humid pulse recorded in UC is evidenced by
the presence of organic-rich sediments from F7 facies dated by
496 + 48 cal. yr BP/AD 1454 at 86.5 cm depth in M7B. The top of
F7 is truncated by an irregular contact attributable to the develop-
ment of a sedimentary hiatus; which is, in turn, followed by the
deposition of F6 and F5, indicating a shift toward drier conditions.
This abrupt shift from wet (F7) to dry phases (F6 and F5) could
match the transition between the end of the MCA and the begin-
ning LIA in this part of the Pampean Plains. During the LIA, tempo-
rally ascribed between ~AD 1500 and ~AD 1880 (Bradley and
Jones, 1993; Bradley et al., 2003), paleoclimatic evidence suggests
drier conditions with frequent extreme droughts and flood events
across the Pampean region (Cioccale, 1999; Prieto and Garcia
Herrera, 2009; Stutz et al., 2010). The F6/F5 assemblage along
the wuppermost part of UC, spanning the period after
458 +59 cal. yr BP/AD 1492 up to AD 1880 (%!°Pb age), is

interpreted as the result of regional progressive drier conditions,
which have also been recognized in other lake systems during
the LIA (Piovano et al., 2009; Cérdoba, 2012; Laprida et al., 2009;
Del Puerto et al., 2013). The record of this period is poorly resolved
in the Melincué sequence due to the development of sedimentary
hiatuses associated to intensive droughts between AD 1492 and AD
1880. An abrupt sedimentological and geochemical change is situ-
ated between UC and UB. 2!°Pb chronological model suggests an
age of around AD 1880 for the end of the LIA. Moreover, historical
chronicles denote that during AD 1779, a colonial fort was built
between two small lakes (Azara, 1837; Gatti, 2010). This could rep-
resent the lake shrinking and separating into two minor bodies of
water, further supporting evidence of an extremely low lake level
stage. Dry conditions also characterized the first decades of the
19th century. Between AD 1827 and AD 1832, an arid episode
was documented by Darwin (1860) in the central Pampas named
“The Great Drought” which was responsible for dry conditions that
led to massive cattle deaths, whose remains were also found in
paleontological records (Tonni et al., 2008). In northern Lake Mar
Chiquita, levels of evaporites are registered by this time, reflecting
extremely low lake levels and regional aridity (Piovano et al.,
2004a).

A striking hydrological change was registered in the basal sed-
iments of UB by the end of the 19th century, coinciding with the
beginning of the current warm period (~last 100 years; Bird
etal.,, 2011; Thompson et al., 2013). During this period, higher sed-
imentary rates, continuous banding and laminations, organic mat-
ter increases and TOC/TN with algal signatures, all point to an
important lake transgression (UB2) and the settlement of a peren-
nial lake system, highly productive and deep enough to preserve
sedimentary structures. Other paleoclimatological evidence based
on fluvial and meteorological data suggests a high precipitation
stage occurred around 1877-1878 in central Argentina (Aceituno
et al., 2009). Historical contemporaneous information reveals that
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villages were established near Lake Melincué near Lake Melincué
at the end of the 19th century and beginning of the 20th century
(Gatti, 2010). The population increase, coupled with the develop-
ment of agriculture and livestock production, and its consequent
land use modifications, can be considered an additional cause of
increased sedimentary rates increases, nutrients input and lake
eutrophication (Quir6s et al., 2002).

A second short term lake transgression is noted in the basal sed-
iments of the subunit UB1 dating from AD 1914 (*'°Pb date), coeval
with a high precipitation phase, which is also evident in the instru-
mental records (Fig. 2A). Toward the top of the subunit, increased
carbonate and reduced organic matter proportions indicate a grad-
ual lake shrinking, following the instrumental water level data
(Fig. 2B). This led to a new state of shallow saline lake that lasted
until the middle 1970s.

At the base of UA, an important water level rise is inferred from
notable organic matter percentages increases, finer grain-sized
sediments and salinity drops (as noted by low carbonate amounts).
This period corresponds to the development of a perennial, high-
level, subsaline lake. The highstand event produced important doc-
umented village flooding after AD 1975 (Pasotti et al., 1984). The
rising lake levels are linked to the high precipitation interval that
started during the 1970s and lasted until AD 2004 (Fig. 2A and
B). This wet spell is sharply manifested in other hydrological sys-
tems in central Argentina (e.g. Piovano et al., 2002, 2004a,
2004b; Pasquini et al., 2006; Cérdoba, 2012). Alternating F1-F2
deposition in UA is a consequence of short-lived pulses of highly
variable water lake-level conditions, but in a perennial subsaline
lake, deep enough to preserve lamination. Increased productivity
during this period can be associated with the higher water levels,
and also with the potential effect of an agricultural expansion that
started in the region after the 1970s (Viglizzo and Jobbagy, 2010).
Finally, the top of the unit corresponds to the present sediment
deposition under a shallow subsaline lake in AD 2011.

7. Conclusions

Lake Melincué is a highly variable lacustrine system. The devel-
opment of the associated subenvironments is conditioned to the
lake’s water level, which is largely dependent upon the hydrologi-
cal balance. The present-day shallow subsaline lake corresponds to
a lowstand situation. In this system, different depositional suben-
vironments have developed, including inner and marginal lacus-
trine areas, along with mudflats, vegetated mudflats and
wetlands in the supralittoral areas.

The sedimentary record of Lake Melincué provides a high reso-
lution paleohydrological reconstruction of the central Pampean
Plains during the last millennium. The combined analyses of sedi-
mentary facies, physical and geochemical data allowed the identi-
fication of three sedimentary units that represent contrasting
stages of the environmental evolution.

The period spanning from AD 806 to AD 1880, represented by
massive and predominantly sediments poor in organic matter (ter-
restrial plant sources) sediments from UC, was characterized by
important lake level fluctuations. From AD 806 to AD 1274, previ-
ous to and synchronous with the MCA, Lake Melincué had a differ-
ent environmental behavior than today, with extremely low water
levels, representative of ephemeral to a very shallow lake in a drier
environment interrupted by relatively wetter phases. An important
humid event was represented by the organic F7 facies, at the MCA-
LIA transition (~AD 1450/92). A hyper-arid period, characterized
by extremely low lake levels and possible lake floor exposures,
developed after F7 deposition and lasted until the end of the LIA.
After AD 1880 (UB), a pronounced shift to increased algal produc-
tion and well-laminated sediments is interpreted as the result of

an important lacustrine transgression and the settlement of a
perennial lake, coinciding with the beginning of the current warm
period. The onset of this period is synchronous in several climatic
records in southern South America. High sedimentation rates and
internal productivity could have been enhanced by changes in land
use since the end of the 18th century.

The early to mid-20th century was characterized by dominant
low lake levels corresponding to dry conditions. After AD 1975,
the lake underwent a striking expansion (UA), following regional
hydrological and precipitation increases that have also been
detected in the instrumental records. The highstand provoked
floods with catastrophic consequences for lake-shore villages and
surrounding infrastructure. Humid conditions extended until
2004, when the lake started to recede as a consequence of
decreased regional precipitation patterns, ruling the expansion of
the supralittoral subenvironments.

Achieved paleoenvironmental reconstruction highlights the
value of Lake Melincué as a high quality archive of past hydrolog-
ical changes. These results will contribute to the complete picture
of hydroclimatic evolution and the activity of the SAM during the
last millennium across southeastern South America, as well as to
the analysis of the most recent hydroclimatic change within a lar-
ger time-window covering the last 1000 years.
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