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Abstract

The Chuy Formation is characterized by up to 135 m of an alternation of green pelites and fine to coarse sandstones with
sparse invertebrate fossils. The marine deposits are interbedded with continental, loessic deposits of the Libertad For-
mation and overlain by the Dolores Formation, made up of mudstones with calcareous concretions.

The results of the radiocarbon dating showed calibrated ages of 13.9+0.2, 41.5+1.9 and 50+3 ka BP on bioclasts of marine
fossils at an elevation (above sea level, asl) of -2.8, -6.13 and -8 m respectively. Such ages and elevations are in disa-
greement with the sea-level evolution inferred for the Late Pleistocene. Two possible explanations are: (a) the ages rep-
resent minimum ages and deposition took place during the last interglacial at 115-130 ka (Marine Isotope Stage MIS 5e),
or (b) they represent depositional ages but the area experimented large isostatic readjustments during and after the last
glaciation. Several lines of evidence suggest a Late Pleistocene age for the upper Chuy Formation, including the 5130
curve obtained from invertebrate shells, which shows large secular variations consistent with MIS 1to 7.

The proposed scenario envisages significant subsidence between 50-20 ka due to the far-field effects of glacial load in the
Andes/Patagonia. At 20 ka the eustatic regression outpaced subsidence, leading to continentalization of the Laguna de
Rocha area. Marine conditions returned at 15 ka and into the Holocene, except for continental deposits (Dolores For-
mation) at ca. 11-10 ka (Younger Dryas). An uplift of 115 m took place between 15 and 9 ka in the area, which is interpreted
as post-glacial rebound. In the Holocene, moderate subsidence was further recorded. A regional trend is observed, with
uplift of marine deposits increasing towards the W-SW, which is consistent with an explanation as post-glacial isostatic
rebound.
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Resumen

La Formacién Chuy se caracteriza por hasta 135 m de una alternancia de pelitas verdes y areniscas finas a gruesas con
fosiles de invertebrados marinos. Los depdsitos marinos estan intercalados con depésitos loéssicos continentales de la
Formacién Libertad y sobreyacidos por la Formacion Dolores, con lodolitas con concreciones calcareas.

Los resultados de dataciones radiocarbénicas mostraron edades calibradas de 13900£200, 41500+1900 y 50000£3000
afios AP, para bioclastos de fosiles marinos a una cota sobre el nivel medio del mar (NMM) de -2,8, -6,13 y -8 m, respec-
tivamente. Estas edades y cotas estan en desacuerdo con la evolucién del nivel medio del mar aceptada para el Pleisto-
ceno tardio. Dos posibles explicaciones son: (a) las edades representan edades minimas y la depositacion tuvo lugar
durante el ultimo interglacial (115-130 ka; MIS 5e), o (b) representan edades de depositacion, pero el area experiment6
grandes reajustes isostaticos durante y después de la Ultima glaciacion. Varias lineas de evidencia favorecen una edad
Pleistoceno tardio para la Formacién Chuy superior, incluyendo la curva de 6180 obtenida para conchillas de invertebra-
dos, que muestra grandes variaciones seculares consistentes con los estadios MIS 1 a MIS 7.

El escenario propuesto prevé un hundimiento significativo entre 50-20 ka debido a los efectos lejanos de la carga glacial
en los Andes/Patagonia. A los 20 ka, la regresion eustatica superd al hundimiento, lo que llevo a la continentalizacién en
el area de Laguna de Rocha. Las condiciones marinas regresaron a los 15 ka y durante el Holoceno, excepto por depésitos
continentales (Formacion Dolores) en 11-10 ka (Younger Dryas). Se produjo un levantamiento de unos 115 m entre 15y
9 ka en la zona, lo que se interpreta como un rebote post-glacial. En el Holoceno, se registra nuevamente un hundimiento
moderado. Se observa una tendencia regional, con un aumento de los depdsitos marinos hacia el W-SW, lo que es
consistente con un rebote isostatico post-glacial.

Palabras clave: cuaternario, glaciaciones, isostasia, nivel del mar, isétopos de oxigeno

Resumo

A Formagao Chuy é caracterizada por uma alternancia de até 135 m de folhelhos verdes e arenitos finos a grossos com
fosseis de invertebrados marinhos. Dep6sitos marinhos estao intercalados com depdsitos loessicos continentais da For-
magao Libertad é recobertos pela Formagao Dolores, com lamitos com concregles calcarias

Os resultados da datagao por radiocarbono mostraram idades calibradas de 13.900£200, 41.500+1.900 e 50.000+3.000
anos AP, para bioclastos de fosseis marinhos em uma elevagéo acima do nivel médio do mar de -2,8, -6,13 e -8 m,
respectivamente. Essas idades e alturas estdo em desacordo com a evolugdo do nivel do mar aceita para o final do
Pleistoceno. Duas explicagbes possiveis sdo: (a) as idades representam as idades minimas e a depositacdo ocorreu
durante o ultimo periodo interglacial (115-130 ka; MIS 5e), ou (b) representam as idades de depositacdo, mas a area
experimentou grandes reajustes isostaticos durante e apds a ultima glaciagéo. Varias linhas de evidéncia favorecem uma
idade do Pleistoceno tardio para a Formagdo Chuy superior, incluindo a curva do 8'80 obtida para conchas de inverte-
brados, que mostra grandes variacdes seculares consistentes com estagios MIS 1 a MIS 7.

O cenario proposto prevé uma subsidéncia significativa entre 50-20 ka devido aos efeitos distantes da carga glacial nos
Andes/Patagdnia. Aos 20 ka, a regressao eustatica superou a subsidéncia, levando a continentaliza¢do na area da La-
guna de Rocha. As condigdes marinhas retornaram em 15 ka e no Holoceno, exceto para depésitos continentais (Forma-
¢ao Dolores) em 11-10 ka (Younger Dryas). Uma subida de 115 m foi inferida entre 14 e 9 ka na area, 0 que é interpretado
como um elevagéo pés-glacial. No Holoceno, uma subsidéncia moderada foi registrada novamente. Observa-se uma
tendéncia regional, com um aumento dos depdsitos marinhos em dire¢do ao W-SW, o que é consistente com uma expli-
cagdo como um rebote isostatico pds-glacial.

Palavras-chave: quaternério, glaciagdes, isostasia, nivel do mar, isétopos de oxigénio

1. Introduction ter in polar ice caps during glaciations and its sub-
sequent return to the ocean during interglacial peri-
ods (glacioeustasy), as demonstrated in the study
of oxygen isotope ratios (6'80) in marine car-
bonates® (Fig. 1). However, at the local level, and
to a lesser extent at the global level, other factors
also affect sea level, such as glacio- and hydro-isos-
tasy. In the first case, it refers to the weight of the
glacial caps that relatively sink the continents, with

The Quaternary is characterized globally by an al-
ternation of glacial and interglacial periods(") that is
recorded in the marine and transitional environ-
ments, as variations in the mean sea level (MSL)
with amplitudes of up to 140 m@ (Fig. 1). Most of
this sea-level variation is explained by captured wa-
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the best-studied example being the Scandinavian
peninsula®9). Hydro-isostasy, on the other hand,
causes variable variations of different sign: during
the glaciations, the absence of tens or hundreds of
meters of water column on the shelves determines
uplift movements, and the interglacials favor the rel-
ative subsidence of these basins®(®). Determining
the causes of sea-level variations, even on tectoni-
cally stable shelves, is, therefore, a relatively com-
plex task.

Figure 1. Sea level variation curve@) and oxygen
isotope ratios measured as variation from present-
day values (Ad'80; North Atlantic, well NA87/22-
25: 3.32 %0VPDB, Pacific, well V19-30:

3.45 %0VPDB) over the last 150 ka(@. The duration
of the different marine isotopic stages (MIS) is indi-
cated
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In Uruguay, sea-level reconstructions were carried
out mainly for the Holocene, using regional curves
as a guide in some cases, sometimes too general
for the study area(”'3). According to some studies,
sea level reached 4 m approximately 6 ka
ago(1(14-15) These heights above present-day msl
are consistent with the paleoshorelines of Laguna
de Rocha. There are relatively few studies on the
Pleistocene in Uruguay, which concentrate on the
marine deposits of the Chuy Formation('6),
According to all these studies, the elevation of the
marine deposits often exceeds the current
MSL(17-8) as happens in Argentina(1%-20), where the
highest elevation of 7 m was detected in the estuary
of Bahia Blanca®@), and southern Brazil. More
interestingly, these deposits yielded radiocarbon
ages consistently between 35 and 15 ka, when sea
level was between -80 and -115 m®(7)(19), thus
presenting an obvious interpretation challenge.

This article presents a geological study of the La-
guna de Rocha basin, where the Chuy Formation
outcrops. The lagoon is located in the SE sector of
Uruguay (Fig. 2), and separated from the Atlantic
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Ocean by a narrow sandy bar with sporadic open-
ings. Detailed geological mapping was carried out,
along with 14C datings, analysis of 5180 in mollusks
and descriptions of 44 wells that complement data
already published(®10)(22), Based on these new data,
the possible causes of the age vs. elevation discrep-
ancy, which is evident in the deposits of the Chuy
Formation, are discussed.

Figure 2. Geological sketch map of Uruguay(24
and location of the study area shown in Fig. 3
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2. Geological Background
2.1 Prequaternary Regional Geology

The geological structure of the study area consists
of a crystalline basement corresponding to the Cu-
chilla Dionisio Terrane4(Fig. 2). The main Precam-
brian unit is the Rocha Formation, which is exposed
mostly in the coastal strip of both the Atlantic Ocean
and the Laguna de Rocha, with excellent outcrops
in La Paloma and La Pedrera towns (Fig. 3). Itis a
low-grade metasedimentary succession of turbiditic
origin, the age of which was determined as Late Edi-
acaran (564-543 Ma)@3, The Formation consists of
metapsammites, metapelites and metawackes ar-
ranged in thin, tabular strata (1 to 10 cm) and spo-
radic, thicker beds (>1 m)(6),

The area became relatively stable towards 530 Ma,
after having experienced horizontal displacements
of blocks along the Sierra Ballena Shear Zone,
heading NNE@") (Fig. 2). There is no record of tec-
tonic activity between the beginning of the Cam-
brian and about 140 Ma (Lower Cretaceous). During
that long period, the subsoil of eastern Uruguay was
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part of the Gondwana supercontinent and thus re-
mained stable(?4). After cratonization, the first de-
tectable tectonic event is a major lava effusion (bas-
alts, rhyolites; Fig. 2), associated with the pream-
bles of the opening of the Atlantic Ocean, which by
the Ar-Ar and K-Ar method yielded ages between
134 and 128 Ma(@8-29), |n the study area, during the
early Cretaceous, the opening of the Laguna Merin
Basin occurred (Fig. 2), a rift associated with the Pe-
lotas Basin(@). From that moment until the Late Cre-
taceous, there was a moderate overheating up to
about 70 °C in Uruguay, although not in the region
of the Laguna de Rocha, where there was a contin-
uous cooling (uplift) of the basement during the
Meso- and Cenozoic period up to room tempera-
tures(30),

2.2 Quaternary deposits

The sedimentary record of the Quaternary in the
study area is composed of marine-transitional and

continental interbedded or interdigitated deposits,
within the framework of the Pelotas Basin(31-32
(Figs. 3-4). The marine deposits correspond to the
Chuy Formation, of Late Pleistocene age, and the
Villa Soriano Formation, of Holocene age(18)21),
Continental deposits include the Libertad For-
mation, which is interbedded with the Chuy For-
mation, and the Dolores Formation, which separate
the Chuy and Villa Soriano formations. The two for-
mations are characterized by mudstones represent-
ing, in part, resedimented loess®2. Based on their
fossil mammal content and “C dating available,
both units are assigned to the Late Pleistocene with
ages 17 to 30 ka for the Libertad Formation, and 11
ka for the Dolores Formation(®)33), During the de-
posit of the continental silt-loess units, the climate
was arid and cold with sparse vegetation, allowing
the colluviation of the soils of the previous intergla-
cial.

Figure 3. Geological map in scale 1:50000 made in this study, with the location of studied wells. The position
of the AA" and BB' cross sections is indicated (Fig. 4)
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Figure 4. Geological sections AA' and BB' (see Fig. 3), showing the subsurface structure in the study area
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After the deposition of the last continental unit
(Dolores Formation), the sea level rose during the
Holocene, generating several episodic transgres-
sions at +5, +2.5 and +2 m above the present msl
with the maximum between 5 to 6 ka()(13), Coarse
sands and gray clays were then deposited with
abundant mollusks, mainly bivalves, which are in-
cluded within the Villa Soriano Formation('8). No out-
crops of the Villa Soriano Formation were found in
the study area, but it is mentioned here anyway
since it was described in cores extracted from the
Laguna de Rocha (wells LRO 10 and LRO 12, Figs.
3, 5), with 14C datings between 7.2 and 4.1 ka(®-10),
In any case, it is of interest here to differentiate be-
tween the Villa Soriano Formation and the Chuy
Formation, since both have a marine origin, but dif-
ferent ages. The different lithological characteristics
and stratigraphic position allow a differential diagno-
sis (Table 1).

The Chuy Formation, the main unit of interest in this
work, was defined by Delaney®4 and Gofii and Hoff-
stetter®> as Chuy Formation. Elizalde(®® proposed

to designate the sedimentites mapped as Chuy For-
mation with the name of Barra del Chuy Formation,
integrated, at least partially, with the denominations
of Paso del Puerto®”) and Chuy(8). Bossi and col-
laborators proposed to call it Barra del Chuy For-
mation(24), based on the fact that it seems more log-
ical to designate the unit with the name of a point of
good exposure and, in addition, very close and ho-
monymous. However, it is proposed in the present
study to maintain the name of Chuy Formation, ac-
cepting the Barra del Chuy as stratotype and type
areal?4), At least three transgressive episodes were
identified, designated, respectively, as Chuy |
(Lower Chuy), Chuy Il and Chuy 11169),

Lithologically the Chuy Formation presents two
main facies: fine yellowish sandstones, with variable
ferrification (Fig. 6), and occasional fossil mollusks
and green shales. Based on the fossil foraminifera
and mollusks described from this unit, environments
vary from fluviomarine to frankly marine, but in the
area of the Laguna de Rocha only marine environ-
ments and predominantly normal-marine salinity are
recorded(@2),
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Figure 5. Location of the wells with results of 14C datings in bioclasts of the Chuy Formation and their eleva-
tions above msl. Selected 14C ages are also indicated, made in sediment cores (LRO 3, 10 and 14) within the
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Table 1. Differential comparative lithological characteristics of the Chuy and Villa Soriano formations

Characteristic Chuy Formation Villa Soriano Formation
Top Contact Dolores Fm Current soil or dunes®®
Occurrence elevations relative to 47 to -120 m in the study area 0 to 6 m Maldonado-Ro-
msl cha®®1D_ Inside the Laguna de
Rocha: -3.5/-5.7 m according
o1
Lithologies Fine-very fine sandstones, green  Grey clays, coarse to very fine

Ferrification crusts and hematite
concretions

Abundance of bivalves

Thickness

clays

Common and typical G also
in the studied sections

Rare, restricted to specific inter-
vals

Up to 10 m measured in outcrop
and 135 m in wells of the area

sands(9¢0)

No known occurrences
Abundant, typical®®

<5 m in outcrop, up to 20 m in
wells(1®

3. Material and methods
3.1 Geological cartography

The presented cartography (Fig. 3) consists of a ge-
ological map of the study area scale 1:50000. Ste-
reographic pairs of aerial photos of scale 1:20000
from the Servicio Geografico Militar (SGM, Uru-
guay) taken in 1966, were used for its drawing. Ad-
ditionally, data obtained from the topographic sheet
"La Paloma" in scale 1:50000 of the SGM were ver-
ified and assembled in order to update the infor-
mation.

3.2 Borehole sampling

Samples of boreholes carried out in the area of La
Paloma were studied, which are deposited at the
National Directorate of Mining and Geology
(DINAMIGE by its Spanish acronym). These are
found in glass jars labeled with the name of the well
and arranged in variable depth jumps of between 2

to 10 m depending on the depth and the well. When
the material was described, a large number of bio-
clasts could be found, which at some levels were a
mixture of taxonomically unidentifiable material.
However, it was possible to identify known species,
which allowed inferences about the depositional en-
vironment, as well as the bathymetric and tidal char-
acteristics present during their deposition.

After isolating the larger bioclasts, the remaining
smaller fragments were separated using a 1 mm
sieve so as to have a sufficiently large sample for
further analysis of 1#C and determination of their iso-
topic values of O and C. For the study of the wells,
a Zeiss SV-11 binocular stereomicroscope with dig-
ital camera was used, in order to describe the tex-
ture, mineralogy and fossils in the most detailed way
possible. The elevation was calculated for each
sample relative to the Wharton zero corrected over
the Montevideo harbour, taking into account the
depth of the sample and the elevation of the well
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head, using the contour lines of the topographic often uncertainties of about +250 m. The corre-
chart. In some cases, there is uncertainty in the level sponding uncertainties of the elevation are indicated
of the well head, because it was not originally deter- in these cases (Tables 2-3).

mined and because the coordinates of the well have

Figure 6. Photographs of outcrops and thin sections. (A) Mudstones with carbonate concretions of the Liber-
tad Formation under- and overlain by sandstones of marine origin (Santa Isabel). (B) Contact between the
Dolores Formation and the Chuy Formation in the area of Santa Isabel. (C-D) Characteristic crusts of the Chuy
Formation. C shows mostly crusts of limonite, hematite and oxides of Mn, and D crusts composed mainly of
hematite. (E) Microphotograph of ferrificated sandstones of the Chuy Formation, with parallel nicols. (F) Same
as previous with crossed nicols. Note the plagioclase, quartz, lithic and epidote (top left) clasts, as well as
abundant hematite-limonite cement

. Chuy Fm,

it tad § Geimati ohs £ ok & ; Dolores Formation

i

o o & § A% Chuy Formation

Chuy Formation

Table 2. *C datings in bivalves of the Chuy Formation

14 z
Species Uncorrected “*C Corrected to cal Method Sample Well Elevation
years BP years BP m
Various 12035+ 110 13900 +200 Traditional Ell 449/11 -2,75+:3 m
Various 39995 +£1995 41500 + 1900 Traditional Al 1224/1 -6,13

Ostrea pata- 47200 £2900
gonica

50000 + 3000 AMS A7 482/1 -8
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Table 3. Isotopic ratios of C and O for invertebrates of the Chuy Formation in the study area and in its type
area (well 1257), measured and vital effect-corrected data (8'80). The values in italics indicate that a correc-
tion could not be applied due to unknown species (undet.) or specific vital factor value

Sample Well 8*CveoB 8%0vepe  5'*OvepB %o Ell::‘:;::ln Species
%o %o corrected

Al 122411 1.53 -0.91 0.18 6.1 Ostrea sp.

A2 1224/2 -2.92 -3.33 -2.24 -9.2 Ostrea sp.

A3 533/1 1.86 -1.17 -0.078 5.8 Ostrea sp.

A4 508 1.39 -1.82 -0.73 3.9 Ostrea sp.

AS 508 1.07 -1.84 -0.75 -6.9 Ostrea sp.

A6 508 0.99 -1.34 -0.25 54 Ostrea sp.

A7 482/1 1.26 -1.15 -0.058 -8 Ostrea sp.

A8 482/1 -0.09 2.11 -1.02 -0.85 Ostrea sp.
Al6 373/1 -1.55 -3.40 231 25 Ostrea sp.
A17 482/1 1.25 -1.10 -0.01 25 Ostrea sp.
B13 449/11 2.39 -0.94 -0.84 -1.3+3 Brachidontes rodriguezi
B14 449/11 2.44 -0.59 -0.48 1.843 Brachidontes rodriguezi

C9 1224/1 0.53 -1.96 -0.87 8.1 Pectinidae
D15 373/1 -1.20 -3.67 3.57 -85 Amphybalanus sp.
E10 449/11 3.30 0.27 0.23 2843 Glycymeris longior
E1l1 449/11 2.59 0.55 0.51 2843 Glycymeris longior

12 449/11 2.02 0.34 2075 -0.75+3 Mactra guidoii

1257 1-A 1257 2.68 1.18 118 .15 Undet.
1257 1-B 1257 1.43 0.85 0.85 .15 Buccinanops sp.
1257 1-C 1257 1.76 2.23 2.3 15 Veneridae
12571-D 1257 0.16 3.06 3.06 15 Heleobia sp.
1257 2-A 1257 0.26 0.16 0.16 -10.5 Veneridae
1257 3-A 1257 -4.12 -1.46 -0.37 115 Ostrea sp.
1257 3-B 1257 1.40 -0.31 -0.3] 1115 Veneridae
1257 3-C 1257 -0.99 0.02 0.02 115 Undet.
1257 4-B 1257 -2.10 -0.72 0.37 125 Ostrea sp.
1257 5-B 1257 -1.70 -0.99 0.10 1135 Ostrea sp.
10601-A | 10601 0.82 -0.15 015 20 Undet.
1060 2-A 1060/1 1.02 -0.43 -0.43 5.0 Veneridae
1060 2-B 1060/1 0.06 0.71 0.71 5.0 Corbula sp.
1060 2-C 1060/1 0.65 0.23 0.23 -5.0 Undet.
1060 3-A 1060/1 0.37 0.21 0.21 83 Undet.
1060 4-A 1060/1 1.52 -0.01 0.01 -12.6 Undet.
1060 5-A 1060/1 -6.20 -2.89 2,80 215 Undet.

3.3 Thin sections and X-ray diffractometry

The samples of consolidated and semi-consolidated
material (e.g., ferrous concretions), before cutting,
were impregnated with epoxy resin (Araldite 2020€).
They were then cut with a diamond saw and glued
with Araldite® on petrographic slides. Subsequently,

they were ground down to ca. 50 pm in a WOCO 50
thin section machine; the final polishing to 30 pm
was done with 1000-mesh silicon carbide abrasive.
The observation was carried out with a Leica DM LP
petrographic microscope in the Laboratory of Micro-
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paleontology of the Facultad de Ciencias, Univer-
sidad de la Republica, with a coupled digital camera
Leica FC 290-HD, with quantification software LAS
Phase Expert. The mineralogy of the matrix of the
sandstones was determined with an X-ray diffrac-
tometer Philips PW 1729 also at the Facultad de
Ciencias.

3.4 Stable isotopes

The sampling of the mollusks used for the analyses
of 14C and stable isotopes was done by separating
them with a sieve from the sediment matrix. For bi-
oclasts intended for the analysis of 6180 and 6'3C,
a 50 mg valve fragment was isolated in each case.
It was then washed with 10% HsPOs so as to dis-
solve the outermost layer and rid it of impurities. The
sample was then ground to a fine powder and ap-
proximately 20 mg were measured. These were
sent in Eppendorf tubes to the LABISE (Laboratorio
de Isotopos Estaveis) of the Federal University of
Pernambuco (Recife, Brazil).

CO2 was extracted from the carbonates via a reac-
tion with orthophosphoric acid in a high vacuum
chamber at 25°C, and cryogenically purified"). The
released gas was analyzed to determine the O and
C isotopes in a double-entry, triple-collector spec-
trometer (VG Isotech SIRA ). For this, BSC refer-
ence gas (Borborema Skarn Calcite) was used,
which is calibrated with reference to the standards
NBS-18, NBS-19 and NBS-20, the latter with a
value of 8'80 of -11.3%. PDB and 6'3C of 8.6%o. Ac-
curacy based on multiple comparisons against the
NBS 19 standard is greater than 0.1%. for C and O.

3.5 14C Datings

The bioclasts employed for dating were used differ-
ently according to the dating method. In the case of
traditional "4C datings, bioclast fragments of various
species were collected in wells, 20.2 g for sample
E11and 26.5 g for sample A1. For sample A7, dated
by the AMS (Accelerator Mass Spectrometry)
method, 1.86 mg of a Ostrea patagonica valve was
used.

Bioclasts used for conventional 4C dating were not
previously subjected to acid treatment upon ship-
ment, since this already integrated the standard ra-
diodating procedure. The reading of conventional
14C was carried out in the Laboratorio de Datacion
14C of the Facultad de Quimica of UdelaR (Montevi-
deo). The samples were treated with diluted HCI un-
til the loss of 15% of the original mass, to remove
contaminants and outer layers. Total organic matter
was dissolved in benzene and the activity of '“C was
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measured with a Packard Tricarb 2560 TR/XL scin-
tillation spectrometer. Age is expressed in years 4C
BP uncalibrated, corrected by isotopic fractionation
by normalizing the values from '3C to -25%o. Errors
110 include uncertainties in counting statistics.

Selected samples were analyzed by the AMS
method at the University of Arizona (USA), pre-
treated with 1% HCI at 60 °C. CO2 was obtained
from the carbonate by a quartz tube with CuO and
Ag wool at 900°C. The CO2 obtained was reduced
to graphite with Hz at 600 °C on a 2 mg Fe catalyst.
The C/Fe mixture was compressed to a tablet form
for the AMS reading. The concentration of '4C was
measured by simultaneous comparison of the
beams corresponding to 3C and 12C with the CO:
of an oxalic acid standard. Then, for the measure-
ment and calculation of age, a vertical section was
used and its 6'3C was measured by isotopic frac-
tionation based simultaneously on the ratios be-
tween 13C/12C con 4C/12C.

4. Results
4.1 Geological Map and Cross Sections

The geological map scale 1:40000 of the study area
is presented (Fig. 4). Based on this map and the de-
scriptions of wells below, geological sections AA’
and BB’ were made in order to show the geological
structure of the area. Intervals without data exist be-
tween some locations of the transect due to the lo-
cation of the wells (Fig. 4). The lithological descrip-
tion of the different wells studied is described below.

4.2 Stratigraphy

In general, the stratigraphy published in regional ge-
ological charts is confirmed(2440), A basement com-
posed of metasandstones and metapelites of the
Rocha Formation is observed, which crops out
along the coastal strip (La Paloma-La Pedrera) and
inland in the Cuchilla del Rey (to the NW of the
mapped area), as well as in some rocky points of
the Laguna de Rocha (Fig. 3). Between these base-
ment areas, a small graben is developed that is
completely filled with Quaternary units, reaching a
thickness of 140 m in the well 1469/1 (Fig. 4). The
subsidence of 140 m and the thickness of the Qua-
ternary units there are unusual in Uruguay®2), and
suggest that the Laguna Merin Basin has continued
its subsidence during the Quaternary, generating
accommodation space('92). The basin with filling of
mainly Quaternary age that develops in the study
area is called here La Paloma Graben(3).
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The Quaternary succession is composed of an al-
ternation between marine sandstones and pelites of
the Chuy Formation and at least two horizons of
mudstones of continental origin, from base to top:
Libertad Formation and Dolores Formation (Fig. 4).

4.2.1 Chuy Formation

An alternation is observed in the profiles in the study
area (Figs. 7-12) from clays to coarse sandstones
and conglomerates. The pelitic levels, apparently
more frequent at the base, may have scattered sand
and gravel of different shades from green to greyish
green, with frequent mottles from rust-red to yellow-
ish tones, predominant in the upper part.

Figure 7. Stratigraphic column of the 1469/1 well.
Coordinates (x, y) relative to the Datum Yacaré
and the elevation (z) relative to the Wharton zero.
Dol: Dolores Formation

Elevation Depth
asl (m) (m)

Well 1469/1

Color ge-S€  LaPaloma
— = 15 0 T T ] S3wm 2mm
< 45 |oovn Fe—
= B BT RRSERTERD
75 Light F:: :
0 15 brown
Light
yellow
26
-15 2 Brown
o [= Light
= S 30 brown
ki 47 v
D] | = Green
= 2
%) ;; [ brow
gl 45
(=]
—
= |e 60 Light
=0
] brown
Il -3 88
yl =
Al | = 98
Brown fe====
-88
© 105
Light
-103 brown
2
118 123 Light
E 134
138]..2rown |
L1 L -125 140
++ 4+ 4 +++
A P P L:s send G
y-6164850 L PSS,
z-15 63pm  2mm
= Key
‘layey 3 :
Sandsmne -san()lstimc Iron oxides Muscovite
E:a Conglomerate Claystone Basement ¥ Bivalves

Sandstones are fine to medium-grained, rarely
coarse, predominantly subarkose and quartz sand-
stone, with a relatively high proportion of dense min-
erals. The strata are solid, 0.5 to 2 m thick. The yel-
lowish and reddish-yellowish colors are the most

frequent; centimetric ferruginous crusts occur in this
unit (Fig. 6) in up to four levels in the same profile.
Iron oxides and calcium carbonate concretions are
found at the top levels. These occasionally present
ferruginous nodules with dense minerals: zircon,
tourmaline, biotite, rutile, garnet, andalusite, horn-
blende, epidote, actinolite and grains occasionally
covered by a ferruginous film (Fig. 6). By means of
X-ray diffractometry, illite was determined in the clay
fraction of the sandstones, which may come from
the alteration of the feldspathic clasts and/or the
scarce matrix.

Figure 8. Stratigraphic column of the 733 well. Co-
ordinates (x, y) relative to the Datum Yacaré and
the elevation (z) relative to the Wharton zero. Dol:
Dolores Formation
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Figure 9. Stratigraphic column of well 449/1 with data of 6180, 6'3C and 14C dating (in cal years BP) in mollusks.
Coordinates (x, y) relative to the Datum Yacaré and the elevation (z) relative to the Wharton zero
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Figure 10. Stratigraphic column of well 1224/1 with data of 680, 6'3C and '4C dating (in cal years BP) in mol-
lusks. Coordinates (x, y) relative to the Datum Yacaré and the elevation (z) relative to the Wharton zero
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Figure 11. Stratigraphic column of well 482/1 with data of 5180, 6'3C and '“C dating (in cal years BP) in mol-
lusks. Coordinates (x, y) relative to the Datum Yacaré and the elevation (z) relative to the Wharton zero
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Figure 12. Stratigraphic column of well 508 with data of 80, 6'3C and 14C dating (in cal years BP) in mol-
lusks. Coordinates (x, y) relative to the Datum Yacaré and the elevation (z) relative to the Wharton zero
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Towards the hinterland (NW) fine sandstones of the
Chuy Formation are observed again; they are
mainly restricted to a coastal strip between the ele-
vations of 25 and 10 m (Fig. 3), passing to green
clays below 10 m of elevation. Towards the center
of the La Paloma Graben, a predominance of ma-
rine pelitic sediments is observed (Fig. 4). It also
presents a marked subsidence characterized by a
very insignificant slope with bad drainage, which
corresponds to the unit that occupies the largest
area in the mapped zone (Fig. 3). Mudstones of the
Dolores Formation overlie the Chuy Formation, and
lead to the highest elevations in the area, reaching
33 m above MSL.

4.2.2 Libertad Formation

Continental deposits are interdigitated with the ma-
rine deposits of the Chuy Formation (Fig. 6), which
are assigned to the Libertad Formation sensu
stricto. These are brownish mudstones with fre-
quent carbonate concretions. Its thickness in out-
crops reaches 2.5 m, for example, in the gullies of
Santa Isabel (Fig. 6). In the wells described, how-
ever, thicknesses of up to 30 m are recorded for
continental deposits assignable to the Libertad For-
mation (Figs. 8, 11).

Recent 14C AMS datings yielded an age of 20 ka for
the Libertad Formation in the study area (Antonella
Celio, pers. comm., 2019). In well LRO 14 (depth
2.6-2.8 m) an age of 19,030£770 years is reported

14
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(Fig. 5) for an interval of more than 1 m thick of semi-
arid continental origin®, age that coincides, within
the error, with the abovementioned. Another similar
age 19.5 ka cal BP has been found in the south of
Rio Grande do Sul, also in continental sediments(42).,

4.2.3 Dolores Formation

In the study area, this Formation occurs along route
10 in the NE part (elevation 25 to 33 m), and be-
tween elevations of 10 and 33 m in the SW part. It
should be noted that the unit is observed more fre-
quently at the edges of the La Paloma Graben, not
occurring in the central part of the basin. The out-
crops are scarce and very restricted to erosion gul-
lies, occupying their upper part (Fig. 6).

4.3 14C Radiochronology

The results of the 14C datings are presented in Ta-
ble 2, measured as '4C years BP and calibrated*4),
for which the reservoir effect of the ocean is contem-
plated). These dates yielded an uncorrected result
of 12,035£110 years for the sample located at -2.75
+ 3 m elevation, 39,995 £1995 years for the sample
located at -6.13 m, and 47,200+2900 years for the
sample located at -8 m. It is observed that at greater
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depth (lower elevation) older ages are recorded.
These ages at those elevations for marine mollusks
do not coincide with the levels set for the MSL at
that time. Paleoshorelines at these ages should be
located several tens of meters below the current
MSL and hundreds of km to the S of the area, on
the current continental shelf. The implications of the
data are discussed below. It should be noted that
the use of more recent calibration curves9) yields
slightly different calibrated ages (all 1 sigma): for
sample E11 of 119701117 vyears, for A1 of
4152541212 years, and for A7 of 47790+2821
years. Since most of the ages available in the liter-
ature were calculated with the previous model®“),
such calibration is used for ease of comparison.

4.4 Stable isotopes

Table 3 shows the results of analysis of C and O
isotopes for samples from the different boreholes
studied, expressed in %0 compared to the interna-
tional standard VPDB (Vienna Pee Dee Belemnite)
and the SMOW (Standard Mean Ocean Water). The
marine origin of the invertebrates is confirmed
based on their isotopic composition?) (Fig. 13), as
already suggested by paleoecological studies(®)@2),

Figure 13. Diagram &80 vs. 513C@#7) for the invertebrates analyzed. Note their clear marine origin
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Since the material analyzed corresponds to inverte-
brate valves (mollusks and crustaceans), the ob-
tained value of 880 and 8'3C is generally not equiv-
alent to that of seawater, since there is an isotopic
fractionation caused by the metabolism of the or-
ganism, known as "vital effect"“8-50)_ In order to de-
termine the vital effect of 880, a series of valves
from present-day specimens of the same species,
genera and/or families (as the case may be), like the
ones found in the Chuy Formation, were analyzed.
The specimens analyzed (Table 4) also come from
the Atlantic coast of Uruguay, in areas near La
Paloma or from the Chuy Formation type area (well
1257 Barra del Chuy). The vital effect for the inver-
tebrates of interest was calculated using the current
value of 3180 of -0.25 "VSMOW (=-0.45 VPDB) for
the waters of the Atlantic coast of Uruguay(®'-52) and
the corresponding temperature equation(3), which
allows finding the equilibrium value of calcite for this
isotopic composition of water® and the average
temperature of 15.1°C. With the values obtained
from the vital effect, the correction of the raw values
available for all the old samples of the Chuy For-
mation was carried out (Table 3). The mollusks clas-
sified as Heleobia, Veneridae, Corbula, Bucinanops
and those marked as “various” were not corrected
because no modern specimen information was
available, in the case of the former, and because the
latter were unidentifiable.

Table 4. Values of 8'80 for current invertebrates
and calculated vital correction factor (see text)

Value of

S
valve

Brachidontes rodriguezi 0,14 -0,102
Pectinidae gen, et sp, -0,09 -0,052
Amphybalanus sp, 0,14 0,102
Glycymeris longior 0,00 0,038
Mactra guidoii 1,05 1,088
Ostrea sp. 113 -1,092

For chemo-stratigraphic use, the obtained values of
0180 (measured and corrected by vital effect) were
plotted against the sample elevation, obtaining the
curve shown in Figure 14. The points of the curve
come from several wells, combining them into a sin-
gle integrated curve as an input to allow making re-
gional inferences regarding the isotopic oxygen
stages (MIS) in which they were deposited(©>-%6). |t is

important to note that the record is not continuous,
since there is no record of marine sediments at the
time when the Libertad and Dolores Formations
were deposited, representing hiatus in the curve of
Figure 14.

Figure 14. Curve of oxygen isotope ratio (5180)
variations relative to elevation for invertebrate sam-
ples extracted from the Chuy Formation in the
study area and stratotype (Table 3). The position of
14C datings and the interval corresponding to the
different marine isotopic stages (MIS) are indi-
cated. Note that around colder intervals (MIS 2, 4
and 6) erosion or continental deposition predomi-
nate, therefore, not being fully represented in the

curve
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5. Discussion
5.1 Ages and their meaning

The appearance of mollusks of shallow marine
origin at the referred elevations (-3 to -8 m), with
ages C corresponding to the last glaciation, con-
tradicts the general idea that the Chuy For-
mation was deposited during an interglacial pe-
riod(18)32), 14C ages between 35 and 29.5 ka were
reported for the Chuy Formation in La Coronilla (Ro-
cha) and Nueva Palmira (Colonia), with maximum
levels of 0,6 m for the first case, and up to 13 m for
the second(). The aforementioned authors inter-
pret that these would be minimum ages and not the
age of deposition, which they assign to the last in-
terglacial (115-130 ka, MIS 5¢)(%6) based on the as-
sociation of mollusks of warmer temperatures than
the current one®®). An OSL age of 80.7 ka reported
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for Nueva Palmira®”) suggests a reset of the 4C
ages but does not solve the elevation anomalies.
Even if the deposit had occurred in the last intergla-
cial, the elevations recorded in Nueva Palmira
would not be explained without isostatic uplifting
movements. In the area of Arroyo Chui (Brazil), im-
mediately at the E of the border with Uruguay, '“C
ages of 42 ka were reported in marine mollusks, at
elevations of -10 m and, therefore, in a situation sim-
ilar to those mentioned above®). In the same area,
a 14C age of 39.6 ka(®9), although interpreted as min-
imum age, was obtained from mollusks in the well
Cist-1-RS(" between 27 and 30 m depth.

The same situation is found in Ezeiza (Province of
Buenos Aires, Argentina) with mollusks similar to
those of the La Paloma area (Ostrea puelchana,
Mactra isabelleana, Corbula sp.) at elevation
+3.5m, which yielded "“C ages AMS from
33.7£0.55 ka to 39.9+ 1.2 ka, and OSL of 22.1+
1.32 ka2, They would correspond to MIS2/3, but
the elevations are not consistent with the sea level
at that time. On the contrary, other authors obtained
similar 14C ages (33.8 to 25.7 ka) in Mar del Sur
(Province of Buenos Aires), but interpret them as
the real deposit age, indicating that the aragonitic
mineralogical composition is preserved and that the
values obtained are far from the detection limit of
the technique(9. Similarly, 14C AMS ages of be-
tween 36 and 48 ka in southern Brazil were inter-
preted as depositional ages during MIS 3, and also
come from marine deposits at anomalous eleva-
tions (-5 to -20 m)(€0),

It is clear that either the ages obtained do not repre-
sent the age of deposition or if they really represent
the depositional age, a subsequent isostatic uplift
must be invoked that places the marine sediments
at much higher elevations than those of their for-
mation. While it cannot be ruled out, two independ-
ent facts suggest that these ages are unlikely to be
resetted: (a) the ages were obtained in various ma-
terials and with different methods, such as conven-
tional '4C and AMS in mollusks and organic mat-
ter(©)58)60)  OSL(20) dating and even electron spin
resonance (ESR) in mammal teeth®). (b) If some
post-depositional process is considered to have re-
setted 14C ages of the Late Pleistocene, the ages of
the Holocene marine sediments (<11.7 ka) should
also be questioned since the diagenetic conditions
they suffered are essentially the same and are only
somewhat younger than several of the ages ob-
tained for the Chuy Formation in the study area.
However, there is some consensus in interpreting
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the 14C ages of Holocene marine sediments as dep-
ositional ages, even by those who advocate a reset
of the Late Pleistocene 14C ages.

An independent test of the meaning of the '4C ages
can be obtained from the oxygen isotopic ratios. For
the three datings made, a coincidence is verified in
the trends of &80 obtained in the same well as
those of the global curves(®9). Specifically: (a) 50 ka
ago the trend of 580 is of relative stability to de-
creasing (Fig. 14), (b) the samples around 41.5 ka
indicate a clear increase of 5180 (Fig. 14), and (c)
the samples after the age of 13.9 ka show a con-
stant decrease of 56180 (Fig. 14), in accordance with
what was recorded worldwide during the end of MIS
2(%%), The coincidences found agree with the inter-
pretation of the '4C ages as depositional ages. From
the comparison of the integrated curve of 880 rela-
tive to the elevation for the coast of Rocha, it can be
inferred that the studied interval of the Chuy For-
mation (up to -21.5 m of elevation) covers two gla-
ciations, between the periods MIS 1 to MIS 7 (Fig.
14), although the MIS 7 would only be represented
by a sample in well 1060. It is interesting to note that
between the elevations of -10 and -45 m there are
continental mudstones deposits (Libertad | For-
mation) in several wells: 733, 1224/1, 482/1, coin-
ciding or immediately below the range of elevations
with high ratios of 5180 assignable to the glaciation
corresponding to MIS 6 (130-150 ka)6). In addition,
these continental deposits in wells 1224/1 and
482/1 are below levels with bioclasts dated at 41.5
and 50 ka, respectively (Figs. 10-11), which is con-
sistent with an age of around 140 ka for continental
sedimentites. Another level of younger continental
deposits (Libertad Il Formation), dated at 19.0 ka®),
occurs at elevations of -3.5 m within Laguna de Ro-
cha, corresponding to the last glacial maximum
(MIS 2) recorded in the curve of 8180 (Fig. 14). Itis
important to note that plotting the isotopic values
against the elevation implies some uncertainty in
the vertical scale since the paleorelief of the basin
undoubtedly determined that deposits of the same
age can be found at different elevations (Fig. 4). As
there is no continuous isotopic record in any of the
wells, it is necessary to use this criterion as the first
preliminary approach, but it is certainly necessary to
build a continuous isotopic local curve, by drilling
new wells with core recovery.

In samples from the Chuy Formation or correlated
units, mollusk species that are outside their current
distribution were recorded. Specifically, in La Coro-
nilla, 12 species of mollusks are cited that have their
current southern limit about 800 km NE®7) and in
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deposits in southern Brazil, there are four species of
warmer waters and one of colder waters(®9), which
is interpreted according to an age corresponding to
the MIS 5 stage, contrary to what is indicated by the
datings. This paleoecological evidence is important,
but the diversity of mollusks and other groups is also
dependent on other factors, such as salinity and ba-
thymetry, which also change in the estuarine envi-
ronment(?2), In general, latitudinal diversity gradients
are complex phenomena with multiple causes(©2)
and also show migrations from the tropics to cold
areas not always linked to climatic changes(®). Fi-
nally, it does not seem likely that the levels of the
Chuy Formation dated at 15-12 ka are correlative to
those where the diversity of mollusks has been stud-
ied, as in La Coronilla®"). As mentioned above, the
8180 curve obtained in the area of La Paloma sug-
gests that the Chuy Formation covers at least the
stages MIS 1 to MIS 7 up to -21.5 m elevation, with
a thickness of about 100 m still without isotopic data
(Fig. 4). The MIS 5e would therefore be effectively
registered in the Chuy Formation in the study area,
although at elevations of -9 to -7 m (Fig. 14), signif-
icantly lower than those cited in the literature (0.6 m
in La Coronilla).

5.2 Age, elevations and isostatic readjustments

The graph in Fig. 15 was made considering the
samples analyzed and other previous datings for
the region, where the elevation anomaly of up to
113 m verified in the study area (green curve "Ele-
vation anomaly") is observed, implying a rate of up-
lift of 1 to 7.4 mm/year ("Rate of Uplift" black curve).
In the red curve ("rate of uplift variation") the differ-
ence in uplift rate between a sample and the previ-
ous one in age was plotted, in order to establish the
acceleration or deceleration of this uplift rate over
time. This allowed showing that the largest uplift
was recorded at the end of the Pleistocene, coincid-
ing with the last deglaciation, when the glacio-iso-
static rearrangement of the region began, as it lost
the weight of the ice caps. It should be noted that
during the MIS 3 (25-60 ka) a plateau with a rate of
uplift (1-2 mm/year) lower than that of the MIS 2-
MIS 1 transition is observed (Fig. 15). Small eleva-
tion anomalies and mainly of negative sign are also
observed in the Holocene, indicating subsidence in
the last 6 to 7 ka.

Something similar to what is observed in the Laguna
de Rocha was reported for the Chesapeake Bay
(USA), where marine sediments that are above sea
level today were dated between 67 and 28 ka(®. The
area, like Uruguay, was not covered by ice, being
located more than 300 km south of the ice line, but
the effects of glacio-hydro isostasy determined the
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aforementioned elevation anomalies®. It should be
noted that the rate of uplift measured in Pleistocene
deposits is higher in the south than in the north of
South America®, which is compatible with the gla-
cial isostatic model for the east coast of North Amer-
ica®. Subsidence is observed in Chesapeake
Bay(®), for the Holocene, as well as in the study area.

Figure 15. lllustrative curves of the operating pro-
cesses in the study area since 50 ka (see Table 5).
(A) Global sea-level curve(@(). (B) Elevation
anomaly, defined as the current elevation of the
sample minus the sea level at the time of deposi-
tion. (C) Rate of uplift, which is defined as the ele-
vation anomaly divided by the age of the sample.
(D) Rate of uplift variation compared to the previ-
ous sample, calculated as the difference in rate of
uplift between a sample and the previous one in
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In sediments of the platform in front of Argentina and
Uruguay, elevation anomalies were observed that
have an opposite sign to those recorded in the sam-
ples studied in this research(®-67) (Table 6). In other
words, samples of marine mollusks from the Late
Pleistocene-Early Holocene on the shelf are at
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lower elevations (deeper) than the sea level at the
time of deposition. The elevation anomalies, of up
to -76 m in Uruguay(®), grow as the distance from
the sample to the current coast increases (Table 6).
An isostatic uplift on the continent in parallel with
isostatic subsidence on the shelf and sea basin is
observed in Scandinavia, where rates of uplift of up
to 9 mm/year were calculated in the center of the
peninsula, 0 mm/year a few km offshore and -2
mm/year in the North Sea®. It is clear that the

paleogeographic and ice cover situation was very
different in both places, but the similar behavior is
remarkable, and it is due to a viscoelastic process
which pivot point is close to the coast. The opposite
sign is explained by the fact that while the continent
was covered and depressed by ice, the shelves sup-
ported a smaller column of water. When the ice
melts, the water column in the shelves increases,
causing continent uplift (glacio-isostasy) and plat-
form subsidence (hydro-isostasy, Fig. 16).

Table 5. Ages of samples dated in the region, sea level (relative to present-day msl) is indicated at the time of
deposition@(23) and the elevation anomaly, defined as the current elevation minus the sea level at that time.
The sample indicated (*) corresponds to that reported in the expedition of the Meteor research vessel®), and
was located at the base of a core at 144m depth and 91.7 nautical miles (169 km) from the study area. The
bathymetry data to which the mollusk found was alive is unknown. Data indicated with (**) correspond to sam-
ples from La Coronilla (LP-824 and 884) and Nueva Palmira (LP 730 and 738, not used in Fig. 15), although
the authors interpret them as minimum ages('?). The rate of uplift is defined as the elevation anomaly divided
by the age of the sample. In the case of the column "Rate of uplift variation", it refers to the difference in the
rate of uplift between a sample and the previous one in age. The ages of the LRO and BOL wells were taken

from Garcia-Rodriguez and others(®

s Age Currel_lt ele- ms_l Elevation Rate of uplift Rate ?f .uplift
ample (years vation (m relativeto  Anomaly variation
BP) (m) current msl) (m) BTEey, (mmlyear)
BOL-1 2250 -1 0 -1 044 -0.17
LRO3-1 2970 -13 0.5 -18 027 -0.41
LRO12-1 4066 -14 2 06 0.14 044
LRO3-2 4220 23 -1 13 03 0.14
LRO12-2 4410 -3 -1 2 044 -0.07
LRO12-3 5269 -5 2 -7 037 -0.12
LRO12-4 6209 -6.6 2 -86 025 -0.50
LRO12-5 7207 12 9 18 0.25 -0.30
LRO10 8860 -3.1 -8 49 0.55 -4.64
E11 13900 -2.8+3 -75 72.2+3 519 -2.21
LRO 14 15187 -2 -115 113 74 403
LP-884** 29500 0.5 -87 875 3.37 0.79
LP-738** 31000 125 -80 925 258 0.27
LP-730** 34600 125 -80 925 2.31 -0.23
LP-824** 35500 0 -78 78 254 1.05
Al 41500 | -6.13 -68 61.87 1.49 0.35
A7 50000 -8 -70 62 1.14 B
13802-2* 34600 -144 -75 - - -
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Table 6. “C ages and corresponding depths, determined on Pleistocene sediments of the Uruguayan conti-
nental shelf in front of the Rocha Department(®’). Sea level at the time of deposition@, current distance of the
sampling point to the coast, and calculated elevation anomaly are indicated

. Current .
Depthin  Depth .weII Samp.le sea level Elevation Distance to uC Age
Well the well opening elevation . Anomaly .
(elevation coast (km) (cal BP)
(m) (m) (m) e (m)
13818-4 2 -40.6 426 -35 16 33 10.500
-6.5 684 -50 -184 54 12.300
L -10 e 719 -60 -119 54 13.700
13815-2 5 -46.6 516 -30 216 54 9.900
13839-1 43 -66.8 711 -40 2311 109 11.000
13835-2 48 -1311 -1359 -60 -759 137 13.200
18 -152.5 -110 425 148 19.500
12 -5 1508 -155.8 -70 -65.8 148 48.200

A local behavior hypothesis is proposed in this
study, explaining the aforementioned situation®.
The only plausible mechanism to explain the uplift
of about 115 m between approximately 15 and 9 ka
is glacio-hydro isostasy, together with eustatic sea
level variations. Although Uruguay was ice-free in
the last glaciation, it can be a distant effect of glacio-
isostatic rebound during the Late Pleistocene. The
following steps are recognized in the last 50 ka (Fig.
16):

(a) Between 50 and 41.5 ka the coastline in La
Paloma was about 70 m below the current one, im-
plying that the coastal deposits of the Chuy For-
mation were 62 m below their current level (Fig. 16).

(b) Between 40 and 30 ka the Andean ice sheet
grew, generating more subsidence (Fig. 16), which
allowed the coastal marine deposition in the studied
area to continue at elevations from 78 to 87 m below
the current sea level.

(c) Between 20 and 19 ka continental deposits of
the Libertad Formation® (A. Celio, pers. comm.,
2019) are recorded, indicating that the rate of eu-
static sea level regression during the last glacial
maximum, of about 8 mm/year®), was higher than
the rate of glacial isostatic subsidence. As a result,
the coastline retreated to the south, leaving the La-
guna de Rocha area in emerged territory (Fig. 16),
leading to continentalization.

(d) From 15 to 14 ka, coastal marine deposits are
once again recorded in La Paloma, showing that the
high rate of sea-level rise at that time, of about 12
mm/year(®®), exceeded the post-glacial rate of uplift,
calculated here at 5 to 7 mm/year, generating a
transgression (Fig. 16).

(e) Continental conditions return around 11-10 ka
(Fig. 16), as evidenced by mudstones of the Dolores
Formation('8), which overlie the Chuy Formation in

the study area. The Dolores Formation may there-
fore correspond to the climatic event Younger
Dryas(’). This event is recorded in South America
between 11.4 and 10.2 ka BP("1), marking a period
of global cooling.

(f) Between 7 and 5 ka the maximum Holocene ma-
rine transgression is recorded up to +4 m eleva-
tion(11(14) which coincides in the area of La Paloma
with small magnitude subsidence. One way to ex-
plain this effect would be through the forebulge col-
lapse, according to the models proposed for the
northern hemisphere(72). In the case of Chesa-
peake Bay, the forebulge collapse makes it possible
to explain the present-day subsidence observed
(1.7 mmlyear) and the fact that they are low-
lands®)(73) a characteristic also observed in the Ro-
cha Department.

It is noteworthy that systematic changes are ob-
served in the elevation anomalies of the Pleistocene
deposits according to their geographical position.
Samples of the Chuy Formation and correlated units
dated at 35 ka are found in Nueva Palmira(!) (Table
3) at an elevation of 13 m, in La Coronilla (Rocha)
at sea level, and in the south of Rio Grande do Sul
(Brazil), 200 km NE from Uruguayan border, 15 m
below sea level®). This increasing uplift in the W-
SW direction is consistent with the hypothesis of a
glacial isostatic origin since the rate of uplift is higher
in areas previously occupied by thick ice, which
would be found in the Patagonian Andes precisely
in that direction(4). In the Brazilian SE (State of Es-
pirito Santo) there are marginal-marine deposits
corresponding also to MIS 3 (49.5-29.4 ka BP), with
identical elevation anomalies(’™). In this case, the
authors explained the elevation anomalies through
a tectonic uplift). In the Chuy Formation within the
area of study, there is no evidence of such young
tectonism capable of explaining uplifts of the order
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of tens of meters in a few millenia. A tilt due to An- It is therefore clear that geological studies should
dean tectonics would be consistent with the increas- continue in order to elucidate the cause of the ele-
ing uplift towards the W that is observed, but it is vation anomalies.

difficult to reconcile with such a short period of time.

Figure 16. Evolution of the coast of La Paloma over the last 50 ka in a approximately W-E transect. The rela-
tive size of the arrows indicating isostatic movements (uplift, subsidence) and eustatic changes in sea level
(transgression, regression) indicate their relative importance at each time. The behavior of the Andean-Pata-
gonian distal cap for each moment is indicated graphically, as well as the lithostratigraphic units deposited in
the area of La Paloma
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6. Conclusions

The area of La Paloma-Laguna de Rocha is charac-
terized by thick Quaternary deposits that reach their
maximum thickness of 140 m in well 1469/1. Most
of that thickness corresponds to the Chuy For-
mation, which is characterized by alternating fine to
coarse sandstones and green pelites, with fossils of
marine invertebrates. The marine deposits are inter-
bedded with continental loess deposits of the Liber-
tad Formation, and are overlain by the Dolores For-
mation, also of continental environment.

Radiocarbon dating results showed calibrated ages
of 13900+200, 41500+£1900 and 50000+3000 cal
years BP (using the curve®9), the calibrated ages
are: 11970+117, 4152541212 and 47790+2821 cal
years BP), for marine fossil bioclasts at an elevation
above mean sea level (amsl) of -2.8, -6.1 and -8 m,
respectively. These results agree with ages ob-
tained in cores inside the Laguna de Rocha®), with
15.2 ka for marine sediments (elevation -2 m) and
19 ka for continental deposits at an elevation of -3.5
m (Libertad Formation).

These ages and elevations, and others from the
Chuy Formation reported in the literature, are at
odds with the sea level evolution accepted for the
Late Pleistocene. It is considered in this study that
the most plausible explanation is that radiocarbon
ages represent real depositional ages, and there-
fore, the area must have experienced significant
isostatic readjustments during and after the last gla-
ciation. Other evidence favors a Late Pleistocene
age for the Upper Chuy Formation, including the
880 curve obtained for invertebrate shells, which
shows secular isotopic variations consistent with
MIS 1 to MIS 7 stages up to -21.5 m elevation.

An alternative explanation considers that the 4C
ages for the Chuy Formation are apparent, lower
than the real ones and that the unit was deposited
during the last interglacial (MIS 5e stage 115-130
ka). The occurrence of some species typical of wa-
ters warmer than present-day temperatures, main
argument in favor of an MIS 5e age for the Chuy
Formation('1)57)(39), presents some complexities,
given that biodiversity in an estuarine environment
is controlled by salinity and bathymetry, in addition
to temperature(?). |t is also unlikely that the young-
est samples of the Chuy Formation, around 14-15
ka, can be correlated with those localities that pre-
sent warmer water species. The 8'80 curve re-
ported here for the formation actually shows that
MIS 5e may occur at elevations of -9 to -7 m, signif-
icantly lower than those cited in the literature (0.6 m
in La Coronilla).
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The proposed scenario involves subsidence of be-
tween 60 and 87 m between 50-20 ka due to the
distant effects of the glacial load in the Andes/Pata-
gonia. At 20 ka, eustatic sea-level regression out-
paced isostatic subsidence in the Laguna de Rocha
area, leading to continentalization. Marine condi-
tions returned at 15 ka and in the Holocene with
postglacial transgression, separated by continental
deposits (Dolores Formation) at 11-10 ka (Younger
Dryas). Isostatic uplift of about 115 m occurred be-
tween 14 and 9 ka in the area, which is interpreted
as a postglacial rebound. Later in the Holocene,
moderate subsidence is recorded that may be due
to the collapse of the glacial forebulge. Regionally,
a trend is observed with an increase in the elevation
of Pleistocene marine deposits towards the W-SW,
which is consistent with a postglacial isostatic re-
bound due to the melting of the Andean/Patagonian
ice cap. It should be noted that, on the continental
shelf, isostatic movements of opposite sign are rec-
orded®), with increasing hydro-isostatic subsid-
ence the greater the distance to the coast.
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