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LISTA DE FIGURAS

CAPITULO I. Revisiting the marine reservoir age in Baja California continental margin
sediments using *C and ?*°Pb dating

Figure 1: (A) Map of the Baja California Peninsula, Mexico, showing the study area and the
position of local reservoir ages obtained in the Marine Reservoir Database and published in Berger
et al., 1966 (white diamonds): 1- Cedros Island, AR=155 £51 yr; 2- Magdalena Bay, AR=201 £53
yr; 3- Cabo San Lucas, AR=329 +45 yr. (B) Inset map of Soledad Basin region with bathymetry,
showing the location of the nearest meteorological station in the mainland (C); the marine sediment
composite core RR18-SOL-MC1/SD6-MC/GC2 (green star, this study); the AR values used in
nearby cores cited in this paper (4- van Geen et al., 2003; 5- Abella-Gutiérrez and Herguera, 2016;
6- O’Mara et al., 2019; 7- Abella-Gutiérrez et al., 2020). (C) Histogram of mean monthly
precipitation; the mean annual precipitation (red line) corresponds to 10 mm. This figure was partly
produced with Ocean Data View (Schlitzer, 2015) and QGIS (https://www.qqgis.orq)

Figure 2: (A) Integrated mass profile of 22%Phys (grey circles) and 222Thys (red circles) activities in
core RR18-SOL-MC1 and ?'°Phys activity in core SD-6-GC (black tringles) with one sigma error
bars; (B) 3'Cs activity profile and ?*°Pb derived age model against sediment depth.

Figure 3: Conventional *C age of mixed planktonic foraminifera (black diamonds) and bulk
organic matter (white circles) plotted versus core composite depth. Also, Bacon output plot relating
depth assignment to calendar years B.P., applying the local reservoir ARforam= 206 £32 yr and
ARom=706 +42 yr assessed in this study. The 21°Pb model chronology is depicted in blue-green,
while calibrated radiocarbon dates are presented as purple vertical shading. Possible depth-age
relationships are shown in black and grey (95% C.1.), with red representing the mean age model
realization. Top panels depict model parameters (green) versus data (grey) as determined by the
Bacon software (Blaauw and Christen, 2011).

Figure 4: Bacon output plots relating depth assignment to calendar years B.P. for composite core
RR18-SOL-MC1/SD-6-MC/GC applying the different AR values published for Soledad Basin and
reviewed in this study. The offset respect to the age model established in this study is depicted
below each graph (dotted horizontal line). The dashed line indicates the minimum and the
maximum age (B. P.) estimated with Bacon software

Figure 5: Comparison between Total Organic Carbon (black line) and Pacific Decadal Oscillation
(gray line; index from Macdonald and Case, 2005). Both series were filtered with a lowpass filter
of 20 years. A) TOC versus PDO using the AR from this study; B) Table showing the coefficient
correlation between TOC and PDO for each AR reviewed in this article. All correlations were
statistically significant (p value<0.001).

Figure S1: Stratigraphic correlation of RR18-SOL-MC1 and SD-6-MC/GC2 using TOC content
variations.
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Figure S2: Integrated mass profile of 21°Pbys activities in core RR18-SOL-MC1 with one sigma
error bars.

CAPITULO II: Apparent Calcification Depth of Planktonic Foraminifera

Figure 1. Simplified map of conservative sea surface temperature for southernmost part of the
California Current. Soledad basin is indicated by the red circle. Black dots show the IMECOCAL
line used in this study (Line 137 .25 to .40). The figure was generated using Ocean Data View
software (ODV; Schlitzer, 2022; odv.awi.de), and annual sea surface temperature data from World
Ocean Database 2013 (Boyer et al., 2013).

Figure 2. Mean thermohaline properties of the water column for the Soledad basin area. (2a)
Annual mean conservative temperature (green) and absolute salinity (orange) (114 cast were used
to estimate the annual mean). Graphs 2b and 2c, as in 2a but for the cold (February to July; n=72
casts) and warm (August-January; n= 32 casts)) periods. 2d Fluorescence profile from CTD
measured during cruises SKQ17, RR18, KM19.

Figure 3. Time evolution of: (a) conservative temperature; and (b) 5'80e of calcite in equilibrium
with water. Profiles were calculated using mean values for each depth and month from selected
CTD casts from the Soledad Basin area. The absence of January and March profiles is due to
the lack of data these months.

Figure 4. Planktonic foraminifera apparent calcification depth (ACD). (a) annual mean, and (b)
the cold (February-July) and (c) warm (August-January) periods. Colored boxes are mean values
of the 6'®0. measurements for each species. Error bar in symbols is +1 S.D (Table 1).
Abbreviations: Gr Globigerinoides ruber; Ts Trilobatus sacculifer; Gb Globigerina bulloides; Nd
Neogloboquadrina dutertrei.

Figure S1. Mixed Layer Depth (MLD) defined by sigma-theta for the Gulf of Ulloa area. Red line
shows the annual mean MLD. Data marked with a red circle correspond to the Dec-Jan-Feb period
(1997-1998). Time series were obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS), using data from the GLORYS12V1 Global Reanalysis "PHY-001-030",
available from: https://www.st.nmfs.noaa.gov/copepod/about/about-copepodite.html.

Fig. S2. Box and whisker plot of temperature derived from the oxygen isotopic ratios recorded in
calcitic tests of G. ruber and T. sacculifer, sampled from core RR18SOL-MC2, compared to sea
surface temperature data from HadSST available for the quadrant that encompasses the Soledad
basin area. Boxes represent 1 S. D. while whiskers represent maximum and minimum values.
Symbols (circles) correspond to the data used to construct the plot. The number next to the box is
the mean temperature value of each foraminifera group.
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Fig. 1. 1a. Temperatura superficial anual y mapa simplificado de las principales corrientes sobre
la region del Pacifico subtropical (Linea blanca continua representa la direccion de la corriente de
california; linea punteada gris corresponde a la contracorriente de California (CCC)). La posicion
del nucleo MD02-2507 estd indicado por el hexagono negro. 1b. Profundidad aparente de
calcificacion estimada a partir de la ubicacion del §80c medido en los foraminiferos planctonicos
sobre la curva predicha de 6'80e calculada a partir de perfiles de temperatura y salinidad tomados
de IMECOCAL (detalles en capitulo I11). Linea continua corresponde al promedio anual mientras
que las lineas punteadas corresponden al promedio en meses considerados como de surgencias
débiles (agosto - enero) y surgencias fuertes (febrero - julio). Simbolos cuadrados indican la
profundidad promedio de la capa de mezcla para el area de estudio (simbolo rojo) y la profundidad
promedio de la termoclina (simbolo azul) asi como la profundidad maxima de la capa de mezcla
asociada al evento El Nifio de 1998 (diamante color rojo; Base de datos de Copernicus Marine
Environment Monitoring Service CMEMS).

Fig. 2. a. Edades convencionales de radiocarbono contra profundidad del nicleo MD02-2507 y b.
modelo de edad-profundidad estimado con el software rBacon (Blaauw and Christen, 2011). En
la figura 2b. las curvas de distribucion en color azul representan cada uno de los fechados
utilizados para construir el modelo de edad. Lineas punteadas en gris indican las proyecciones
estimadas por el modelo; la linea roja representa el mejor ajuste obtenido con el modelo bayesiano
que corresponde a la edad promedio en afios antes del presente (BP) valor promedio.

Fig. 3. Paleoproductividad marina reconstruida a partir de la concentracion de clorinas (linea
verde) y el carbono organico total (simbolos color naranja) en el nicleo MDO02-2507.
Abreviaciones: LGM Last Glacial Maximum (Ultimo Glacial Maximo); BA Bolling-Alerod; YD
Younger Dryas (Dryas reciente); EH Early Holocene (Holoceno temprano); MH Mid Holocene
(Holoceno medio); LH Late Holocene (Holoceno tardio).

Fig. 4 Is6topos de oxigeno del nicleo MD02-2507 colectado en Cuenca Soledad. 680 de cada
especie de foraminifero planctonico analizada para el periodo del Ultimo Glacial Méaximo al
Holoceno en intervalos discretos de muestreo (eje de la ordenada invertido). En nimeros romanos
se indica el nimero de ventana correspondiente. LGM Last Glacial Maximum (Ultimo Glacial
Maximo); BA Bolling-Alerod; YD Younger Dryas (Dryas reciente); EH Early Holocene (Holoceno
temprano); MH Mid Holocene (Holoceno medio); LH Late Holocene (Holoceno tardio).

Fig. 5. Diagrama de caja y bigotes expresando el 680 de las especies analizadas en el nicleo
MD02-2507 para cada una de las ventanas de muestreo. Las cajas representan la media y una
desviacién estandar, mientras que las barras corresponden a los valores minimos y maximos
medidos. En la parte superior se indican los periodos que representa cada ventana de muestreo,
mientras que en el eje inferior se muestra la edad calibrada media de cada ventana analizada. LGM
Last Glacial Maximum (Ultimo Glacial Maximo); BA Bolling-Alerod; YD Younger Dryas (Dryas
reciente); EH Early Holocene (Holoceno temprano); MH Mid Holocene (Holoceno medio); LH
Late Holocene (Holoceno tardio)

Fig. 6. Comparacion entre el 3180G.ruber medido en el nucleo MD02-2507 (este estudio) y
MD02-2505 (Rodriguez-Sanz et al.,, 2013). LGM Last Glacial Maximum (Ultimo Glacial
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Maximo); BA Bolling-Allerod; YD Younger Dryas (Dryas reciente); EH Early Holocene
(Holoceno temprano); MH Mid Holocene (Holoceno medio); LH Late Holocene (Holoceno
tardio).

Fig.7. a. Diagrama de cajas y bigotes comparando el registro isotdpico de oxigeno de G. ruber y
N. dutertrei reconstruido en el nicleo MD02-2507 en las ventanas de muestreo analizadas b. indice
de estratificacion (A'®Ong-cr) estimado a partir de la diferencia en 620 entre N. dutertrei y G.
ruber. Linea punteada roja y azul indica la diferencia actual en 680 entre la capa de mezcla (10
m) y la termoclina (70 m) para el periodo célido y el frio, respectivamente y estimado a partir de
perfiles de temperatura y salinidad para el area de estudio
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INTRODUCCION GENERAL
Los ultimos 25 mil afios comprenden un periodo de la historia climéatica del planeta de alta
relevancia para la época actual. En este intervalo se han registrado importantes eventos de cambio
climatico tales como el Ultimo Glacial Maximo (LGM, por sus siglas en inglés), el cual transicion6
de un estado frio hacia uno mas calido (desglaciacion). Pasando por eventos de cambio climético
abrupto como el “Boélling/Allered” o el “Dryas reciente”. Alrededor de los 11.5 ka inicia un
periodo climatico histéricamente considerado como estable, el Holoceno (11500 afios-presente),
sin embargo, esfuerzos recientes sugieren que, aunque de menor magnitud, en este periodo ocurren
varios intervalos de cambio climatico importante (Mayewski et al., 2004). Por lo que comprender
cada uno de los mecanismos y forzamientos de tal variabilidad climatica es necesario para entender

los diferentes escenarios de cambio climatico futuro.
Ultimo Glacial M&ximo (UGM, 26.5-19 ka) y desglaciacion (19-10 ka)

El UGM se considera el ultimo intervalo en la historia del planeta en el que las capas de hielo a
nivel global alcanzaron su mayor extension y volumen (Mix et al., 2001) entre los 26.5 y 19 ka
(ka, kilo afios). Dicho incremento se asocia a una disminucion en la insolacion de verano en el
hemisferio norte, temperaturas superficiales del océano en el Pacifico tropical y variacion en el
CO- atmosférico (~80 ppm menos que en el periodo pre-industrial) (Clark et al., 2009; Shakun y
Carlson, 2010). El enfriamiento global durante el UGM se ha estimado entre 4.9°C (Shakun y
Carlson, 2010) y 7°C (Osman et al., 2021). Entre el UGM y el inicio del Holoceno, un incremento
en la insolacion de verano (~50 W m2) dio lugar al periodo de desglaciacion (Rahmstorf y Feulner,
2013), generando un incremento en el nivel del mar de alrededor de 120m (Gowan et al., 2021) y
el incremento en las temperaturas a nivel global. Recientemente se ha sugerido que tanto los gases

invernadero como el albedo generado por las capas de hielo son los responsables en gran medida
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de los cambios en la temperatura global durante la desglaciacion (Osman et al., 2021). Marcot et
al. (2014) sugiere que el incremento en el CO- durante la desglaciacion ocurrié en dos modos: 1)
lento, de escala millenial de origen oceanico y 2) rapido de escala centenal controlado por la
circulacion meridional de retorno (AMOC, por sus siglas en inglés) y las teleconexiones climaticas
derivadas. Dentro de la desglaciacion (~19-10ka) se han registrado eventos importantes de cambio
climatico abrupto de escala milenial; periodos estadiales (frios) e interestadiales (calidos) como el
Heinrich 1 (Estadial H1), “Bolling/Allered” (BA) o el “Dryas reciente” (YD). Los cuales marcaron
periodos de reversion hacia temperaturas mas frias (H1 o YD) en la tendencia marcada de
calentamiento. Mientras que el BA representa un calentamiento abrupto, por arriba de la tendencia

global.

Estos eventos, observados inicialmente en nucleos de hielo en latitudes altas (Grootes y Stuvier,
1997) han sido sujeto de amplia discusion sobre la repercusion en el clima global. En el Pacifico
Norte Oriental se han observado en el registro sedimentario marino la presencia de estos eventos
de escala milenial (Kennett e Ingram, 1995; Behl y Kennett,1996; Ortiz et al., 2004; Cartapanis et
al., 2011). Se reporto por primera vez para la cuenca del Pacifico en Santa Barbara por Kennett e
Ingram (1995) y Behl y Kennett (1996) y su descubrimiento contribuy6 a establecer un precedente
para proponer un efecto global y sincronico de estos eventos mileniales, particularmente para

entender la dinamica del clima global y la oceanografia de la regién.

Holoceno (11.5 ka-Presente)

Este caracteriza por ser un periodo calido y con relativamente poca variabilidad climética
comparado con el UGM o la desglaciacién (Mayewski et al., 2004; Wanner et al., 2011),
Recientemente que la variabilidad observada durante este periodo responde a una combinacion de

procesos dindmicos como la actividad solar, erupciones volcanicas, fluctuaciones en la circulacion
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termohalina, operando a diferentes escalas de variabilidad que van de la milenial, multicentenial a
multidecadal (Wanner et al., 2011). En escalas centeniales, decadales e incluso interanuales,
forzamientos como la Oscilacion Decadal del Pacifico (PDO)/EI Nifio Oscilacién del Sur (ENSO)
pudieran modular el patrén de variabilidad de gran parte del Holoceno, al paso que el forzamiento

de la insolacion de verano fue disminuyendo (Metcalfe et al., 2015).

Bajo los diferentes escenarios de cambio climatico propuestos (IPCC, 2022), es relevante entender
la respuesta del clima y los océanos ante cambios significativos en el pasado. Recientemente, se
ha discutido la relevancia que tendran las zonas de surgencias con el cambio climéatico. Bakun
(1990) hipotetiz6 que el calentamiento global generado por efecto de gases invernadero pudiera
intensificar el estrés del viento a lo largo de la costa sobre la superficie del océano, resultando en
la aceleracion de las surgencias costeras. Aun cuando esta hipétesis continta siendo debatible
(Sydeman et al., 2014; Wang et al., 2015; Garcia-Reyes et al., 2015), es relevante mencionar que
independientemente de los escenarios a futuro, el cambio climatico tendra efectos importantes
sobre uno de los sistemas mas productivos de los océanos que, aungque cubren menos del 1% de
superficie oceanica, soportan cerca del 20% de las pesquerias (Pauly y Christensen, 1995). Por
ejemplo, en escenarios de surgencia débiles, pudiera limitar el enriquecimiento de nutrientes hacia
la zona eufética, limitando la productividad primaria. En el escenario opuesto, de intensificacion,
pudiera incrementar el aporte de nutrientes, mayor productividad, con consecuencias para la
acidificacion y la desoxigenacion (mayor materia organica exportada, mayor remineralizacion que

implica consumo de O2 y produccion de CO2) (Bonino et al., 2019).

Tales escenarios de cambio climatico propuestos requieren de un buen entendimiento sobre como
han respondido estos sistemas a eventos de cambio climatico pasado. Por lo que en este trabajo

doctoral se plantearon los siguientes objetivos:
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3.1.

3.2.

3.3.

Objetivos del proyecto doctoral

Establecer una nueva edad reservorio para Cuenca Soledad, construida a partir de edades
radiocarbono y 210Pb.
Reconstruir cambios en la estructura térmica de la columna de agua superficial en Cuenca
Soledad, asi como la evolucién de la estratificacion en ventanas de tiempo de alta
resolucion que cubren periodos climaticos contrastantes entre el UGM y Holoceno. Asi
como la respuesta de la productividad marina a la variacion en la estratificacion.
Capitulos en esta tesis

Capitulo I: Revisiting the marine reservoir age in Baja California continental margin

sediments using *C and ?*°Pb dating

Capitulo Il: Apparent Calcification Depth of Planktonic Foraminifera

Capitulo I1I: Estructura térmica de la columna de agua superficial en Cuenca Soledad,

Baja California sur: del Ultimo Glacial Méaximo al Holoceno
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Abstract

Knowledge of the Marine Reservoir Effect (MRE) correction is fundamental in
palaeoceanographic research to establish an accurate age-depth model for marine sedimentary
records. However, during the last decades different MRE corrections have been applied in
inconsistent ways for the same locality and same sediment cores, at Soledad Basin, Baja California,
Mexico, creating confusion about the proper correction value of the marine reservoir effect (AR)
to be applied. In contrast with the empirical approach previously used for assessing the AR value
in Soledad Basin, in this study we applied an analytical approach based on the concurrent
application of AMS-C and #1%Pbys dating techniques made on sedimentary total organic carbon
and foraminifera to determine new regional AR values from newly collected sediment cores from
this site. Our results show that there is a difference of up to 150 years between the AR value
determined in this study and those previously assessed for Soledad Basin. These differences can
shift core chronologies by several decades and thus yield significant errors in palaeoceanographic

reconstructions, which will be important to remedy in future work.

Keywords: Marine reservoir effect; Late Holocene; Soledad Basin

1. Introduction
Marine sediment cores are among the most commonly used paleoclimate archives. During the last
decades, the methodological approaches to study them have become highly diversified, enabling
advances in reconstructing physical and chemical processes that have occurred during recent Earth
history (Hillaire-Marcel and de Vernal, 2007). The information extracted from these records is

highly relevant for future climate projections. In particular, sedimentary archives of the last two
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millennia have provided insights into natural variability of climatic states occurring on multi-
decadal time scales which are not adequately represented by the instrumental record that extends
back to about 1850 (Masson-Delmotte et al., 2013; PAGES2K consortium, 2017, Turney et al.,
2019). One of the essential prerequisites for comparing high-resolution palaeoceanographic
reconstructions of the Common Era (CE) is the need to convert sediment depths into ages through
the establishment of robust and precise chronostratigraphies. Radiocarbon dating is the most
employed method for developing age models of Holocene marine sedimentary records.
Nevertheless, this method requires the precise correction of *C dates to obtain an accurate age-

depth model.

In the ocean, the '*C ages of materials produced in the surface are older than '*C ages of
contemporaneous terrestrial materials, as the result of mixing the upper water column with older,
deeper water (Broecker, 1991; Stuiver and Braziunas, 1993). This difference is referred to as the
marine “reservoir age” (R) (Stuiver and Polach, 1977; Stuiver et al., 1986; Stuiver and Braziunas,
1993), and for the pre-nuclear weapons testing era is “globally” assumed to be ~400 yr by
convention (Reimer et al., 2013). This discrepancy can be corrected by subtracting R from the
conventional marine *C ages measured in marine samples. However, the ocean is heterogeneous
and surface mixing rates vary in space and time, especially in upwelling regions, leading to
deviations of local **C ages from the average global reservoir value (e.g., Kennett et al., 1997;
Bondevik et al., 2006; Ortlieb et al., 2011). The regional deviation, known as AR or the marine
reservoir effect (MRE), is, therefore, the difference between the radiocarbon age measured in a
marine sample and the global marine reservoir age (Stuiver et al., 1986; Stuiver and Braziunas,
1993). Consequently, to achieve precise chronostratigraphy of marine sedimentary records, it is

essential to have an accurate knowledge of the regional AR.
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Commonly, the AR value for a specific site is obtained from the Marine Reservoir Database

(Reimer and Reimer, 2001; http://calib.org/marine/), and when not available, AR values from a

nearby region have been used, in spite of the potential errors that would result if the oceanographic
characteristics of the site are distinct (Hinojosa et al., 2015). This presents challenges with regard
to the choice of AR value used, especially when various published studies at the same site have
used different AR values to establish their respective age models. This is the case for Soledad Basin
(also known as San Lazaro Basin) located at the Baja California’s continental margin where,
recently, two high-resolution palaeoceanographic studies spanning the last 2 millennia were
published using two independent reconstructions of sea-surface conditions for the same marine
sediment core: 1) alkenones (O’Mara et al., 2019) and 2) Mg/Ca of planktic foraminifera (Abella-
Gutiérrez et al., 2020). These authors used the same *C results but AR values that differed by
approximately 100 years. This choice has profound implications for the interpretations of both
palaeoceanographic studies, especially since it has been shown that a difference of 100 yr in AR
corrections applied to the same conventional *C age affects the calibrated age by several decades
(Alves et al., 2018). Therefore, care must be taken when developing an age model because
improper choice of the AR value may create a time-shift in the reconstructions of environmental
conditions, and thus a misinterpretation of paleorecords, especially at decadal to multi-decadal

time scales.

To date, the publication record for Soledad Basin has used four different AR values, yielding
inconsistent reconstructed histories of environmental variability. Thus, this study aims to (1)
determine an accurate local reservoir age using an alternative dating method (?*°Pbxs) and, (2)
establish a reliable chronology on newly collected sediment cores from Soledad Basin to compare

with published regional AR values.
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2. Sampling site and local AR values

Soledad Basin is located in the Eastern Tropical North Pacific, on the Mexican continental slope
off Southern Baja California, 50 km off the coast (Figure 1). The basin is a NW-SE elongated
bathymetric depression with a maximum depth of 550 m. This semi-closed basin, with a sill depth
of 290 m, limits the advection of deeper water masses, thus restraining the oxygenation of the
basin and creating sub-oxic to anoxic conditions, inhibiting bioturbation and allowing the
preservation of coarse laminated sediments (van Geen et al., 2003). Terrestrial influence is
considered unimportant in the region mainly due to the absence of rivers and the very low
precipitation inland, characterized by a mean annual precipitation of ~10 mm (Figure 1; data from
clicom-mex.cicese.mx). Studies on surface sediments have shown that the organic material

exported into Soledad Basin is mainly of marine origin (Carriquiry et al., 2003).
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Figure 1: (A) Map of the Baja California Peninsula, Mexico, showing the study area and the

position of local reservoir ages obtained in the Marine Reservoir Database and published in Berger
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et al., 1966 (white diamonds): 1- Cedros Island, AR=155 +51 yr; 2- Magdalena Bay, AR=201 +53
yr; 3- Cabo San Lucas, AR=329 +45 yr. (B) Inset map of Soledad Basin region with bathymetry,
showing the location of the nearest meteorological station in the mainland (C); the marine sediment
composite core RR18-SOL-MC1/SD6-MC/GC2 (green star, this study); the AR values used in
nearby cores cited in this paper (4- van Geen et al., 2003; 5- Abella-Gutiérrez and Herguera, 2016;
6- O’Mara et al., 2019; 7- Abella-Gutiérrez et al., 2020). (C) Histogram of mean monthly
precipitation; the mean annual precipitation (red line) corresponds to 10 mm. This figure was partly

produced with Ocean Data View (Schlitzer, 2015) and QGIS (https://www.qgis.org).

The hydrography of the study area is controlled by the influence of cold and well-oxygenated sub-
Arctic surface water flowing equatorward during winter-spring (California Current: 0-200 m), and
warmer, saltier and less-oxygenated subsurface waters (California Undercurrent: 100-300m)
flowing poleward from summer to autumn (Durazo, 2015). The seasonality is driven by the
strengthening of the northwesterly winds, promoting upwelling in the region (Zaytsev et al., 2003).
This southern limb component of the California Current System is thus characterized by a season
of strong upwelling with high productivity from February to July, and a second faint and/or warm

season of low productivity from August to January (Cervantes-Duarte et al., 2015).

Upwelled deep water is depleted in *4C content, explaining the significant deviation of the regional
marine reservoir signature from the global marine reservoir age (Berger et al., 1966; Ingram and
Southon, 1996). Berger et al. (1966) originally estimated a AR of 201£53 yr based on C
measurement of a known-age mollusk shell collected in Magdalena Bay, located 102 km from
Soledad (Figure 1). This AR value was modified then by Stuiver and Braziunas (1993) to 235435
for the coast of California. Later palaeoceanographic studies on sediment cores collected in

Soledad Basin (our study site) have applied different AR values to establish chronostratigraphy for
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their records. For example, van Geen et al. (2003) used a AR value of 200+£100 yr, but recently
O’Mara et al. (2019) used a AR of 253+122 by averaging the AR of Cedros Island and Cabo San
Lucas (which had been determined by Berger et al., 1966). The most recent chronostratigraphy
from this site, however, used a AR value of 350+£50 (Abella-Gutiérrez et al., 2020), a result of
increasing by 100 years the reservoir age of 650 years presented in Abella-Gutiérrez and Herguera

(2016).

3. Materials and methods

3.1. Sediment cores: collection and characteristics

Three sediment cores were collected at the same location from the Soledad Basin (Figure 1), on
the continental shelf off southwest Baja California (25°11.99°N; 112°43.99°W; 550m water depth)
in 2012 on the R/V Thomas G. Thompson (multicore SD-6-MC and gravity core SD-6-GC2) and
in 2018 on the R/V Roger Revelle (multicore RR18-SOL-MC1). The multicores were collected to
overlap with gravity core SD-6-GC2, providing intact, undisturbed core tops that otherwise could
be disturbed during gravity coring. The use of a multicorer ensures the recovery of undisturbed

surface sediment (Barnett et al., 1984).

After a visual inspection to check that there is no sediment resuspension, multicore RR18-SOL-
MC1 was carefully sliced on board at 0.3 cm intervals immediately after retrieval, while sediment
cores SD-6-MC and SD-6GC2 were sampled in the laboratory at 0.25 cm intervals. Dry bulk
density (DBD) and porosity were measured on RR18-SOL-MC1 by determining the weight after

freeze-drying of a known volume of wet sediment.

Generally, unconsolidated surface sediments suffer physical compaction caused by transport and

sampling. This induces a vertical displacement of the cored sediments with respect to their natural
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position, resulting in underestimated sedimentation rates (Morton and White, 1997). Since
multicore RR18-SOL-MC1 was sampled immediately after retrieval, we explicitly assume its top
stratigraphic structure is better suited than SD-6-MC and SD-6-GC2 sediment cores for
establishing more precise chronologies. Cores SD-6-MC and SD-6-GC2 were *C-dated and Total
Organic Carbon (TOC) (%) was measured. TOC content in both cores SD-6-MC/GC2 was
compared and used to adjust their stratigraphic structure based on the chronology of the TOC
measured in multicore RR18-SOL-MC1. TOC content was determined by acid treatment of freeze-
dried sediment samples, in order to remove inorganic carbon (e.g., CaCO3), and was analyzed in
an Thermo Fisher Flash 2000HT elemental analyzer. The internal reproducibility of the
measurements was assessed by using calibrated internal laboratory standards and the precision was
better than + 0.3%. Afterward, a correction of depth displacement of sediment in both cores SD-
6-MC/GC2 was obtained by graphically correlating TOC content variations in both cores (i.e., tie-
points) with that of core RR18-SOL-MCL1 (Figure S1), aided by the QAnalySeries Software

(Kotov and Palike, 2018).
3.2. Lead-210 and radiocarbon dating

An age-depth model for the composite depth scale was developed using a combination of
radiometric methods: 21°Phys activity profiles on RR18-SOL-MC1 and SD-6-GC2 as well as AMS

radiocarbon dating of planktonic foraminifera and bulk organic matter on SD-6-MC/GC2.

Activities of 21%Pb, 226228Rg, 226Th and *3’Cs were measured in core RR18-MC1 on dry sediments
by non-destructive gamma spectrometry using a low background, high efficiency, well-shaped
detector (CANBERRA) (Schmidt et al., 2014) at the University of Bordeaux. Calibration of the
detector was achieved using certified reference material (IAEA-RGU-1, -RGTh-1, and -135).

Activities are expressed in mBq.g* and errors are based on 1 standard deviation counting statistics.

-25-



Excess 21°Pb and 226Th (%*%Phys; 228Thys) were calculated by subtracting the activity supported by
their respective parent isotopes, 2°Ra and 2%Ra, from the total 2!°Pb and 2%Th activities in the
sediment. Errors in 2%Pbys and ?%Thy were calculated by propagation of errors in the
corresponding pair (**°Pb and ??°Ra; ?22Th and ??®Ra). The 2'°Phys activity was also measured in

the core top of SD-6-GC2 and compared with 2:°Phys of the multicore RR18-MC1.

The AMS radiocarbon dates on both SD-6-MC and SD-6-GC2 cores were measured at two
laboratories, the Keck Carbon Cycle AMS Facility, Earth System Science department at University
of California, Irvine, USA (KCCAMS/UCI); as well as the US National Ocean Sciences
Accelerator Mass Spectrometry (NOSAMS) facility at the Woods Hole Oceanographic Institution
(WHOI; MA, USA). The results were corrected for isotopic fractionation with §*3C analyses of
the samples, according to the conventions of Stuiver and Polach (1977) (Table 1). The AMS 4C
dates were obtained on 6 samples of mixed planktonic foraminifera and 7 samples of bulk organic

matter (bulk-OM) when the sediment did not contain sufficient foraminifera (Table 1).

Table 1: AMS radiocarbon measurements for cores SD-6-MC and GC, and §*3C data on carbonate
removed bulk organic matter samples. Abbreviations: UCIAMS: UC-Irvine Keck Carbon Cycle
AMS facility; NOSAMS: US NSF National Ocean Sciences AMS facility at Woods Hole
Oceanographic Institution; bulk-OM: bulk organic matter; Plk. Foram.: mixed planktonic

foraminifera; N/A: Not available.

Composite  Conventional

13
Latz:%?éory Sample name rg;?;i Material depth radiocarbon ?0 / C;
(cm) age (BP) 00
UCIAMS-  ST-6_SD-MC-
140895 10 SD-6-MC  bulk-OM 154 1170 £20 -21.12
NOSAMS PIK.
135345 SD6-MC2-15.5 SD-6-MC Foram. 21.7 660 +15 N/A
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NOSAMS PIKk.

e’ SDG-MC2195 SD-6MC . 267 110415 NIA
USOASBAS’ ) ST'6—§5'MC' SD-6-MC bulk-OM 396 1240 £20  -21.37
> SDE-MC2:305 SD-6MC T 30 45120 NIA
> SDE-MC2:345 SD6MC X 440 770415 NIA
> SDE-MC2:395 SD6MC X 494 88515  NIA
Ulieats ST6GC5L  SD-6-GC bulk-OM 518 1360+20  -21.0
USOA%S' SOL2T-40  SD-6-GC bulk-OM 1015 1915+20  -21.3
Uliato SOL2T-90  SD-6-GC bulk-OM 1365 2380220  -2L0
Uliats  SOL2B-125  SD-6-GC bulk-OM 1815 2870420  -2L1
Uliaes  SOL2B-170  SD-6-GC bulk-OM 2265 3510220  -2L0
UOIANST Sol2BS7  SDEGC ' 2060 4665415  NIA

4. Results and Discussion
4.1. Modern sediment and mass accumulation rates

Occurrence of 22Thys (T12=1.9 years) in the uppermost horizons of core RR18-MC1, and its rapid
disappearance within the first centimeter, demonstrates the presence of freshly deposited material
at the core top and a very low bioturbation rate (Figure 2A). The longer-term 21%Pbys (T12=22.3
years) presents a more deeper penetration in the sedimentary column, with detectable activity at

depths deeper than 30 cm.

Several models exist to calculate age from 21%Pbys according to the hypothesis formulated on 2*°Phys
concentration in sediment, its flux to the sediment surface and mass accumulation rate (Appleby

and Oldfield, 1978; Robbins, 1978, Sanchez-Cabeza and Ruiz-Fernandez, 2012). The 2°Pbys
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profile in core RR18-SOL-MC1 displays a regular exponential decrease with integrated dry mass
(Figure 2A; determination coefficient of 0.98), allowing the assumption that 2°Pb activity of
freshly-deposited sediment is constant over time and thus correctly applying the Constant Flux
Constant Sedimentation model. In practice, Mass Accumulation Rate was estimated from the
decrease of 21°Phys versus integrated dry mass (Figure S2). The calculated Mass Accumulation
Rate (MAR) is 60 +6 mg.cm™2.yr?, in agreement with the MAR estimated in a previous study on
a sediment multicore collected in the same area (77 +11 mg.cm2.yr?; Deutsch et al., 2014). The
deposition time of each sediment layer was obtained by dividing the cumulated dry mass per unit
area by the MAR. The deposition year was subsequently calculated assuming the age of the top
core to be 2018, the year of the core collection. The 2°Pb chronology indicates that the multicore
RR18-SOL-MC1 spans beyond the last 150 years. The onset of *’Cs activity between 10 and 13.5
cm in the core corresponds to the beginning of its production during nuclear bomb testing (1950’s),

in agreement with our 2°Pb dating model (Figure 2B).
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Figure 2: (A) Integrated mass profile of 22%Phys (grey circles) and 222Thys (red circles) activities in
core RR18-SOL-MC1 and ?'%Phys activity in core SD-6-GC (black tringles) with one sigma error

bars; (B) 13/Cs activity profile and 2*°Pb derived age model against sediment depth.

In order to determine how much of the upper sediments of core SD-6-GC2 were conserved during
the coring procedure, the 2!°Phys activity of the gravity core was compared with 2*°Phys of the
multicore RR18-MC1 (Figure 2A). Although the 21%Phys profile of the gravity core shows at least
a 10 cm section with uniform activity, corresponding certainly to mixing of the upper layers during
core retrieval, the 21%Pbys activity at 16 cm from SD-6-GC2 core coincides well with that of the
RR18-SOL-MC1 at around 28cm, indicating that the top ~12cm of gravity core SD-6-GC2 was
lost through coring. This result is consistent with an estimated loss of ~11 cm from the top of the

SD-6-GC2 when comparing its TOC profile with that of core RR18-SOL-MC1 (Figure S1).
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Finally, the 2°Pb age-chronology of RR18-SOL-MC1 was transferred to the upper part of the

composite sequence (SD-6-MC and SD-6-GC2) by matching the TOC variations in all cores.
4.2. Regional marine AR estimation

The depth distribution of conventional **C ages shows a linear pattern according to the type of the
material dated: the *C ages derived from marine bulk-OM samples exhibit a consistent *C age
offset of ~500 yr relative to carbonate material (Figure 3). AMS *C dating of organic carbon of
marine origin is often needed in highly productive regions where there is scarce or poor
preservation of the carbonate fraction, especially in suboxic or reducing anoxic settings such as
Soledad basin (e.g., Pichevin et al., 2010). Age offsets between OM and carbonate are observed in
Holocene sediments from various continental margins and have been described to be relatively
constant over time (Mollenhauer et al., 2003; 2005; Ausin et al., 2019b). The ~500 yr observed
age offset indicates the addition of older organic material from other processes such as advection,
re-suspension, and/or fluvial discharge of pre-aged OM. The carbon contained in Soledad Basin
sediment originates mostly from marine phytoplankton as seen in the §C signature in Table 1,
and confirmed by isotopic composition of the settling material in a sediment trap located in
Soledad Basin (Silverberg et al., 2004). Thus, fluvial discharge of pre-aged terrestrial OM is
discarded as a potential process leading to age discrepancies between OM and carbonates at this
locality (Raymond and Bauer, 2001). Since the adjacent land also consists of a desert biome region
lacking any rivers or streams, lateral transport of resuspended marine material likely is responsible
for supplying older OM to the sampling site, controlled mainly by physical interactions between
deep water currents, sediment grains, and seafloor morphology (Mollenhauer et al., 2005). It is
thus assumed in this study that the *C-age offset between OM and carbonates in Soledad Basin

sediments has been constant over time, thereby allowing the estimation of a regional marine
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reservoir effect for each type of marine materials dated (i.e., ARforam and ARowm). This is supported

by the relatively parallel, but constantly offset, trajectories of the OM and carbonate *C ages

(Figure 3).
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Figure 3: Conventional *C age of mixed planktonic foraminifera (black diamonds) and bulk
organic matter (white circles) plotted versus core composite depth. Also, Bacon output plot relating
depth assignment to calendar years B.P., applying the local reservoir ARforam= 206 +32 yr and
ARom=706 +42 yr assessed in this study. The 22°Pb model chronology is depicted in blue-green,
while calibrated radiocarbon dates are presented as purple vertical shading. Possible depth-age
relationships are shown in black and grey (95% C.1.), with red representing the mean age model
realization. Top panels depict model parameters (green) versus data (grey) as determined by the

Bacon software (Blaauw and Christen, 2011).
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Regional differences in the marine reservoir effect are generally determined through three different
methods (see review in Alves et al., 2018): (1) Direct radiocarbon dating of organisms collected
before 1950 CE (pre-bomb) whose death date also is known (Known Age Marine Material
method); (2) Radiocarbon dating on marine organisms (e.g., shells) and terrestrial material (e.g.,
charcoal), both assumed to be contemporaneous (Paired Marine/Terrestrial Samples method); and
(3) Radiocarbon dating on marine samples that can also be dated with an alternative dating method
(e.g., U/Th, or tephrochronology; Paired Radiocarbon/Alternative Dating method). In this study,
the last method was applied by comparing C values (of OM and foraminifera samples) with ages
also derived from the 2*°Pb-based chronology determined at the same composite depths (Figure
2B and Table 2). The *C age of OM at composite depth 15.4 cm is 1170 £20 *C yr, while the
calendar date is estimated at 1942 +8 yr CE measured by ?!°Pb chronology. The *C age of
foraminifera at composite depth 21.7 cm is 660 +15 *C yr, which corresponds to a calendar date
of 1909 +12 CE. Using these tie points and the online application deltar (Reimer and Reimer,

2017; http://calib.org/deltar/), ARom and ARforam Values were calculated to determine the C age

offsets for from OM and foraminifera samples respectively (Table 2). While previous studies have
used classical intercept methods that often underestimate the AR uncertainty (Sabatier et al., 2010;
Russell et al., 2011), deltar calculates AR as well as the accurate uncertainty for single samples by
using full probability distribution functions. In summary, the application deltar establishes a
normal distribution with the mean and the standard deviation of the derived ?'°Pb-derived age
(converted to calendar age BP); it then reverse-calibrates discrete points on that distribution using
the Marinel3 calibration curve (Reimer et al., 2013) and uses a convolution integral to determine
a confidence interval for the age offset between the **C-dated marine sample and the uncalibrated

probability density function of the derived 2°Pb-derived age.
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Table 2: **C dates of modern pre-bomb samples in SD-6-MC and their reservoir ages (AR) with
their standard deviation of the 95% confidence ranges calculated from their 2'°Phys derived
calendar ages using the Deltar application (Reimer and Reimer, 2017). Abbreviations: bulk-OM:

bulk organic matter; Plk. Foram.: mixed planktonic foraminifera.

Composite depth 210pp, ¢ age Conventional
Sample name radiocarbon age AR (year)
(cm) (Year CE) (BP)
ST6-SD-MC-10 154 1942 +8 1170 +£20 706 +42
(bulk-OM)
SD6-MC2-15.5 21.7 1909 £12 660 +15 206 +32
(Plk. Foram.)

The AR values were thus estimated in Soledad Basin to be 706 £42 yr and 206 £32 yr for OM and
foraminifera samples, respectively (Table 2). The local MRE calculated here for the OM fraction
is the first reported for this region and confirms the constant Holocene age offset relative to
foraminifera of ~500 yr (Mollenhauer et al., 2003; 2005; Ausin et al., 2019b). The ARforam
estimated in this study is consistent with the first study published for this region (Figure 1; AR=201
+53 yr; Berger et al., 1966), as well with that of van Geen et al., (2003), but it is significantly
different from that reported recently by O’Mara et al., 2019 (ARforam = 250 £100 yr) and that of

Abella-Gutiérrez et al., 2020 (ARforam = 350 yr).

Collectively, these records establish an age model for the composite core RR18-MC1/SD-6-
MC/SD-6-GC2; the potential causes and implications of these discrepancies between AR values

published for Soledad Basin are discussed next.
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4.3. Soledad Basin Age-Depth model

The chronology of the composite multicore/gravity core was built using Bacon Software v2.4
(Blaauw and Christen, 2011) on 2°Pb-derived chronology and *4C conventional ages and applying
the AR values determined above (Figure 3 and Table 2). The model is based on Bayesian statistics
and determines the accumulation rate for each interval or section using several Markov Chain
Monte Carlo (MCMC) iterations. This approach allows us to better constrain the uncertainties in
the development of the age-depth model (Trachsel and Telford, 2017). According to the age model
obtained, the sediment composite record covers the past 3,500 years with an accumulation rate

ranging between 0.03 and 0.3 cm.yr* and a mean value of 0.08 cm.yr* (Figure 3).

To explore the significance of the chosen AR values on the resulting age model, models using our
new AR values were compared to previous sediment chronologies from Soledad Basin (van Geen
et al., 2003; Abella-Gutiérrez and Herguera., 2016; O’Mara et al., 2019; Abella-Gutiérrez et al.,

2020).
4.4 Age-depth model offset

The #1%Pb derived chronology, radiocarbon ages, and depths were used to build the age model of
the composite core RR18-SOL-MC1/SD6-MC/SD-6-GC2. To test the accuracy of age models
obtained with different AR values, we generated age-depth models based on each AR value
reported so far (Figure 4). An age offset was estimated from the difference between the modeled
mean age (years BP) achieved using our AR value, minus the resulting modeled mean age (years
BP) applying the AR values used previously in this region. Likewise *C AMS dates made on

sediment OM were also included in the age model, based on the established constant difference
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between them and carbonates (see section 4.2 of this study and Mollenhauer et al., 2003; 2005;

Ausin et al., 2019b), by adding a 500 yr correction to the OM values.
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Figure 4: Bacon output plots relating depth assignment to calendar years B.P. for composite core
RR18-SOL-MC1/SD-6-MC/GC applying the different AR values published for Soledad Basin and
reviewed in this study. The offset respect to the age model established in this study is depicted
below each graph (dotted horizontal line). The dashed line indicates the minimum and the

maximum age (B. P.) estimated with Bacon software.
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The Bacon output age-depth models depicted in Figure 4 show significant differences when
different AR values are applied. Small discrepancies are observed at the top (younger part) of the
record. However, depending on the choice of AR value, the age offset increases with depth in the
core (offset varies between -80 to 220 years). The greatest differences were observed when a AR
value of 350 £50 yr (Figure 4b) was used: in this scenario, at 50 cm there is already an age offset
of 100 years that remains constant until 250 cm where it reaches a maximum offset of 218 years.
Additionally, the uncertainty involved in the Marine Reservoir Effect (MRE) also affects the age
model: the age offset is constant around 50 years when applying a AR= 250450 yr (Figure 4a),
whereas it becomes highly variable using a AR=253+122 yr (Figure 4c). The same is true for AR=
2001100 yr (Figure 4d). Even though this value is similar to the MRE determined in this study
(i.e., AR= 206432 yr), the former displays age offsets oscillating around -100 to 100 years. These
results highlight the impact of the AR values and their uncertainties, and how these choices affect
the sediment age-depth model. In a decadal context and with a short record (~2,000 years), an
inaccurate AR value can lead to erroneous interpretations when comparing climatic time series
from instrumental data (absolute ages) with reconstructed proxy records from sediments (model

ages).

The MRE presented in this study was analytically assessed by complementing the radiocarbon
model with an alternative dating method (?*°Pb), whereas MRE estimates used in previous studies
were determined more empirically. For instance, the AR= 350+50 yr value used by Abella-
Gutierrez et al. (2020) was devised to accomodate a 2!°Pb chronology to the radiocarbon ages, by
adding 100 years to the reservoir age for the area (a previous assessment of AR=250+50 yr by
Abella-Gutierrez and Herguera, 2016), without pondering the consequences of undesirable age

offsets in their climatic reconstructions (Figure 4b). The MRE of 200+100 yr (van Geen et al.,
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2003; fig. 4d) was determined by rounding to fewer significant figures and increasing the
uncertainty of other published values (Stuiver and Brazuinas, 1993; AR 225+25 years; and Ingram
and Southon, 1996; 233+60 years), considering that there might be differences between the waters
in which foraminifera and mollusks are calcifying (van Geen et al., 2003). Finally, in the scenario
of Figure 4c, the AR=253+122 was calculated by using the weighted average of two nearby AR
values (O’Mara et al., 2019), disregarding the nearest AR value (Figure 1A; Magdalena Bay;
201+53) by claiming that mollusk shells at that site might have incorporated a non-trivial supply
of terrigenous carbon from nearby mangroves, confounding radiocarbon measurements. It is
pertinent to point out, however, that the AR value of Magdalena Bay was obtained from direct
radiocarbon dating on Anadara tuberculosa (Berger et al., 1966; former Arca tuberculosa), a
mollusk that lives buried in muddy sediments associated to mangroves roots (Felix-Pico et al.,
2009). The fallibility of the assumption that its feeding habits might be integrating a signal different
to the one expected for marine species was explained elsewhere: there are no significant
differences between food habits and ecological niches in measured *C ages of mollusk shells
across a variety of habitats (Ascough et al., 2005). The AR value calculated in the present study
using an independent dating method is similar to the AR values assessed by Berger et al., (1966)
for Magdalena Bay, confirming that this new AR is the most accurate for the Soledad Basin region,

and consistent with the premise that the mollusk should have recorded a valid signal.

4.5. Paleoceanographic implications

One of the multiple challenges in paleoceanography is to have a reliable age model to enable
confident interpretations about the past. In addition to analytical considerations (e.g., careful **C

protocols), assessment of accurate AR corrections is of high relevance. This is especially true when
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working at decadal to multidecadal timescales. In this regard, recent studies in Soledad Basin have
concluded that the Pacific Decadal Oscillation (PDO) is an important driver of multidecadal
variability of sea surface temperature (O’Mara et al., 2019) and marine productivity (Abella-
Gutiérrez and Herguera, 2016, Abella-Gutiérrez et al., 2020). Since PDO is apparently responsible
for marking the tempo of productivity and SST variability in this region, we carried out a
correlation analysis between the PDO index (MacDonald and Case, 2005) and our marine primary
productivity proxy (TOC) to test the statistical significance of the different AR values used in
Soledad Basin. For this, both series were resampled to a resolution of two years and a lowpass
filter equivalent to 20 years was subsequently applied (Figure 5a). Moreover, since the time series
presented here did not fulfill the main assumptions of parametric statistics, a Spearman correlation
was performed between the TOC and PDO data. An identical correlation was performed for each
of the four age models obtained using the different AR values from prior reports and this work
(Figure 5b). This approach was carried out only to test the accuracy of the reconstructed
chronologies generated by the different AR values with respect to the timing of PDO; it is out of
the scope of this study to discuss the mechanisms and palaeoceanographic implications of the
relationship between PDO and TOC, which will be the subject of a future paper (in progress). Our
approach reveals there is a significant positive correlation between TOC and PDO (0.524
p<0.001). Although all correlations produced statistically significant values, our new assessment

of the AR value for Soledad Basin produced the highest correlation with PDO (Figure 5b).
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Figure 5: Comparison between Total Organic Carbon (black line) and Pacific Decadal Oscillation
(gray line; index from Macdonald and Case, 2005). Both series were filtered with a lowpass filter
of 20 years. A) TOC versus PDO using the AR from this study; B) Table showing the coefficient
correlation between TOC and PDO for each AR reviewed in this article. All correlations were

statistically significant (p value<0.001).

Even though the AR value estimated here is used as a constant during the last 2,000 years, it is
essential to be aware that the MRE in an upwelling zone is not time-independent, and thus there
might be some variability during late Holocene (Kennett et al., 1997; Ortlieb et al., 2011; Carré et
al., 2016). Considering the age limit of the 2!°Pb method, a different approach, as the application
of the long-lived radionuclide 2%°Th (T, = 75,380 years; Geibert et al., 2019) should be used to
confirm or offer a more suitable AR value for periods longer than the Holocene (i.e., deglaciation-

glaciation), when significant changes in reservoir age took place (Lindsay et al., 2015).
5. Conclusion

A robust marine sediment core chronology requires proper estimation of the regional reservoir age
correction (AR). In this study, we used the Paired Radiocarbon/Alternative Dating method by
comparing the radiocarbon ages with the chronologies established with the 2°Pbys method to
effectively estimate the local MRE correction for dating Late Holocene sediments in Soledad
Basin. This approach allowed us to estimate a AR value of 206 +32 yr for foraminiferal samples,
and to assess the first AR value for the OM fraction in this region, which shows a constant age
offset of ~500 yr relative to the dates derived from foraminifera samples (i.e., ARom=706 yrs).
When compared to the literature, the local MRE estimated in this study is similar to the first
referenced value for this region, which was then disregarded by more recently published

palaeoceanographic studies. Additionally, when testing the different AR values previously used in
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Soledad Basin against our estimated radiocarbon ages, we show that the age-depth models of the
former display age offsets of up to 218 yr for chronological reconstructions, which significantly
impacts interpretation of climate proxy records. Correlation analysis shows that the chronology

obtained with our AR assessment is the one that correlates most robustly with the timing of PDO.
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CHAPTER Il

Apparent Calcification Depth of Planktonic Foraminifera
Abstract

Planktonic foraminifera are widely used as temperature tracers of their habitat and, for such reason,
have been previously used as tracers of the upper ocean’s thermal structure. However, in order to
be able to accomplish such a feat, it is essential to reliably assess the depths at which those
foraminifera live, and thus, calcify. In this study, we assessed the apparent calcification depths
(ACD) of four planktonic species by matching the measured oxygen isotopic ratios in foraminifera
tests (5'80c) against the isotopic ratios of the predicted calcite in equilibrium with seawater (5'20¢)
at different depths in the water column. Our findings show that Globigerinoides ruber and
Trilobatus sacculifer ACDs are good tracers of mixed layer temperatures (0-30m), while
Globigerina bulloides seems to follow the isotherm related to the chlorophyll maximum and it is
a sensitive tracer of cold/upwelling periods (60-90m). Likewise, it was found that
Neogloboquadrina dutertrei is a good temperature tracer of the thermocline (~60 m) in the Soledad
basin area. Using several species of planktonic foraminifera with differentiated depth-habitats
offer a reliable approach to adequately infer changes in the past upper water column's thermal

structure and its oceanographic and climatic implications.

1. Introduction
Planktonic foraminifera dwell over a wide range of depths in the upper part of the water column.
Each foraminifera species shows a particular depth preference that can be defined by its ecology,
season of growth, life stage, and local hydrographic conditions (Hemleben et al., 1989).

Foraminifera have been widely known to record temperature, as the oxygen isotopic ratios of their
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calcium carbonate tests (hereafter refer to as §*8Qc) are a function of the calcification temperature
and the surrounding seawater oxygen isotopic composition (hereafter refer to as §*30y). The §'80w
is also controlled by the local salinity, which, in turn, is affected by changes in the hydrological
cycle (i.e., evaporation and precipitation balance) (Rohling 2013). Although the 580y effects can
exert considerable control in the §*80. at glacial-interglacial scale (Fairbanks 1989; Rohling 2013),
these effects are of a lesser extent in subtropical regions where there is no significant input of
freshwater at seasonal or interannual scales. Because of the latter, planktonic foraminifera 520,
largely reflect the temperature of their habitat depth (Williams et al., 1981; Deusser et al., 1981;

Williams et al., 1979).

By analyzing the oxygen isotopic composition of planktonic foraminifera that calcify in the surface
mixed layer and those that calcify deeper, it is possible to reconstruct the thermocline depth and
the upper water column stratification. Before this, it is necessary to assess the apparent calcification
depth (ACD) of the analyzed foraminifera as it will allows us to confidently interpret temperature
variations at the depth at which these foraminifera species inhabit, and thus study past changes in
the thermal structure of the upper water column (0-100 m depth). The planktonic foraminifera
species selected in this study were intended to record the temperature changes in the upper ocean,
from the top of the mixed layer to the bottom of the seasonal thermocline, the latter is defined as

the depth of the mayor vertical temperature gradient (Kim and Miller, 2007).

Foraminiferal 580 values were used to estimate their apparent calcification depths by matching
their measured &80 values to the predicted §'80 profile of carbonates in thermodynamic
equilibrium with seawater (hereafter refer to as §'®Qe), calculated from modern salinity and

temperature data.
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2. Methods
2.1.Hydrographic data
The predicted 830 depth-profile of calcite in equilibrium with seawater (5%0e) was calculated
using available hydrographic data from CTD casts in the Gulf of Ulloa. The database was obtained
from the program "Investigaciones Mexicanas de la Corriente de California” (IMECOCAL,
https://imecocal.cicese.mx/; from 1999 to 2015 Line 137.25-40 @ (Fig.1)). In addition to the
IMECOCAL data, we also included the CTD profiles from two different cruises (RR18 and KM19
@) carried out within the study area. Temperature and salinity data were converted to conservative
temperature © (°C) and absolute salinity (Sa g kg?) following the TEOS-10 guidelines and
calculated using the software Ocean Data View (ODV; Schlitzer, 2022; odv.awi.de). Following
the thermohaline classification of Cervantes-Duarte et al. (2015) for the Gulf of Ulloa, where
Soledad basin is located, the seasonal conditions were classified into two periods: (a) A cold period
from February to July, with minimal surface temperatures (~18-16°C in the upper 25m) and
relatively fresher waters (<34.0 g kg™!) that correspond to subarctic water carried by the California
Current; and (b) a warm period between August to January, characterized by warmer surface
waters (~22-24°C ) and higher salinities (>34.4 g kg™) indicators of Tropical Surface Water Mass
(TSW). Thus, the salinity and temperature profiles were characterized as annual average, cold-
season (February to July), and warm-season (August to January) (Figs. 2a-c), considering that
seasonality in the Soledad region is driven by changes in the upwelling intensity (Zaytsev et al.,
2003; Espinosa-Carreon et al., 2004; Gonzalez-Rodriguez et al., 2012). Averaged annual data

turned out to be a good representative of the hydrography of the study site.
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Figure 1. Simplified map of conservative sea surface temperature for southernmost part of the
California Current. Soledad basin is indicated by the red circle. Black dots show the IMECOCAL
line used in this study (Line 137 .25 to .40). The figure was generated using Ocean Data View
software (ODV; Schlitzer, 2022; odv.awi.de), and annual sea surface temperature data from World

Ocean Database 2013 (Boyer et al., 2013).

2.2. 8'80¢ measurements from contemporaneous sediment samples
Sediment samples used for picking of foraminifera to measure stable isotope were obtained from
sediment cores were collected in Soledad Basin in 2018, on the R/V Roger Revelle (multicore
RR18-SOL-MC1 and MC2; Fig. 1), in the continental shelf off southwestern Baja California
(25°11.99'N; 112°43.99'W; 550m water depth). Sediment samples from the multicore MC2 were
taken at 3mm intervals. Target foraminifera species were picked from each interval and analyzed
for 5180 to infer their corresponding habitat depth (i.e., ACD). The age model for the MC1 was
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built using more than 20 ?°Pb radiometric measurements. The age model for the MC2 was
established by correlating dry bulk density (DBD) variations of both cores, using tie-points assisted
by the QAnalySeries Software (Kotov and Palike, 2018). The base period used for calibrating the
5180 of foraminifera with the local hydrography corresponds to approximately the last 30 years
(~1990-2016). This means that we only used the planktonic foraminifera found in the core-depth
intervals corresponding to the 1990-2016 period for which we have good hydrographic
information to carry out the calibration and to assess the ACD (for further detail about the DBD

and age model for the MC1, see chapter I).

Sediment samples used to pick foraminifera were obtained from eight intervals in the top 7 cm of
multicore MC2. Approximately 2-3 g of freeze-dried sediment was washed using deionized water,
sifted through different mesh-sized sieves (63 and 150 um), and oven-dried overnight at 60°C.
Dried samples were divided into four discrete size fractions (<150, 150-250, 250-355, and >355
um). Planktonic foraminifera for isotopic analyses were selected from the 250-355um fraction. To
remove any organic carbon residues from the foraminiferal tests, samples were calcinated at 350°C

for one hour and placed in a desiccator cabinet until analysis.

Four species of planktonic foraminifera that are generally known to calcify at different water
depths (Kretschmer et al., 2018) were picked (from the sediments) to be used as proxies of upper
water column temperature changes: Globigerinoides ruber (d'Orbigny, 1839), Trilobatus
sacculifer (Brady, 1877) -former Globigerinoides sacculifer-, Globigerina bulloides (d'Orbigny,

1826) and Neogloboquadrina dutertrei (d'Orbigny, 1839).

Since foraminifera were scarce in some parts of the core, we have adopted the analytical method
described by Breitenbach and Bernasconi (2011) to obtain reliable stable isotopes measurements

using samples of low weight (30 to 80 pg; 3-10 individuals). Samples were placed in 4.5 mL
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borosilicate tubes (Labco exetainers) and purged with grade 5.0 Helium. Phosphoric acid (density
close to 1.92 g cm®) was manually added to each vial; samples were placed in a heat block at 72°C
until CO2-equilibration was achieved. Once the reaction was completed, the CO. produced was
analyzed using an on-line gas preparation and introduction system (GasBench 1), coupled to a
continuous flow Isotopic Ratio Mass Spectrometer (IRMS) Delta V Advantage. Several internal
carbonate standards (S110) were placed every five samples obtaining a precision better than 0.1%o
(n= 20). It is relevant to mention that, in order to estimate the ACD, foraminiferal 5'0 analyses
were performed using modern-day samples (the cores mentioned above) from the study of Molina-

Guadarrama (2022).

2.3. Predicted 880 calcite in equilibrium profile calculations and ACD
Since there are no studies to establish the habitat depths of different foraminifera species in the
water column over the continental shelf of southwestern Baja California, it has become necessary
to assess the ACD using the foraminifera 580, signature created by the thermal conditions in
which they are adapted to live and thrive. To constrain the ACD of selected planktonic foraminifera
species, the measured 580, was compared against the 5180 profile. At water depths where 80,
matches 580k (in the equilibrium profile), the ACD of each species of foraminifera analyzed was
taken. A0, water column profile can be predicted from conservative temperature (© °C) and
absolute salinity (Sa g kgt) profiles, and a proper paleotemperature equation. For this study, we

used the paleotemperature equation (1) for high-light conditions from Bemis et al. (1998):
T(°C) = 14.9 — 4.80 * (680, — §'%0,,), (1)

where 5180, was estimated using salinity profiles from the Soledad basin and applying the Bemis

et al. (2002) equation as
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5180,, = 0.39 * Salinity — 13.23 (2)
5180 values were converted from VSMOW to VPDB by subtracting 0.27%o as Hut (1987)

proposed.

To investigate the depth at which the planktonic foraminifera live (calcify), the predicted profile
of 5180, of calcite in equilibrium was calculated by re-arranging the temperature equation (1) from

Bemis et al. (1998) as follows:

§180, = 6180,, + (=20 3)

4.80

where T is the conservative temperature (°C) from the CTD profiles. Note that, for practicality,
and with the sole purpose of estimating the predicted §'80 calcite in equilibrium, §*0¢ in the
equation (3) was changed to 580, 580, was calculated using the mean annual © (°C) and Sa (g
kgl). Also, 880 was calculated for the warm/summer (August to January) and cold/upwelling

(February to July) seasons in the Soledad basin area.

3. Results and discussion

3.1.Hydrological conditions: Temperature and Salinity

The mean annual temperature of the first 10 m of the water column is around 21 °C and represents
a narrow upper mixed layer. Mean annual reanalysis based on sigma-theta estimations for the
Soledad basin area suggests a mixed layer depth (MLD) of ~20 m (Supplementary Fig. 1). The top
of the thermocline begins at ~10-20 m and ends at ~70m with a thermal difference of 5° (~20-15
°C) in that depth range (Fig. 2a). Meanwhile, the mean annual salinity fluctuates between 34.0 and
34.5 g kg!, with the lowest salinity between 30 and 100 m depth. The characterization of the water
column based on the thermohaline properties pinpoints to the California Current Water mass
(CCW), which are defined by temperatures between 10-21°C and salinities below 34.5 g kg with

-58 -



a mean thickness of 150 m (Portela et al. 2016; Durazo, 2015). The depth of the chloropyhll
maximum is shallow during the cold period (~20 m) as the nutricline shallows due to upwelling
strenghthening during those months; throughout the warm season or faint upwelling, the maximum

deepens (Fig. 2d) (Cervantes-Duarte et al., 2015).
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Figure 2. Mean thermohaline properties of the water column for the Soledad basin area. (2a)
Annual mean conservative temperature (green) and absolute salinity (orange) (114 cast were used
to estimate the annual mean). Graphs 2b and 2c, as in 2a but for the cold (February to July; n=72
casts) and warm (August-January; n= 32 casts)) periods. 2d Fluorescence profile from CTD

measured during cruises SKQ17, RR18, KM19.
3.2.Predicted 880 calcite in equilibrium for the Soledad basin region

The predicted profile of §'80. was calculated using the annual mean © (°C) and Sa (g kg™).

Equivalent equilibrium profiles were also made for the cold and warm periods. Equations 2 and 3

above were used to estimate 8%Q0.. The most remarkable differences in the 80 calcite in
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equilibrium profiles are observed in the surface waters associated with the upper mixed layer (0-
30 m) where values oscillate between -0.8 (February) to -2.3%o (November) (Fig. 3). During the
warm period (August-January), the deepening of the isotherms is also reflected in the predicted
5180e reaching values of -1.50%o at 50 m (Fig. 3b). Meanwhile, the 580, seasonal variability is

not so marked at deeper levels (below 100 m).
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Figure 3. Time evolution of: (a) conservative temperature; and (b) 5'80e of calcite in equilibrium
with water. Profiles were calculated using mean values for each depth and month from selected
CTD casts from the Soledad Basin area. The absence of January and March profiles is due to

the lack of data these months.

3.3.Apparent calcification depth of species of interest for paleoceanographic
reconstructions.

3.3.1. G. ruber and T. sacculifer: Mixed Layer Depth thermographers

Spinose species, G. ruber, and T. sacculifer are surface-dwelling planktonic foraminifera frequent

in tropical to subtropical waters, bearing dinoflagellate symbionts (Schiebel and Hemleben, 2017).
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Estimations of the ACD for G. ruber and T. sacculifer for the Soledad basin area showed that their
habitats are well constrained to the first 30m of the water column, and both species appear to
calcify at the same depths (Fig. 4; Table 1). Our results are consistent with previous studies
reporting calcification depths of G. ruber within the first 50 m of the upper water column (Field,
2004; Mohtadi et al., 2007; Jonkers and Kucera, 2015; Kretschmer et al., 2018; Yu et al., 2022;
Sanchez et al., 2022;). Meanwhile, we observed that T. sacculifer appears to calcify between 6 and
25 m (Figs. 4a-c). There were no statistical differences in 5!%0. between the two species,
suggesting that these species dwell in the same habitat. Such particularity might be because both
species contain algal symbionts and their abundances tend to be higher in the photic zone where
light intensity is high. Also, the fact that their ACD is constrained to a thin depth interval in both
species is a clear response to the very narrow upper mixed layer in this area of the northeastern
Pacific (~20 m; Fig. Supplementary 1), their high affinity for the mixed layer is probably
constricting both species' habitats. Nevertheless, even though temperature appears to control their
habitat, it is relevant to point out that food availability also affects their habitat preferences as has
been pointed out by Ortiz et al. (1995) and Kretschmer et al. (2018). As is observed by the mean
depth of the chlorophyll maximum (Fig. 2d) in the Soledad basin area (Cervantes-Duarte et al.,

2015).

Our ACD estimates indicate that the vertical distribution of G. ruber and T. sacculifer appears to
be affected by seasonality (Fig.4c) Since a ACD becomes thicker and deeper during the warm
season, reaching even 45m when matching the foraminifera §*0. mean values to the predicted
5180, for warm conditions (Fig. 4c). Meanwhile, during the cold season the mean value for both
species does not match the predicted 520, curve (Fig. 4b). This seasonality behavior is consistent

with the results of Ortiz and Mix (1992), who observed high G. ruber fluxes offshore from October
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to December (warmer months) in traps located at the northern sector of the California Current.
Such skewed or uneven seasonal fluxes are expected to be reflected in the oxygen isotope ratios
of the foraminifera tests. G. ruber shows a clear temperature response, with a thermal minimum
tolerance limit of ~14°C (Ortiz et al., 1995). When &80, for both species are converted to
temperature (Equation 2), the resulting mean values are similar to the annual mean of sea surface
temperatures (SST) obtained from HadSST.4.0 (Hadley Centre Sea-surface temperature anomaly
data set) for the Soledad basin area (spatial resolution of 1° x 1°) (Supplementary Fig. 2). Higher
dispersion (variability) in the foraminifera oxygen isotopic ratios is expected as their signal records
a larger SST dispersion (internal variability) than HadSST data yields for the upper 20 m of the
ocean. Thus, estimated ACDs suggest that both species are good tracers of the upper water column

thermal variability, and particularly of the mixed layer depth (Figs. 4a, 4c).
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Figure 4. Planktonic foraminifera apparent calcification depth (ACD). (a) annual mean, and (b)

the cold (February-July) and (c) warm (August-January) periods. Colored boxes are mean values
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of the 6'®0: measurements for each species. Error bar in symbols is +1 S.D (Table 1).

Abbreviations: Gr Globigerinoides ruber; Ts Trilobatus sacculifer; Gb Globigerina bulloides; Nd

Neogloboquadrina dutertrei.

Table 1. RR18SOL-MC2 680, planktonic foraminifera measurements and estimated ACD for

each species and season.

880, measurements in RR18-SOL-MC2 (1999- ACD (m)
2016)

Planktonic ~ Mean 80, +]1 N Annual Cold Warm

Foraminifera Standard
deviation

G. ruber -1.589 0.48 5 0 0 27
T. sacculifer -1.547 0.41 6 6 0 28.5
G. bulloides 0.034 0.36 6 79 63 93
N. dutertrei 0.189 0.24 6 91 74 102

3.3.2. G. bulloides and N. dutertrei: upwelling and thermocline

G. bulloides is a spinous species that is considered an upwelling indicator in the Northeastern
Pacific region as well as an indicator of temperate to sub-polar water masses. It inhabits above the
thermocline within the first ~60 m of the water column (Ortiz and Mix, 1992; Field, 2004; Schiebel
and Hemleben, 2017). According to Ortiz et al. (1995), G. bulloides presents an excellent depth
affinity to high biomass upwelling waters (food affinity), probably associated with higher

zooplankters biomass (Ortiz et al., 1995).

Using sediment traps, Sautter and Thunell (1991) observed that G. bulloides migrates from the
thermocline to the ocean's surface at the onset of the upwelling periods, which can explain the

observed variability in the measured samples (mean = 0.03 +0.3%.) Its ACD corresponds to
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shallow depths during the cold period. Furthermore, our results demonstrate that based on its
oxygen isotopic composition, it does not seem to extend to depths shallower than the top of the
thermocline (~60-90 m; Figs. 4a-c; Table 1). Using the species specific equation from Mulitza et
al. (2003), measured 580, of G. bulloides were converted to temperature, and generated mean
temperature values (i.e., 13.6 £1.7°C) that might suggest that this species has preference for the
12.5°C isotherm as well as the chlorophyll maximum, as has been also reported by Osborne et al.

(2016).

The non-spinous species N. dutertrei is common in tropical to subtropical waters, this species
presents facultative endosymbionts (Schiebel and Hemleben, 2017). It is classified as a
thermocline dweller, usually found inhabiting within the thermocline and associated to the
chlorophyll maximum (Field, 2004). The calcification depth observed within the Soledad basin
suggests that N. dutertrei ACD is constrained to the thermocline (Fig. 4a-c; Table 1). Compared
to other species analyzed, reduced data dispersion suggests a very stable habitat (Table 1) between
60-100m in depth, reflecting its habitat preference associated with the thermocline (Sautter and

Thunell, 1991a; Sautter and Thunell, 1991b; Field, 2004).

Our oxygen isotopic results of the planktonic foraminifera analyzed display a clear pattern in
which G. ruber and T. sacculifer calcify in the mixed layer while N. dutertrei calcify near the mid-
bottom of the thermocline. This particular pattern has been observed by Lakhani et al. (2022) for
the tropical global oceans. Furthermore, G. bulloides seems to follow the 12.5°C isotherm where

the chlorophyll maximum occurs, in agreement with recent observations by Osborne et al. (2016).
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3.4. ACD of planktonic foraminifera and its paleoceanographic meaning

Calcification depths estimated from the §'80c are a general descriptor of the mean habitat's depth
where planktonic foraminifera inhabit during their life cycle (Mulitza et al., 1997). As stated above,
their depth preferences are associated with different factors such as temperature and food
availability. This specific habitat preference provides information about the changes in the water

column's stratification and enable us to use them as thermographers along the upper water column.

Earlier studies in Soledad basin used G. ruber 680, and Mg/Ca as a tracers of summer sea surface
temperature (Rodriguez-Sanz et al., 2013), while Mg/Ca of G. bulloides was used as a tracer of
temperatures during spring (intense upwelling/cold period) (Marchitto et al., 2010). Including
other planktonic foraminifera species with different habitats might help to understand in great
detail the upper water column dynamics. Our study confirms the use of G. ruber and T. sacculifer
as indicators of temperatures over the mixed layer depth to top of the thermocline, as their habitat
appears constrained to a narrow portion (0-30 m) of the upper water column. Predicted ACD of G.
bulloides has significant implications as a paleoceanographic tracer of the spring/upwelling
season, as it might reflect cooling events of the mixed layer/surface ocean. Finally, N. dutertrei is
relatively abundant in the sedimentary records from the Baja California margin. This study
suggests its use as an indicator of thermocline temperatures. The combination of two or more
species acts as a synergistic proxy to confidently infer thermal gradients in the upper water

column’s thermal structure, as well as oceanographic and climatic implications.
4. Conclusions

Our results have significant implications for the correct interpretation of paleoceanographic

records used to reconstruct the upper ocean on centennial to millennial timescales, including
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glacial to inter-glacial timescales. Our data suggest that G. ruber and T. sacculifer are good
indicators of the mixed layer thermohaline environment, while G. bulloides is a good tracer of
specific hydrographic conditions at the bottom of the chlorophyll maximum. N. dutertrei describes
temperature in the thermocline (50-90 m). The combined use of these species is particularly

valuable to confidently reconstruct the variability of the thermal structure of the upper ocean.
5. Hydrographic data and core collection acknowledgments

D Cores RR18SOL-MC1 and MC2 were collected during the scientific cruise RR18 04-05.
Hydrographic data from CTD profiles used in this study were obtained on board the Research
Vessels Roger Revelle 1804-5 and Kilo Moana 19-20, funded by NSF (Grant DEB-1542240) to

G. Rocap, A. Devol, R. Kiel.

@ Hydrographic data used in this study, corresponding to line 137, were obtained from the program
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7. Supplementary material
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Figure S1. Mixed Layer Depth (MLD) defined by sigma-theta for the Gulf of Ulloa area. Red line
shows the annual mean MLD. Data marked with a red circle correspond to the Dec-Jan-Feb period
(1997-1998). Time series were obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS), using data from the GLORYS12V1 Global Reanalysis "PHY-001-030",

available from: https://www.st.nmfs.noaa.gov/copepod/about/about-copepodite.html.
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Fig. S2. Box and whisker plot of temperature derived from the oxygen isotopic ratios recorded in
calcitic tests of G. ruber and T. sacculifer, sampled from core RR18SOL-MC2, compared to sea
surface temperature data from HadSST available for the quadrant that encompasses the Soledad
basin area. Boxes represent 1 S. D. while whiskers represent maximum and minimum values.
Symbols (circles) correspond to the data used to construct the plot. The number next to the box is

the mean temperature value of each foraminifera group.
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CAPITULO 11

Estructura térmica de la columna de agua superficial
en Cuenca Soledad, Baja California sur: del Ultimo
Glacial Maximo al Holoceno
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CAPITULO 111

Estructura térmica de la columna de agua superficial en Cuenca Soledad, Baja California
sur: del Ultimo Glacial Maximo al Holoceno

1. Introduccion

El periodo que comprende el dltimo glacial maximo (UGM) y la desglaciacion (22-11.5 ka)
representa el periodo de reorganizacion climatica de gran escala mas importante de los dltimos 25
mil afios. Durante el UGM, la concentracion de CO: se estima que era hasta 90 ppm menor de lo
que se registra en la actualidad (Monnin et al., 2001). A la par, la capa de hielo de Norteamérica
se ubicaba en su maxima extension (Clark et al., 2009) lo que generd un nivel medio del mar de
hasta 120 m por debajo del nivel actual (Gowan et al., 2021). Este periodo de cambio climatico
abrupto generd cambios importantes en la region del Pacifico norte oriental que se reflejé tanto en
la productividad primaria marina (Ganeshram y Pedersen, 1998; Ortiz et al., 2004; Cartapanis et
al., 2011; Arellano-Torres et al., 2015, Costa et al., 2017), como en la temperatura superficial del

océano (Herbert et al., 2001; Rodriguez-Sanz et al., 2013).

Los mecanismos de dicha variabilidad en este margen se han atribuido a la cercana relacion entre
el clima del Atlantico Norte asociado al maximo crecimiento de las capas de hielo de Norteamérica
que contribuyeron a una reconfiguracién del sistema atmosférico (COHMAP, 1988; Ganeshram y
Pedersen, 1998). Adicionalmente, otros estudios han relacionado los cambios paleoclimaticos y
paleohidrograficos con cambios en la intensidad de la Corriente de California como respuesta a
cambios en el patron de los vientos (Herbert et al., 2001; Hendy et al., 2004; Rodriguez-Sanz et

al., 2013).
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A partir de modelos globales, se estima que la temperatura superficial del océano (SST) era hasta
7°C menos comparado con el periodo pre-industrial (1985 de la era comudn) (Osman et al., 2021).
Aunque los mecanismos de dicho cambio han permanecido como una pregunta abierta, estudios
recientes sugieren que gran parte de los cambios en la SST responde a forzamientos como:
incremento en la concentracion de gases invernadero, disminucion en el albedo, cambios en la
circulacion meridional del Atlantico, asi como variaciones en la insolacion de verano (Tierney et

al., 2020; Osman et al., 2021).

El Holoceno (11700 afios BP-actualidad) se caracteriza por ser un periodo calido y con
relativamente poca variabilidad climatica comparado con el UGM o la desglaciacion (Mayewski
et al., 2004; Wanner et al., 2011), mismo que fue precedido por un cambio climatico abrupto
caracterizado por ser un periodo relativamente frio (Dryas reciente; 11700-12900 afios BP).
Recientemente se ha discutido la relevancia que tiene el Holoceno en la dinamica climatica actual
y los mecanismos que la controlan. Se sugiere que la variabilidad observada responde a una
combinacion de procesos dindmicos como la actividad solar, erupciones volcanicas, fluctuaciones
en la circulacion termohalina, operando a diferentes escalas de variabilidad que van de la milenial,
multicentenial a multidecadal (Wanner et al., 2011). En escalas centeniales, decadales e incluso
interanuales, forzamientos como la Oscilacion Decadal del Pacifico (PDO)/EI Nifio Oscilacion del
Sur (ENSO) pudieran modular el patrén de variabilidad de gran parte del Holoceno, al paso que el

forzamiento de la insolacion de verano fue disminuyendo (Metcalfe et al., 2015).

En la region del area de estudio (Cuenca Soledad, margen continental occidental de Baja
California) se ha observado que, durante el Holoceno, las escalas de variabilidad milenial en la
temperatura superficial del océano estan dominadas por la dindmica solar (Marchitto et al., 2010).

Mientras que la sucesion del fitoplancton y la productividad parece responder a una serie de
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forzamientos que pueden estar relacionados entre si como lo son cambios en la insolacion,
migracion de la Zona de Convergencia Intertropical (ITCZ), surgencias de la Corriente de
California, incremento en el pool de nutrientes por adveccion, asi como fuentes de origen

continental (Cartapanis et al., 2011;).

En esta region, particularmente en la zona de transicion entre aguas de la Corriente de California
y aguas tropicales, no existen trabajos que describan los cambios que presenta la estructura térmica
de la columna de agua superficial en periodos climaticos contrastantes como el UGM, la
desglaciacion y el Holoceno que aporten informacién sobre los mecanismos y forzamientos que
controlan la dindmica climatica e hidrografica. Este estudio presenta una primera aproximacion a
describir la evolucion térmica de la columna de agua superficial del Pacifico Tropical Nororiental
(PTNO) durante el UGM al Holoceno a partir de §'80 en foraminiferos plancténicos que habitan
a distintas profundidades a lo largo de la columna de agua. Ademas, se presenta el primer registro
de muy alta resolucién (~15-20 afios/cm) de productividad marina para Cuenca Soledad. Ambos
registros se realizaron en varias ventanas de aproximadamente 500 afios de duracion que abarcan
desde el dltimo glacial méximo hasta el presente. Esta combinacion de proxies contribuye al
entendimiento de la dinamica oceanografica de la region a diferentes escalas, asi como a los

mecanismos que la controlan.

1.1. Configuracién hidrogréafica y la profundidad aparente de calcificacion
1.1.1. Hidrografia regional: Pacifico noroccidental-Cuenca Soledad
Cuenca Soledad yace sobre el margen continental occidental de la peninsula de Baja California,
en el Pacifico oriental nortropical (Fig. 1a). La hidrologia de esta region estd influenciada
principalmente por el sistema de la Corriente de California que comprende la porcion oriental del

giro subtropical del Pacifico norte. Es una zona considerada como de transicion entre aguas sub-
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Avrticas de la corriente de California (10-21°C; <34.6 g kg*; 0-150m) y aguas subtropicales
subsuperficiales (9-18°C; 34.6-35.1 g kg*; 75-400m) (limites de masas de agua definidos en
Portela et al., 2016). La estacionalidad en esta region parece estar asociada a la intensidad de las
surgencias (Zaytsev et al., 2003; Cervantes-Duarte et al., 2015), las cuales son el resultado de
circulacion oceanica generada por los vientos que circulan a lo largo de la costa. En esta region
surefia de la corriente de California, las surgencias mas intensas ocurren durante la primavera
cuando el sistema de alta presion del Pacifico norte se encuentra fortalecido y en su posicion mas
surefia; mientras que en los meses de verano a otofio, cuando el sistema de alta presion se ha
debilitado y ha migrado mar afuera (N-NE), los vientos a lo largo de la costa son menos intensos
lo que trae en consecuencia surgencias débiles o nulas (Zaytsev et al., 2003; Cervantes-Duarte et
al., 2015) y una mayor adveccion hacia el norte de masas de agua calidas de origen tropical (Valle-
Rodriguez y Trasvifia-Castro, 2017 ). Con la dinamica de las surgencias a lo largo del afio, ademas
de los cambios en las propiedades conservativas, también se aprecian variaciones en las
propiedades biogeoquimicas como la concentracion de nutrientes, la productividad marina y
concentracion de oxigeno. Durante periodos de surgencias fuertes se observa una menor
estratificacion y una termoclina mas somera, mayor bombeo de nutrientes a la zona eufética y un

consecuente incremento en la biomasa del fitoplancton (Checkley y Barth, 2009).
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Fig. 1. 1a. Temperatura superficial anual y mapa simplificado de las principales corrientes sobre
la region del Pacifico subtropical (Linea blanca continua representa la direccion de la corriente de
california; linea punteada gris corresponde a la contracorriente de California (CCC)). La posicién
del ndcleo MD02-2507 esta indicado por el hexagono negro. 1b. Profundidad aparente de
calcificacion estimada a partir de la ubicacion del 6'®0c medido en los foraminiferos planctonicos
sobre la curva predicha de §'80e calculada a partir de perfiles de temperatura y salinidad tomados
de IMECOCAL (detalles en capitulo I11). Linea continua corresponde al promedio anual mientras
que las lineas punteadas corresponden al promedio en meses considerados como de surgencias
débiles (agosto - enero) y surgencias fuertes (febrero - julio). Simbolos cuadrados indican la
profundidad promedio de la capa de mezcla para el area de estudio (simbolo rojo) y la profundidad
promedio de la termoclina (simbolo azul) asi como la profundidad méaxima de la capa de mezcla
asociada al evento El Nifio de 1998 (diamante color rojo; Base de datos de Copernicus Marine

Environment Monitoring Service CMEMS).

La dinamica estacional no parece ser la Unica capaz de generar cambios significativos en la

oceanografia de la regién. A escala interanual se ha observado el efecto que tienen los eventos de
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El Nifio oscilacion del sur (ENSO, por sus siglas en inglés) sobre la hidrografia en esta region
(Bograd et al., 2001; Bograd y Lynn 2001; Durazo y Baumgartner, 2002; Lynn y Bograd, 2002;
Bograd et al., 2019). Los efectos producidos por esta variabilidad interanual se considera que
responden a forzamientos atmosféricos y en mayor proporcion, a forzamientos oceanicos o
remotos; estos Ultimos son consecuencia de ondas atrapadas a la costa (coastally trapped waves)
con direccion hacia el norte que alteran la altura del nivel del mar, la estructura de la termoclina,

asi como el origen y la intensidad de las surgencias (Frischknecht et al., 2014).

Recientemente se ha discutido la relevancia que tienen los eventos de escala decadal a multidecadal
en el clima y la oceanografia del Pacifico nororiental; particularmente la oscilacion decadal del
Pacifico (PDO, por sus siglas en inglés) (Duteil et al., 2018; Litzow et al., 2020; Osborne et al.,
2020; Sanchez-Pérez et al., 2021), la cual es la funcién empirica ortogonal dominante de las
anomalias de la temperatura superficial del océano del Pacifico norte y sus fases positiva y negativa

parece que tuvieran un efecto similar a las fases de ENSO (Mantua et al., 1997).

1.1.2. Determinacién de la profundidad aparente de calcificacion
El 60 de los foraminiferos planctonicos esta controlado por la temperatura y el 6§80 del agua
en la cual calcifican (6'®0sw). Por lo que, para reconstruir las variaciones en la estructura térmica
de la columna de agua, es necesario estimar la profundidad de calcificacion de cada especie a
analizar. La profundidad aparente de calcificacion (ACD, por sus siglas en inglés) se derivo a partir
de la comparacion entre el valor promedio de §®Oc de la calcita medida en los foraminiferos
planctonicos sobre la curva predicha de la calcita en equilibrio con el agua de mar (680e), la cual
se derivo a partir de datos de CTD obtenidos del Programa IMECOCAL (para detalle de estos
calculos ver capitulo I11). Las especies seleccionadas y analizadas cubren gran parte de la columna

de agua superficial (capa de mezcla y termoclina), por lo que pueden ser utilizadas para
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reconstrucciones paleoceanogréaficas de la estructura térmica. Se obtuvo que los foraminiferos G.
ruber y T. sacculifer habitan en la capa de mezcla superior ~25m. Por otra parte, G. bulloides y N.

dutertrei habitan entre los 60 y 100 m de profundidad, en la termoclina (Fig. 1b).

2. Meétodos

2.1. Area de estudio y colecta de nucleos

El ndcleo tipo calipso MD02-2507 (25°.07N 112° 720, 495m; Fig. 1a) se colect6 en Cuenca
Soledad durante el crucero de investigacion IMAGES VIII/MONA (Marges Ouest Nord
Americaines). En la actualidad, esta cuenca se considera dentro de la zona deficiente de oxigeno
del PTNO. Las muy bajas concentraciones de Oy, alrededor de 3-5uM (van Geen et al., 2003;
Sigman et al., 2003) aunado a un umbral de cuenca ~290m de profundidad que limita el
intercambio con masas de agua méas profundas (van Geen et al., 2003) crean las condiciones para
limitar la bioturbacion de los sedimentos depositados, asegurando un registro sedimentario poco
perturbado. Este ndcleo esta compuesto de sedimentos de tipo limo-arcillosos con presencia de
nano fésiles. La coloracion dominante a lo largo del nicleo va de color gris oliva, verde oliva
obscuro a gris obscuro. Es comln la presencia de laminaciones en los primeros seis metros; sin
embargo, a mayor profundidad en el registro, las laminaciones son escasas y el sedimento es

predominantemente homogéneo (Beaufort 2003, Reporte MONA).
2.2. Cronologia del nucleo MD02-2507

La cronologia del nacleo MD02-2507 se construyd utilizando un total de ocho fechados de
radiocarbono medidos en mezclas de foraminiferos planctonicos (Tabla 1). Las muestras fueron
analizadas en un espectrometro acelerador de masas (AMS, por sus siglas en inglés) en el

laboratorio Keck Carbon Cycle AMS (KCCAMS), del departamento Earth System Science en la
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Universidad de California, Irvine, US. Las edades convencionales de **C se calcularon utilizando
el programa rBacon (Blaauw and Christen, 2011), calibrdndose contra la curva de calibracion
marina mas reciente: Marine20 (Heaton et al., 2020). La calibracidn se realizé corrigiendo por la
edad de reservorio local (AR) reportada para el area de Cuenca Soledad (Treinen-Crespo et al.,
2021). Con la publicacién de la curva Marine20 fue necesario actualizar este AR, obteniendo un

valor de correccion de 4617 afios para muestras de carbono inorganico.

Tabla 1. Fechados de radiocarbono en AMS para el nucleo MD02-2507. Todas las muestras
analizadas son una mezcla de foraminiferos planctonicos. Abreviaciones: BP Before Present, por

sus siglas en inglés.

Profundidad erro 14C edad (afios erro

Nucleo Muestra (cm) A¥C r BP) r

Ysor | Sew. 44 45.00 2081 13 1875 o
Vo Sec. 11-106 255.00 seng 11 3645 15
Vo Sec. IV-48 497.00 o1 09 7,805 20
Vo Sec. V-150 750.00 oeny 04 33,280 230
Voo Sec V- 783-784 Jags 08 10620 25
Vo Sec. VIl-45 945.00 o5 12 10210 40
Vo Sec. VII-103 1003.00 6377 08 14,605 45
Vo Sec. IX-45 1245.00 65 07 16,805 45
Voo Sec. XI-25 1525.00 0o 07 20,380 80
VD2 See Ml 1935.00 o601 O7 25,880 150
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Las edades obtenidas para el ndcleo MD02-2507 son reportadas en afios antes del presente (afios
BP). El modelo de edad desarrollado comprende los ultimos 30000 afios (~20 m) con una tasa de
sedimentacion de aproximadamente 0.08 cm/afio para el Holoceno y de 0.06 cm/afio para el
periodo que comprende la desglaciacion al Gltimo glacial maximo. Para este mismo sitio, pero
periodos mas recientes (Ultimos 1000 afios), se ha estimado una tasa de sedimentacion de ~0.09
cm/afio (Fig. 2). Este ndcleo se muestred a un intervalo de 1cm para los primeros 10 m de longitud

del nucleo, posteriormente la resolucién de muestro cambié a 5 cm.

a. MD02-2507 Edad Convencional *C b. MD02-2507 Modelo de edad

Edad (afios BP)

10000 15000 20000 25000 30000
o

10000 15000 20000 25000 30000

5000
5000

0

0 500 1000 1500 2000 0 500 1000 1500 2000

Profundidad (cm) Profundidad (cm)

Fig. 2. a. Edades convencionales de radiocarbono contra profundidad del nicleo MD02-2507 y
b. modelo de edad-profundidad estimado con el software rBacon (Blaauw and Christen, 2011). En
la figura 2b. las curvas de distribucion en color azul representan cada uno de los fechados
utilizados para construir el modelo de edad. Lineas punteadas en gris indican las proyecciones
estimadas por el modelo; la linea roja representa el mejor ajuste obtenido con el modelo bayesiano

que corresponde a la edad promedio en afios antes del presente (BP) valor promedio.
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2.3. Muestreo de alta resolucion por ventanas

La resolucion de muestreo 15 afios en promedio y con el objetivo de comprender cdmo ha variado
la estructura vertical de la columna de agua entre el UGM-Holoceno los andlisis se llevaron a cabo
en 10 ventanas de muestreo a alta resolucion y con una amplitud minima de 500 afios en cada una.

Las cuales se distribuyeron de manera discreta a lo largo del registro sedimentario (Tabla 2).

Tabla 2. Distribucion de las ventanas de muestreo a lo largo del nicleo MD02-2507. Ventanas de

| a IX la resolucién de muestreo fue cada 1 cm. *Resoluciéon de muestreo cambio a cada 5cm.

NG q Srofundidad Edad Resolucion
ventana  elntcleo omy  Calibrada Periodo  Pomedic tres
(anos BP) muestreo)
| 45-107 1229-1848 Holoceno tardio 10
11 181-230 2602-3093 Holoceno tardio 10
1 284-310 3885-4401 Holoceno medio- 19.8
Holoceno tardio
v 361-395 5384-6011 Holoceno medio 18.4
V 480-509 7692-8184 Holoceno medio 17
VI 590-619 9239-9619 Holoceno temprano 13
VII 665-699 10197-10631 Holoceno temprano 12.7
VIl 730-760 11028-11416 Holoceno temprano 11.7
IX 837-866 12924-13575 Dryas reciente 20.3
X 1205-1425 18926-22020 Ultimo Glacial 100*
Méaximo

2.4. Productividad marina

2.4.1. Carbono organico total

El analisis del carbono orgéanico total (TOC, por sus siglas en inglés) en horizontes de 1 cm pero a
intervalos discretos de 5 cm entre muestras (~75 afios entre muestra). Se pesaron alrededor de 30
mg de sedimento liofilizado y se trataron con acido clorhidrico (HCI 1N) para eliminar el carbono
inorganico (CaCOs) presente en la matriz de sedimento; posteriormente se enjuagaron varias veces
con agua desionizada y se secaron en un horno a 60°C. La composicion elemental de la muestra,
asi como la razén isotopica del carbono organico se midié en un analizador elemental Thermo
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Fisher Flash 2000HT acoplado a un espectrometro de masas de relaciones isotopicas Delta V
Advantage del laboratorio de Paleoceanografia del Instituto de Investigaciones Oceanoldgicas
(11O) de la Universidad Auténoma de Baja California (UABC). Se analizaron un total de 78
estandares internos y en general se obtuvo una precision de 0.6 % para el TOC y de 0.07%o para

el 313C.
2.4.2. Clorinas

La concentracion de las clorinas se utiliz6 como un biomarcador de la productividad primaria
marina. Se analizaron las muestras en ventanas de muestreo distribuidas a lo largo del ndcleo a
una resolucién de 1 cm (~15 afios) en los primeros 10 m del nucleo, posteriormente la resolucion
cambié a 5 cm (70-100 afos). Se utilizd el método de extraccion ultrasonica modificado de
Kornilova y Rosell-Melé (2003); se utilizaron entre 100 y 250 mg de sedimento liofilizado y
homogenizado para la extraccion secuencial con una mezcla solventes organicos en un bafio
ultrasénico. El extracto obtenido se evapord y se concentrd con acetona para su posterior analisis.
Para el andlisis de las clorinas, se utilizd el detector UV de un cromatégrafo fase liquida de alta
resolucion (HPLC, por sus siglas en inglés). El contenido de clorinas en las muestras se estimé
mediante la absorbancia de los extractos en la banda Soret (410 nm) y utilizando una curva de
calibracion externa analizada en cada lote. En cada lote analizado ademés del blanco de
procedimiento, también se incluyé un estandar interno de sedimento marino y se obtuvo una

precision de ~5 pg/g (n=90).
2.5. Estructura térmica de la columna de agua superficial: ¢'80 foraminiferos plancténicos
La razon entre los is6topos estables de oxigeno de las conchas de los foraminiferos planctonicos

(8*0c) se midid a resolucion de 1 cm (cada ~15 afios, entre muestra y muestra) y con el objetivo
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de comprender cdmo ha variado la estructura vertical de la columna de agua superficial entre el
altimo glacial maximo-desglaciacion-Holoceno, la seleccion de los foraminiferos se realizo sobre
10 ventanas de muestreo de alta resolucion de alrededor de 500 afios de ancho; distribuidas a lo
largo del Holoceno-UGM. Las muestras previamente liofilizadas se cuartearon hasta obtener el
peso deseado (1.5-2.5 g) y se tamizaron en humedo en dos fracciones (63 y 150 uM). Para eliminar
cualquier residuo de carbono organico sobre la matriz de carbonato, las muestras se quemaron en
una mufla a 350°C durante 1 hora. Las fracciones obtenidas se tamizaron en seco en cuatro
fracciones discretas (<150, 150-250, 250-355 y >355 um), la seleccion de foraminiferos se realizo
sobre la fraccion 250-355 uM, restringiendo asi cualquier efecto generado por el desarrollo
ontogénico de cada especie analizada. Las especies analizadas en este estudio se seleccionaron
tomando en cuenta su nicho en la columna de agua superficial, asi como su abundancia a lo largo
del nucleo, para asegurar continuidad en la reconstruccion de la estructura térmica de la columna
de agua. Como indicadores de la capa de mezcla superficial se seleccionaron las especies
Globigerinoides ruber (d'Orbigny, 1839) y Trilobatus sacculifer (Brady, 1877) antes
Globigerinoides sacculifer. Mientras que Globigerina bulloides (d'Orbigny, 1826) vy
Neogloboquadrina dutertrei (d'Orbigny, 1839) se utilizaron como indicadores de la termoclina

(asociado a periodos de surgencias) y de la base de la termoclina, respectivamente.

La escasez de foraminiferos es evidente en algunos horizontes del nucleo, particularmente en los
mas recientes, por lo que modificé el método analitico para analisis de is6topos estables de
carbonatos en sistemas de flujo continuo (Spétl y Vennemann, 2003) siguiendo la metodologia
propuesta por Breitenbach and Bernasconi (2011) para medir muestras con pesos entre 20 y 80 ug
(3-8 individuos). Las muestras pesadas se colocaron en viales de borosilicato de 4.5 mL y se

purgaron con helio ultrapuro. La digestion de las muestras de carbonatos se realizd afiadiendo
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acido fosforico con una densidad cercana a 1.92 g cm™. EI CO; producido durante esta reaccion
es analizado para isotopos estables en un mddulo Gasbench Il acoplado a un espectrometro de
masas de relaciones isotopicas (Delta V Advantage). Las muestras se normalizaron mediante el
método de anclaje de un solo punto (Paul et al., 2013) utilizando un estandar interno con valor
isotopico conocido; para este caso se utilizo el estandar de marmol (M-110). La precision total
obtenida fue de 0.05%o para el 3'80 y 0.04%o para el 3*3C de un total de 420 estandares analizados.

Las muestras son reportadas en %o respecto a Vienna Pee Dee Belemnite.

3. Resultados y discusién

3.1. Paleoproductividad en el Pacifico nororiental

Con el objetivo de tener un registro de paleo productividad lo suficientemente confiable, para este
estudio se utilizaron biomarcadores orgénicos (concentracion de clorinas) y el porcentaje de
carbono organico total (TOC), ambas como proxies de exportacion de la productividad primaria
marina. ElI TOC representa el total de la materia organica sepultada en el sedimento, por lo que
esta pudiera provenir de fuentes diferentes a la marina. En tanto que las variaciones en la
concentracion de clorinas representan del total de la productividad primaria marina (Harris et al.,
1996). La concentracion de clorinas se analizd a una resolucion de cada 1 cm, mientras que el
carbono organico total cada 5 cm (notese el cambio de resolucion de 1 cm a 5 cm a partir del
periodo que comprende el Gltimo glacial maximo; Fig. 3). Ambas proxies muestran alta coherencia
a lo largo de todo el registro (Fig. 3), por lo que se pueden interpretar en el mismo sentido: la
produccion exportada. Esta buena relacion entre ambas proxies en la mayor parte del registro es
un indicativo de que la materia organica reconstruida en el registro sedimentario es mayormente

de origen marino, lo cual es también confirmado por el §3Corg medido en este ndcleo -21.3+0.4%o

-87-



(n=274), que corresponde al fitoplancton marino que es de: -24 a -18%o de acuerdo con Osmond y

Fry (1993).
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Fig. 3. Paleoproductividad marina reconstruida a partir de la concentracion de clorinas (linea
verde) y el carbono organico total (simbolos color naranja) en el nicleo MDO02-2507.
Abreviaciones: LGM Last Glacial Maximum (Ultimo Glacial Maximo); BA Bolling-Alerod; YD
Younger Dryas (Dryas reciente); EH Early Holocene (Holoceno temprano); MH Mid Holocene

(Holoceno medio); LH Late Holocene (Holoceno tardio).

El patron predominante de la productividad para el periodo estudiado muestra un incremento
gradual desde el altimo glacial méximo hacia el Holoceno en ambas proxies estudiadas que van

ded4al2%enel TOCyde 10 a~120 pg en la concentracion de clorinas (Fig. 3) Este es el patron
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tipico descrito para la region del margen continental del Pacifico nororiental y durante este periodo
(Ganeshram y Pedersen, 1998; Hendy et al., 2004; Cartapanis et al., 2011), donde las surgencias
controlan la productividad marina (Huyer et al, 1983; Zaytsev et al., 2003). Tanto la concentracion
de las clorinas como el TOC sugieren que la productividad organica era baja durante el dltimo
glacial maximo y la desglaciacion, y alta a inicios del Holoceno temprano hacia el Holoceno tardio
(HT) (Fig. 3). Este esquema de baja productividad en periodos frios y alta productividad durante
periodos célidos ha sido observado previamente en la region nororiental del Pacifico (Gardner et
al., 1997; Ganeshram y Pedersen, 1998; Ortiz et al., 2004; Dean et al., 2007; Cartapanis et al.,
2011; Cartapanis et al., 2014) y los mecanismos de tal modalidad en la productividad se han
asociado principalmente a una reorganizacién del sistema atmosférico, que es el responsable de
los vientos que generan cambios en la intensidad, duracion y frecuencia de eventos de surgencias
(Ganeshram y Pedersen, 1998; Cartapanis et al., 2014). Dichos mecanismos se discuten con mas

detalle en la seccion 3.1.1.

3.1.1. Reorganizacién atmosférica como conductor de cambios en la productividad

marina durante el Ultimo Glacial Maximo-Holoceno

Aunque existen otros mecanismos que pudieron generar cambios en la productividad marina, se
reconoce a la reorganizacion del sistema atmosférico como el principal responsable. El
debilitamiento y la migracion hacia fuera de la costa del sistema de alta presion del Pacifico norte
(NPH, por sus siglas en inglés) en respuesta a una mayor extension de la capa de hielo Laurentino
durante los periodos frios (p. ej. glacial) redujo el gradiente longitudinal de vientos que generan
surgencias a lo largo de la costa del margen este de Norteamérica. No obstante, cuando esta capa
de hielo ha desaparecido o se ha retraido (p. ej. interglacial), se re-instala el sistema atmosférico

como se observa en la actualidad: un sistema de alta presion del Pacifico norte fortalecido y
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cercano a la costa que favorece la generacion de vientos a lo largo de la costa y, por tanto, las
surgencias que originan el incremento de la productividad en esta region (Ganeshram y Pedersen,
1998; Hendy et al., 2004). Este régimen parece ser el principal mecanismo de control de la
productividad a estas escalas glacial-interglacial en la regién de la Corriente de California, lo que
sugiere una estrecha relacion con procesos de teleconexion global entre diferentes forzamientos:
cambios en la Circulacion meridional de retorno del Atlantico (AMOC), cambios en los gradientes
térmicos entre hemisferios, cambios en la posicion de la zona de convergencia intertropical y el

fortalecimiento del sistema de alta presion del Pacifico Norte (Cartapanis et al., 2011).

3.2. Reconstruccidn de la estructura térmica de la columna de agua

3.2.1. Isotopos estables de oxigeno en foraminiferos planctdénicos

Con el objetivo de describir los cambios en la estructura térmica de la columna de agua, se utilizo
el registro isotopico de oxigeno de las conchas carbonatadas de cuatro especies de foraminiferos
planctonicos. En la figura 4 se muestra el 680 de las especies de interés para el periodo que
comprende desde el tltimo glacial maximo hasta el Holoceno tardio, para cada una de las ventanas
analizadas. Donde valores méas negativos corresponde a temperaturas mas célidas (y/o menor
salinidad), en tanto que valores mas positivos indica temperaturas mas frias (y/o mayor salinidad).
Una mayor estratificacion de la columna de agua se expresa cuando los valores de §180. entre las
especies de foraminiferos planctonicos divergen; mientras que una menor diferencia entre ellas se
considera que los foraminiferos calcificaron bajo condiciones hidrogréaficas similares (Rashid y
Boyel, 2007). En los Gltimos 22000 afios, el §'80c de los foraminiferos planctonicos analizados

decrece hacia el reciente, lo que sugiere temperaturas mas calientes (Fig. 4).
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Fig. 4 Is6topos de oxigeno del nicleo MD02-2507 colectado en Cuenca Soledad. 680 de cada

especie de foraminifero plancténico analizada para el periodo del Ultimo Glacial Méaximo al
Holoceno en intervalos discretos de muestreo (eje de la ordenada invertido). En nimeros romanos
se indica el nimero de ventana correspondiente. LGM Last Glacial Maximum (Ultimo Glacial
Maximo); BA Bolling-Alerod; YD Younger Dryas (Dryas reciente); EH Early Holocene (Holoceno

temprano); MH Mid Holocene (Holoceno medio); LH Late Holocene (Holoceno tardio).
3.2.2. Capa de mezcla superficial de la columna de agua

880G ruber Y 680 sacculifer presentan los valores mas negativos del registro estudiado, reflejando
temperaturas mas célidas de la capa de mezcla superficial. El valor promedio de medido de
880c.ruber para el periodo del Holoceno (-1.25%o promedio de las ventanas que comprenden al

Holoceno I-VII) es hasta 1.5°C mas frio comparado con el presente (~1.59%o valor promedio entre
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2016 y 1999, utilizado en capitulo 111; Molina-Guadarrama y Carriquiry, comunicacion personal),

considerando que cada 0.23%o de cambio en el 0. equivale 1°C (Epstein et al., 1953) (Fig. 4).

Ambas especies presentan un patron similar de evolucion de la temperatura de la capa de mezcla
a lo largo del periodo estudiado con valores mas positivos (frios) durante el UGM (ventana X),
seguido de un abrupto incremento entre el BA/YD (Ventana 1X) y el Holoceno temprano (ventana
VIII), equivalente a cerca de 2°C. Asimismo, se observa una ligera tendencia de enfriamiento
durante gran parte del Holoceno medio (~8000-4000 afios BP; ventanas IV, V, V1) (Fig. 4), siendo
consistente con lo registrado para gran parte del Pacifico norte oriental donde se sugiere que entre
el Holoceno medio e inicios del Holoceno tardio, el Pacifico ecuatorial se encontraba en una fase
tipo La Nifia (termoclina somera y mayor influencia de aguas sub Articas) (Stott et al., 2004;
Marchitto et al., 2010; Rodriguez-Sanz et al., 2013). Este patron en la evolucion de la temperatura
es similar a lo registrado en sitios cercanos al area de estudio y reconstruidos a partir de alquenonas

(Herbert et al., 2001).
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Fig. 5. Diagrama de cajsa y bigotes expresando el 6'80. de las especies analizadas en el niicleo
MD02-2507 para cada una de las ventanas de muestreo. Las cajas representan la media y una
desviacion estandar, mientras que las barras corresponden a los valores minimos y maximos
medidos. En la parte superior se indican los periodos que representa cada ventana de muestreo,
mientras que en el eje inferior se muestra la edad calibrada media de cada ventana analizada. LGM
Last Glacial Maximum (Ultimo Glacial Maximo); BA Bolling-Alerod; YD Younger Dryas (Dryas
reciente); EH Early Holocene (Holoceno temprano); MH Mid Holocene (Holoceno medio); LH

Late Holocene (Holoceno tardio).

Aun cuando los resultados obtenidos de 6*0c.ruer Mostraron una alta variabilidad en algunos

horizontes (Fig. 5; ventanas VIII y 1X), la magnitud de cambio en la temperatura a largo plazo

(UGM-Holoceno) es parecida a lo que encontramos con el registro de §'80g ruper reportado por
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Rodriguez-Sanz et al. (2013). Los resultados 5'®0c ruver Obtenidos en este estudio guardan buena
coherencia en la magnitud y la evolucién térmica con los resultados de Rodriguez-Sanz et al.

(2013) para la misma especie y con un nucleo colectado en una zona cercana a MD02-2507 (Fig.

6).
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Fig. 6. Comparacion entre el 530 ruver medido en el nicleo MD02-2507 (este estudio) y MDO02-
2505 (Rodriguez-Sanz et al., 2013). LGM Last Glacial Maximum (Ultimo Glacial Maximo); BA

Bolling-Allerod; YD Younger Dryas (Dryas reciente); EH Early Holocene (Holoceno temprano);

MH Mid Holocene (Holoceno medio); LH Late Holocene (Holoceno tardio).
3.2.3. Termoclina

Como era de esperarse, al habitar en zonas mas profundas el 580 analizado en las conchas de G.

bulloides y N. dutertrei muestra valores mas positivos comparado con G. ruber y T. sacculifer
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(Fig. 4 y Fig. 5), confirmando el uso de estas especies como trazadores de variabilidad térmica de
la termoclina. La temperatura promedio reconstruida a partir del 5%0c para el periodo del
Holoceno, confirma que los nichos de ambas especies son similares (G bulloides 15.8°C y N.
dutertrei 15.3°C). A diferencia de G. ruber, tanto G. bulloides como N. dutertrei tienen una menor
dispersion o variabilidad de alta frecuencia en el §'®0c, observado también por Friddell et al.
(2003) y Field (2004). Esta caracteristica parece reflejar temperaturas mas estables a esa
profundidad, comparado con la capa de mezcla que estacionalmente puede variar hasta 10°C
mientras que en la profundidad de la termoclina, varia alrededor de 6°C (tomando como referencia
el total de lances de CTD de la base de datos compilada para Cuenca Soledad). Se observa una
menor razon de cambio entre periodos frios como el UGM vy el Holoceno (Fig. 5) que es de
alrededor de 0.5°C (G. bulloides y N. dutertrei) y 2°C (G. ruber), respectivamente. Nuestro

registro de 6'®0c. nulloides Presenta valores isotopicos para el periodo del Holoceno, similar a los

observados en Cuenca Santa Barbara (Friddell et al., 2003) (Fig. suplementaria 1).
3.2.4. Reconstruccion de la estructura térmica de la columna de agua superficial

En la actualidad, y basandonos en los perfiles de temperatura conservativa para el area de estudio,
la diferencia en temperatura entre la profundidad media de la capa de mezcla (10 m) y la de la
termoclina (70 m) es de 4°C para el periodo frio y 8°C para el célido. Lo que equivaldria a una
diferencia en el &80 entre 0.9 y 1.7%o para cada periodo. Aplicando este principio a la
reconstruccion de la estructura térmica de la columna de agua superficial a partir del §'®Q,
podemos inferir que diferencias menores en el gradiente térmico equivaldrian a periodos de
surgencias activas o de lo contrario, una mayor diferencia en el gradiente se asemejaria a
condiciones calidas o de surgencias debiles. El patron de variabilidad térmica de la termoclina,

medida a partir del $*80 n. qutertrei Sigue de manera coherente la variabilidad de la capa de mezcla
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reconstruida a partir de 30 ruver. Por 1o que el uso de ambas especies nos brinda la oportunidad

de establecer un indice de procesos de estratificacion en nuestro registro (A0 na-cr) (Fig. 7).
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Fig.7. a. Diagrama de cajas y bigotes comparando el registro isotopico de oxigeno de G. ruber y

N. dutertrei reconstruido en el nicleo MD02-2507 en las ventanas de muestreo analizadas b. indice

de estratificacion (A®Ong-cr) estimado a partir de la diferencia en 620 entre N. dutertrei y G.
ruber. Linea punteada roja y azul indica la diferencia actual en 620 entre la capa de mezcla (10

m) y la termoclina (70 m) para el periodo calido y el frio, respectivamente y estimado a partir de

perfiles de temperatura y salinidad para el area de estudio.
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Se observa una tendencia hacia al aumento de la temperatura superficial desde el Holoceno
temprano hasta el inicio del Holoceno-Medio. Entre el Holoceno medio y el tardio, la temperatura
superficial presenta un ligero descenso (Fig. 6a). Adicionalmente, se observa que el gradiente
térmico aumenta en la misma medida, con una tendencia a disminuir ligeramente durante el
Holoceno medio, para luego incrementar durante el Holoceno tardio. Lo anterior no solo indica
que la superficie oceanica del PTNO se calentd gradualmente durante el Holoceno temprano, sino
que también el gradiente térmico de la columna de agua aumentd casi en la misma medida,
indicando que este aumento es principalmente debido al calentamiento de la capa superficial, pues

valores de 680N dutertrei, indicador de temperatura en termoclina, mostr6 una tendencia similar al

calentamiento aunque menos marcada.

Las proxies de productividad de nuestro registro muestran un patrén similar al observado en la
region sur de la Corriente de California, tanto en las reconstrucciones de la temperatura superficial
(Herbert et al., 2001; Barron et al., 2003; Marchitto et al., 2010; Rodriguez-Sanz et al., 2013) como
de productividad marina (Barron et al., 2003) y en el patron de estratificacion de la columna de

agua superficial (Friddell et al., 2003).

El indice de estratificacion estimado en este estudio sugiere que durante el UGM y la desglaciacion
la estratificacion fue ligeramente menor o méas débil comparado con el Holoceno en este mismo
registro (~0.25%o0 menor durante el UGM). Esta diferencia se pudiera considerar dentro de los
valores promedio actuales entre la capa de mezcla y la termoclina (~1.5%o; Fig. 7b). Aunado a una
baja productividad marina durante este periodo (Fig. 3) y temperaturas mas frias (0 630w mas
alto). En la region del area de estudio, la productividad estd asociada a la prevalencia de las
surgencias (Huyer et al, 1983; Zaytsev et al., 2003). Las cuales esperariamos que contribuyeran a

disminuir el gradiente entre la capa de mezcla y la termoclina como sucede actualmente (Fig. 7 b,
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linea punteada azul) y aunque el UGM no representa la mayor estratificacion del registro, la baja
productividad durante este periodo sugiere que el sistema de surgencias era débil en respuesta a la
reorganizacion del sistema atmosférico discutido previamente en la seccion 3.1.1; posiblemente

como reflejo de un sistema océano-atmdsfera completamente diferente a las condiciones actuales.

Menor estratificacion de la columna de agua se presenta entre Holoceno medio y el principio del
Holoceno tardio (ventanas IV y IlI), la mayor estratificacion se observa a finales del Holoceno
temprano y mas significativamente durante el Holoceno tardio (~4000-2000 afios BP) (Fig. 6b),
similar a lo reportado por Friddell et al. (2003) para Cuenca Santa Barbara en que reportan una
reduccion en las surgencias. En este periodo se observa una ligera disminucién en el carbono
organico y las clorinas aunque no comparable con lo observado durante el UGM donde la
configuracién oceanogréafica y climética era completamente diferente. Dicho periodo de mayor
estratificacion en esta regién del Pacifico coincide con PDO predominantemente en su etapa

positiva o calida (Friddell et al., 2003; Anderson et al., 2005).

Este patron de variabilidad en la temperatura superficial, productividad marina y estratificacion de
la columna de agua superficial en la region sur de la Corriente de California observada en nuestras

reconstrucciones bien pudiera responder a dos mecanismos propuestos previamente:

1. UGM-Desglaciacion: Gradiente térmico relativamente alto, aunado a baja productividad
(la mas baja de todo el registro) parece responder a la reorganizacion del sistema
atmosférico derivado de forzamientos globales (Ganeshram y Pedersen et al., 1998) y la
posterior intensificacion de la Corriente de California hacia el periodo de la desglaciacion
(Herbert et al., 2001; Hendy et al., 2004; Rodriguez-Sanz et al., 2013).

2. Holoceno: Cambios entre periodos de alta y baja estratificacion y respuesta de la

productividad a dichos cambios, sugiere el establecimiento y el fortalecimiento del sistema
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de la Corriente de California y de las condiciones de surgencias actuales a finales del
Holoceno medio, inicios del Holoceno tardio (Barron et al., 2003; Addison et al., 2017,
Barron et al., 2022), asimismo, se sugiere el incremento en la variabilidad y frecuencia de
eventos interanuales y decadales (Friddell et al., 2003).

4. Conclusiones

El periodo entre el ultimo glacial maximo-desglaciacion se caracterizo por la productividad méas
baja de todo el registro, con condiciones de estratificacion promedio (comparado con las
condiciones actuales) y temperaturas mas bajas (y/o salinidad més alta) comparado con el
Holoceno. Tales observaciones parecen estar asociadas a cambios significativos en la
configuracién climatica durante este periodo: vientos de surgencia suprimidos o débiles como
respuesta a cambios en el sistema atmosférico derivado de una mayor cobertura de las capas de
hielo de Norteamérica. El establecimiento gradual de condiciones oceanogréaficas y climaticas
similares a las actuales durante el Holoceno se refleja en las proxis tanto de productividad como

de temperatura (6*0c) y de estratificacion presentadas en este estudio.
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1. Conclusiones generales

Se estudiaron varios aspectos relevantes de la paleoceanografia en Cuenca Soledad (25° 11.99° N;
112°43.99’ O), en la zona de transicion entre aguas de origen sub-Artico y masas de agua tropicales.
Para ello se utilizaron varios registros sedimentarios que cubren desde el presente hasta los Gltimos
25000 afios. Uno de los primeros pasos para obtener registros sedimentarios confiables es desarrollar
modelos de edad completos y lo suficientemente robustos, por lo que se propuso una nueva
correccion de edad de reservorio local (AR) adecuada para el area de estudio y el tipo de material a
fechar, utilizando una combinacion de fechados de radiocarbono y 2°Pb en los mismos horizontes
sedimentarios. Se propone un ARfram= 206 +32 y ARom=706 +42 afios. Es relevante mencionar que
ambos valores propuestos han sido actualizados tomando en cuenta la curva de calibracion marina
mas reciente (Marine20), por lo que los nuevos AR serian de 46+17 y 566+17 para los fechados con

foraminiferos planctonicos y materia organica, respectivamente.

El objetivo central de este proyecto doctoral, reconstruir la estructura térmica de la columna de agua
superficial en periodos climaticamente contrastantes (UGM-Holoceno), se realiz6 mediante la
utilizacion del 6'80. de foraminiferos planctonicos que habitan a diferentes profundidades en la
columna de agua. Para ello, primero se establecieron las profundidades aparentes de calcificacion
(ACD) de las especies de interés: G. ruber, T. sacculifer, G. bulloides y N. dutertrei, contrastandolas
contra el 580, de la calcita en equilibrio con el agua de mar (estimada a partir de los perfiles de
temperatura y salinidad de lances de CTD). Mediante este método empirico confirmamos que tanto
G. ruber como T. sacculifer son buenos trazadores de los procesos de la capa de mezcla (0-30 m);
mientras que G. bulloides y N. dutertrei de la termoclina (60-90 m). Con dicha informacion se

analizaron alrededor de 10 ventanas de tiempo de alta resolucién, distribuidas a lo largo del
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Holoceno y el UGM en las cuales también se analizé la productividad marina (concentracion de
clorinas y carbono organico total) y el 6'80 de las especies mencionadas anteriormente. Nuestros
resultados sugieren un incremento en la temperatura del océano superficial (capa de mezcla) desde
el UGM hasta el Holoceno tardio, con una ligera disminucién hacia el Holoceno medio, la cual fue
mas evidente en las especies que habitan en la capa de mezcla. Se desarrollé un indice de surgencias
a partir de la diferencia entre 680, de N. dutertrei y G. ruber del cual se observan periodos de
marcada estratificacion y baja productividad, particuparmente durante el UGM en que las
condiciones de frontera eran muy diferentes a las actuales o del Holoceno, y que parecen estar
asociadas a cambios importamtes en la reorganizacion climatica durante este periodo: vientos de
surgencia suprimidos o débiles como respuesta a cambios en el sistema atmosférico derivado de una
mayor cobertura de las capas de hielo de Norteamérica.

En contraste, durante el Holoceno la temperatura superficial (segun el §'80) presenta un menor
cambio, aunque el indice de estratificacion sugiere periodos de mayor estratificacion a mediados del
Holoceno, seguido de un cambio a menor estratificacion a inicios del Holoceno tardio. En conjunto
con la productividad, la cual incrementa de manera significativa durante el Holoceno, se sugiere un
establecimiento gradual de condiciones oceanogréaficas y climaticas similares a las actuales durante
el Holoceno. No obstante, debido al disefio de muestreo, no se puede establecer el momento exacto
en el que ocurre esta transicion.

Esta investigacion aporta informacion sobre el estado de la estructura térmica de la columna de agua
superior, asi como los procesos que parecen haber estado afectando la temperatura, la productividad
y los procesos de estratificacion desde el Ultimo Glacial Maximo, asi como las implicaciones que

podrian desarrollarse en escenarios de cambio climatico futuro.
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