:' frontiers | Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Teresa Drago,

Portuguese Institute for the Sea and
Atmosphere, Portugal

REVIEWED BY

Alberto Sanchez-Gonzalez,

National Polytechnic Institute (IPN), Mexico
Fabienne Marret,

University of Liverpool, United Kingdom
Cristina Lopes,

Portuguese Institute for Sea and Atmosphere
(IPMA), Portugal

*CORRESPONDENCE
Ligia Pérez-Cruz,
perezcruz@igeofisica.unam.mx

"PRESENT ADDRESS

Tobias W. Hofig,

Project Management Julich, Julich Research
Centre GmbH, Rostock, Germany

RECEIVED 28 January 2025
ACCEPTED 21 April 2025
PUBLISHED 12 May 2025

CITATION
Aldama-Cervantes A, Pérez-Cruz L,
Urrutia-Fucugauchi J, Monreal-Gomez MA,
Merino-Ibarra M, Velazquez-Aguilar M,
Venegas-Ferrer R, Sanchez-Cabeza JA,
Sifeddine A and Hofig TW (2025) Advancing
knowledge on the paleoproductivity and
climate in the Guaymas Basin, Gulf of
California, over the past 31,200 years:
geochemical proxies in IODP expedition 385
sediments.

Front. Earth Sci. 13:1568130.

doi: 10.3389/feart.2025.1568130

COPYRIGHT

© 2025 Aldama-Cervantes, Pérez-Cruz,
Urrutia-Fucugauchi, Monreal-Gomez,
Merino-lIbarra, Veldzquez-Aguilar,
Venegas-Ferrer, Sanchez-Cabeza, Sifeddine
and Hofig. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

TYpPE Original Research
PUBLISHED 12 May 2025
pol 10.3389/feart.2025.1568130

Advancing knowledge on the
paleoproductivity and climate in
the Guaymas Basin, Gulf of
California, over the past 31,200
years: geochemical proxies in
|IODP expedition 385 sediments

Alejandro Aldama-Cervantes’, Ligia Pérez-Cruz?**,

Jaime Urrutia-Fucugauchi??®, Maria Adela Monreal-Gomez*,
Martin Merino-lbarra®, Mauricio Velazquez-Aguilar®,

Rafael Venegas-Ferrer?, Joan Albert Sanchez-Cabeza’,
Abdelfettah Sifeddine® and Tobias W. Hé')ﬁg9T

'Posgrado en Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México, México,
Mexico, ?Instituto de Geofisica, Universidad Nacional Autdbnoma de México, México, Mexico, *Instituto
de Investigacion Cientifica y Estudios Avanzados Chicxulub, Parque Cientifico y Tecnoldgico de
Yucatan, Mérida, Mexico, *Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Autonoma
de México, México, Mexico, *Aquatic Biogeochemistry Lab, Instituto de Ciencias del Mar y Limnologia,
Universidad Nacional Autonoma de México, México, Mexico, °“Museo de Paleontologia, Universidad
Autonoma del Estado de Hidalgo, Ciudad del Conocimiento, Hidalgo, Mexico, "Unidad Académica
Mazatlan, Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México,
Mazatlan, Mexico, ®Laboratoire d'Oceanographie et du Climat: Expérimentation et Approaches
Numériques Centre. Sorbonne Université, Institut de Recherche pour le Développement, Centre
National de la Recherche Scientifique, Muséum National d'histoire Naturelle, Bondy, France,
°International Ocean Discovery Program, Texas A&M University, College Station, TX, United States

The Guaymas Basin (GB) is a highly productive region in the Gulf of
California. Subseafloor sedimentary amorphous bio-opal and Ba/Ti records
obtained from its northwestern and central areas reveal significant changes
in exported productivity over the past 31,200 years. Millennial-scale variability
reflects the influence of wind-driven upwelling, mesoscale eddies, and shifts
in climate variability operating at orbital, millennial, and centennial timescales.
Spatial heterogeneity in productivity recorded in International Ocean Discovery
Program boreholes highlights regional differences in process dominance. We
identify seven distinct productivity phases: From ~31,200 to ~26,500 cal yr BP,
laminated sediments indicate strong seasonal variability and high productivity
due to intense upwelling activity caused by northwesterly winds linked to a
southward-shifted Intertropical Convergence Zone. The Last Glacial Maximum,
from ~26,500 to ~19,000 cal yr BP., displayed pronounced fluctuations and
a slight decline in productivity compared to the previous interval, owing
to the reduced influence of the North Pacific High on the GB during this
period. From ~19,000 to ~11,700 cal yr BP, there were shifts of high and low
productivity, with opal minima coinciding with Heinrich events 2 and 1, as
well as the Younger Dryas. Productivity declined slightly between ~11,700 and
~7,000 cal yr BP, featuring a short high-productivity period within that timespan
(~10,500 to ~10,300 cal yr BP). From ~7,000 to ~4,200 cal yr BP, productivity
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decreased in the NW and increased in the central basin. This contrast reflects
enhanced winter-spring coastal wind-driven upwellings and reduced eddy
activity in the west. From ~4,200 to ~130 cal yr BP, productivity increased
in both studied areas. The sedimentary Ba/Ti values in both holes generally
indicate lower levels during the cold glacial period and higher levels during
the warm interglacial period, suggesting reduced biological barite accumulation
and less organic matter export from the surface under cold climate conditions.
These changes correspond to documented climate transitions, highlighting
GB's sensitivity to global forcings (e.g., ice sheet retreat) and regional ocean-
atmosphere interactions. Our findings underscore the key role of dynamic
physical processes in shaping long-term productivity patterns in marginal seas
at high resolution.

KEYWORDS

biogenic opal, Ba/Ti, wind-driven upwellings, mesoscale eddies, eastern tropical north
pacific ocean, climate

1 Introduction

Marine primary productivity is a fundamental component of
the Earth’s biogeochemical cycles, sustaining marine ecosystems and
influencing global carbon fluxes (Jiang et al., 2024). The average
vertically integrated production in the Gulf of California (GoC) is
estimated at ~1.8 gCm 2 (Alvarez-Borrego, 2012). The GoC is one
of the most productive regions on the planet (Lluch-Cota, 2000;
Alvarez-Borrego, 2012). In particular, the high productivity of the
overlying water column in the GB is remarkable, with diatoms being
the dominant primary producers (Sancetta, 1995; Thunell, 1998;
Pichevin etal., 2014; Teske et al., 2019; Aiello et al., 2024), resulting in
the deposition of organic-rich diatomaceous sediments containing
up to 4 wt.% organic carbon (Seewald et al., 2024), with an average
productivity estimated to be >4 gCm ™2 day™" (Pike and Kemp, 1997;
Thunell, 1998; Barron et al., 2014).

Marine productivity reconstructions are helpful in better
understanding the relationship between ocean dynamics and climate
drivers that shape ocean systems over time. The GB is a unique
environment for investigating these processes due to its ocean
dynamics and sensitivity to climatic fluctuations (Cheshire and
Thurow, 2013; Price et al, 2013). The Pacific Ocean strongly
influences the GoC, driving regional oceanic-specific physical
processes in the GB, such as wind-driven upwelling and mesoscale
eddies. The eddies are a key (if not the most important) component
of the GoC circulation during the summer (Lavin et al., 2013), that
transport and retain chemical properties and planktonic organisms,
and that can enhance nutrient vertical flux and promote high
productivity.

The GB sedimentary sequence provides high-resolution records
of paleoclimatic changes during the late Pleistocene and Holocene

Abbreviations: GB, Guaymas Basin; GoC, Gulf of California; IODP,
International Ocean Discovery Program; NPH, North Pacific High-Pressure
system; ETNPO, Eastern Tropical North Pacific Ocean; ITCZ, Intertropical
Convergence Zone; MCC, Mexican Coastal Current; CRCC, Costa Rica
Coastal Current; SST, Sea Surface Temperature; MIS, Marine Isotope Stage;
LGM, Last Glacial Maximum; HCO, Holocene Climate Optimum; UNAM,
Universidad Nacional Autonoma de México; XRF, X-ray fluorescence; cal yr
BP, Calibrated Years Before the Present; YD, Younger Dryas.
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(e.g., Barron et al., 2005). Over the past 31,000 years, variations
in insolation, Intertropical Convergence Zone (ITCZ) latitudinal
migration, and the influence of the North Pacific High (NPH)
have interacted with the Tropical Pacific Ocean processes to shape
productivity patterns in the GoC and GB (McClymont et al., 2012;
Cheshire and Thurow, 2013; Barron et al., 2014). The GB sensitivity
to regional variations and the large-scale circulation of the Eastern
Tropical North Pacific Ocean (ETNP) makes it ideal for studying
regional and global climatic shifts over different time scales (e.g.,
orbital to centennial scales). Besides, tectonic dynamics contribute
to sedimentary variations reflecting changes in sea level, ocean
circulation, and local geological processes (Lizarralde et al., 2007;
Miller and Lizarralde, 2013; Lizarralde et al., 2023).

1.1 Climate setting

The GoC is an elongated oceanic basin that extends over
1,000 km where interactions between the ocean, atmosphere,
and land are interconnected and influenced by the Pacific
Ocean dynamics (Lavin and Marinone, 2003; Lavin et al,
2014). The GoC is also affected by the North American
Monsoon (NAM), the position of the ITCZ, the NPH, and the
hemispheric teleconnections (Amador et al, 2006; Pérez-Cruz,
2013; Barron et al., 2014) (Figure 1A).

The GoC has monsoon climate-driven seasonal wind reversal,
characterized by two modes. These modes vary in intensity and
duration owing to changes in insolation over different time scales
(Douglas et al., 2007; Pérez-Cruz, 2013). Insolation is lowest during
the winter-spring mode. The position of the NPH is around
30°N, driving NW winds along the gulf at speeds up to 12 ms™
(Bordoni et al., 2004; Douglas et al., 2007; Pérez-Cruz, 2013). This
promotes mixing and wind-driven upwelling, enhancing nutrient
supply and productivity. The ITCZ is located at its southernmost
annual position during the winter-spring mode. The Mexican
Coastal Current (MCC), also known as the Western Coastal Current
(WMC), weakens during this mode, and the Tropical Surface Water
along the gulf becomes less evident (Badan-Dangon et al., 1985;
Garcia-Morales et al., 2017) (Figure 1A).
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FIGURE 1
(A) Atmospheric and ocean dynamics in summer (white) and in winter (blue): NPH, North Pacific High-Pressure system; SLPS, Sonora Low-Pressure
System; CC, California Current; MCC, Mexican Coastal Current; Costa Rica Coastal Current, CRCC; Costa Rica Dome, CRD. Continuous lines indicate
the front between the CC and the Tropical Surface Water (Kessler, 2006). Dashed lines represent the average position of the Intertropical Convergence
Zone. (B) Holes U1545-A, U1549-A and MD02-2515 (Pichevin et al., 2012).

In contrast, during the summer-fall mode, insolation is
maximum. The NPH and ITCZ move north to approximately 35°
and 13°, respectively (Badan-Dangon et al.,, 1991; Bordoni et al.,
2004), with wind direction reversing (Figure 1A). This leads
to SEwinds propagating over the gulf in pulses with wind
speeds of ~3-5 ms~! (Badan-Dangon et al., 1991; Bordoni et al,,
2004). Summer and fall winds are weak, and productivity
declines. The MCC and Costa Rica Coastal Current (CRCC)
promote the incursion of Tropical Surface Water into the GoC
(Santamaria-del-Angel et al., 1994; Lluch-Cota, 2000; Lavin and
Marinone, 2003; Espinosa-Carreén and Escobedo-Urias, 2017).

The oceanic circulation in the GoC exhibits distinct seasonal
patterns and dynamic mesoscale features. According to numerical
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modeling (Lavin and Marinone, 2003), during the summer-fall
mode, there is a general cyclonic circulation with water inflow
along the eastern margin and outflow along the western margin
(Figure 2A). This pattern reverses during winter (Figure 2B) (Ripa,
1997; Palacios-Herndndez et al., 2002; Marinone, 2003). Beyond this
general circulation, mesoscale structures such as eddies, meanders,
and jets frequently occur (Figures 2C-E), playing a significant
role in the region’s ocean dynamics (Fernindez-Barajas et al.,
1994; Pegau et al, 2002; Lavin et al,, 2013; Lavin et al., 2014;
Mercado-Santana et al., 2017; Acevedo-Acosta and Martinez-
Loépez, 2022).

In the GB, prominent circulation features include mesoscale
eddies (Figure 2C), which significantly influence basin productivity
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Ocean surface circulation patterns in the GoC. (A) Summer-fall mode. (B) Winter-spring mode. (C) Schematic representation of mesoscale eddies
circulation in the GoC (modified from Acevedo-Acosta and Martinez-Lopez, 2022). Satellite imagery of chlorophyll distribution illustrating key physical
processes driving productivity in GB (Mercado-Santana et al., 2017; Multisensor imagery, Aqua/MODIS, Terra/MODIS, and VIIRS): (D) Wind-driven
upwellings and mesoscale eddies (Chla sat, January 9, 2016), and (E) Tidal mixing and internal waves (Chla sat, August 5, 2016). Monthly frequency of
mesoscale processes (Garcia-Morales et al., 2017): (F) Cyclonic eddies, and (G) Anticyclonic eddies. (H) Wind-driven upwelling
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(Figure 2D) (Lavin et al., 2013; Lavin et al, 2014; Garcia-
Morales et al., 2017). The formation of these eddies has been studied
using various techniques, such as satellite imagery of sea surface
temperature (SST) and chlorophyll-a (Mercado-Santana et al., 2017;
Figures 2D,E) (Badan-Dangon et al., 1985; Gaxiola-Castro et al.,
1999; Pegau et al, 2002; Garcia-Morales et al., 2017), satellite-
tracked drifters (Lavin et al., 1997), and numerical models
(Zamudio et al., 2008). Direct observations reveal that eddies
are closely spaced along the GoC, alternating between cyclonic
and anticyclonic rotations (Figure 2C) (Fernandez-Barajas et al.,
1994; Lavin et al, 2013). Cyclonic eddies are most noticeable
from February to April and from June to July (Figure 2F),
while anticyclonic eddies are more prominent from January
to May (Figure 2G) (Garcia-Morales et al., 2017). Anticyclonic
eddies enhance productivity by pumping nutrient-rich waters
along the continental slope and transporting chlorophyll-a-rich
waters, especially when they interact with coastal upwelling
systems (Merino and Monreal-Gémez, 2009; Dufois et al., 2016;
Venkatachalam et al, 2017). These features play a crucial role
in transporting suspended materials, facilitating vertical nutrient
exchange between subsurface and surface layers, and influencing
the distribution of phytoplankton, thus promoting high productivity
along the western side of the gulf (Garcia-Morales et al.,, 2017;
Lopez-Martinez et al, 2023). In contrast, the eastern margin
primarily relies on wind-driven upwelling as the dominant driver
of productivity during winter and spring (Figure 2H).

1.2 Sediment sequence

The relationship between winds, physical processes, plankton
productivity, and the sinking of plankton to the seafloor that
generates skeletal debris, bio-opal (opal), and calcium carbonate
exemplifies how physical and climate drivers influence biogenic
sedimentation (Thunell, 1998). The modern GB is recognized
for the rapid sedimentation of predominantly diatomaceous ooze
(Calvert, 1966; Douglas et al., 2007; Teske et al, 2021). The
productivity exported is recorded in the sediments covering the
seafloor, which consist of both organic-rich sediments derived
from highly productive overlying waters and terrigenous material
input from continental margins in summer, primarily via fluvial
processes (Calvert, 1966; Baumgartner et al., 1991; Thunell et al,,
1994; Thunell, 1998; Barbara et al., 2016).

The core sediments analyzed in this study mainly consist of a mix
of biogenic and terrigenous materials, particularly siliceous diatom
oozes containing clay-to-silt-sized siliciclastic particles (Persad
and Marsaglia, 2023). This composition reflects the region’s high
biogenic silica productivity, with diatoms being the primary
siliceous microfossil.

1.3 Previous studies

During the late Quaternary, the global climate alternated
between warm interglacial and cold glacial periods (Lisiecki and
Raymo, 2005). These climate changes influenced the oceanic
circulation, biological productivity, and the global carbon cycle
(Bauska et al., 2021). Paleoceanographic and paleoclimate records
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in the GB during the past 50,000 years include various proxies
(Barron et al., 2005; McClymont et al., 2012; Pichevin et al., 2012;
2014; Barron et al,, 2014). Younger Dryas-like (YD) events have
been identified in GB during glacial conditions, characterized by low
productivity and high terrigenous input (Cheshire et al., 2005). Also,
productivity shifts are recognized from Marine Isotope Stages MIS-
3 to MIS-1 (Pichevin et al., 2012; Price et al., 2013; Barron et al.,
2014; Velazquez-Aguilar et al., 2024). During MIS-3 and-1, high
productivity is attributed to active wind-driven upwelling and well-
mixed conditions. During MIS-2, particularly at the Last Glacial
Maximum (LGM), the weakening of wind-driven upwelling resulted
in low productivity (Price et al., 2013) and oligotrophic conditions
(Barron et al., 2014; Velazquez-Aguilar et al., 2024). Other records
indicate low productivity during the Heinrich-I event and the
YD compared to the Holocene (MIS-1) (Barron et al, 2005;
Barron et al., 2014; Pichevin et al., 2012; Velazquez-Aguilar et al.,
2024). In the Holocene, proxies indicate high productivity in the
GB during the Holocene Climate Optimum (HCO) (Veldzquez-
Aguilar et al., 2024).

Pichevin et al. (2012), Pichevin et al. (2014) analyzed silica
fluxes and the Si/C,,, ratio in sediments from the GoC and found
that the Si/C,, ratio increases significantly during periods of
intense upwelling. They found that these periods are associated
with transient iron (Fe) limitation that results in a high export
of silica relative to organic carbon, a diagnostic trait for diatoms
growing under iron stress, which enhances their silica uptake. This
suggests that the high opal burial observed in the GoC can be
partially attributed to the presence of transient Fe limitation, and
consequently, the diatom 9°°Si there increases with greater silicic
acid utilization (Pichevin et al., 2014).

Overall, the paleoceanographic studies in this region outline that
the environmental processes influencing GB productivity still need
further investigation. This study aims to enhance our understanding
of productivity changes in the northwestern and central basins over
the past 31,200 years using geochemical proxies with opal and Ba/Ti
values. We focus on significant shifts and their underlying causes.
The study examines the role of oceanic processes, such as wind-
driven upwelling and mesoscale eddies, in shaping productivity
patterns. Additionally, the research assesses how climatic changes
influenced the GB and GoC dynamics.

2 Materials and methods
2.1 Core collection and sampling

During the IODP Expedition 385 in the GB, cores were
recovered aboard the deep-sea R/V JOIDES Resolution (JR). We
focus on two sites, U1545 and U1549, specifically Hole A drilled
at each site. Hole U1545A is located in the northwestern part of
the GB at 27°38.23'N, 111°53.34'W (Figure 1B) (Teske et al., 2021),
and we studied the uppermost 42.29 m below the seafloor (mbsf) of
sediments (cores 1H-5H), with a resolution of approximately 30 cm
(n = 122). Hole U1549A is located in the central part of the GB at
27°28.33'N, 111°28.78'W (Figure 1B) (Teske et al., 2021), and we
studied the uppermost 29.19 mbsf of sediments (cores 1H-4H) with
a resolution of approximately 60 cm (n = 29).
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2.2 Age models

The age models reported by Veldzquez-Aguilar et al. (2024)
are revised for this study. Age models are based on 17 accelerator
mass spectrometry *C dates of bulk sediment samples from Hole
U1545A and 12 from Hole U1549A (Table 1). AMS radiocarbon
analyses were conducted at the Rafter GNS Science at the National
Isotope Centre, in New Zealand. The age models and sedimentation
rates are calculated using Bayesian statistics with a Markov
Chain-Montecarlo algorithm and the Marine20 calibration curve
(Heaton et al., 2020). The calculations were performed using the R
statistical software version 4.3.0 (R Core Team, 2020) and the rbacon
library (Blaauw et al., 2011). Radiocarbon dates were corrected using
a local reservoir age of AR = 301 + 50 years (Goodfriend and
Flessa, 1997). For Hole U1545A, ages were in stratigraphic order.
The time frame spanned 31,260 to 490 cal years BP (Figure 3A),
with an average sedimentation rate of ~1.45 mmyr ' (Figure 3B).
It is worth mentioning that the sediments in the studied cores
show no signs of disturbance or hiatus (Teske et al., 2021). Hole
U1549A, ages ranged from 16,750 to 130 cal years BP (Figure 3C).
The sample U1549-A-3H-1W_20-22 at 16.21 mbsf (Figure 3D) was
in a gravity flow deposit (Teske et al., 2021), which could introduce
an age error. To address it, we integrated the information on gravity
flow depth into the Bacon software. This adjustment improved the
accuracy and reliability of the age-depth relationship, providing a
reliable calibration process and ensuring that it accurately accounts
for temporal variations of accumulation rates.

2.3 Geochemical analyses

Exported biogenic silica (opal) is one of the major components
in pelagic sediments, especially in high-nutrient environments
where siliceous phytoplankton is abundant (Ragueneau et al,
1996). In the GB, the skeletal remains of siliceous organisms
provide a record to identify changes in surface primary productivity
(Sancetta, 1995; Barron et al., 2014). Opal records show a higher
preservation efliciency than other productivity proxies (such as
organic carbon) and better reflect changes in surface productivity
(Ragueneau et al., 2000). Thus, they provide valuable insight into
changes in surface ocean processes (Ragueneau et al., 1996). The
composition of specific biogenic elements (diatoms) compared
to the element concentrations in marine plankton in the GoC
sediments suggests the accumulation of Si and Ba as opal and
biogenic barite (Brumsack, 1989; Aiello et al., 2024).

In the sediments examined in this study, diatoms are the primary
siliceous microfossils and the main contributors to opal records.
Opal analysis was conducted using the wet-alkaline extraction
procedure (Mortlock and Froelich, 1989) at the Laboratorio de
Paleoceanografia y Paleoclimas, Instituto de Geofisica, UNAM. This
method is commonly used for marine depositional environments
with high opal concentrations in the sediments (>3% by weight)
(Mortlock and Froelich, 1989; Hayes et al., 2021). Samples were
freeze-dried for 48 h, ground with an agate mortar and pestle,
weighed into 50 mL centrifuge tubes, and then treated with 10%
hydrogen peroxide (H,0O,) and hydrochloric acid (HCI) to eliminate
organic matter and carbonates. Alkaline extraction was performed
at 85°C for 5h using a Na,CO; solution (2M) that leached
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biogenic opal from sediments (DeMaster, 1981; Hayes et al., 2021).
The silica content was determined by silicon-molybdenum blue
spectrophotometry at the Aquatic Bio-geochemistry laboratory,
Instituto de Ciencias del Mar y Limnologia, UNAM, and the
absorbance was read in a spectrophotometer at 812 nm.

Barium, Ba/Al, Ba/Ca, Ba/Ti, and Ba/Fe values have been
used as proxies of paleoproductivity in several environments
(Dymond et al., 1992; Paytan et al, 1996; Lowery et al., 2018;
Sajid et al., 2020). High Ba/Ti values have been linked to high
Corg
(Dymond et al., 1992). Terrigenous elements, including Fe, Ti, Si,

values because biogenic Ba is associated with organic matter

and K, originate mainly from the erosion of continental rocks and
are useful indicators of sediment transport from land to the deep sea
(Rothwell, 1989). Ti has been used as a proxy for reconstructing past
hydrological changes. High concentrations of Ti indicate increased
riverine discharges, while lower Ti values are linked to periods
of aridity (Haug et al., 2001; Haug et al, 2003; Cheshire and
Thurow, 2013; Pérez-Cruz, 2013).

Cores from holes U1545A and U1549A were scanned with a
third-generation energy-dispersive Avaatech® X-ray fluorescence
(XRF) core scanner (target X-ray tube: Rh) at the JR Science
Operator XRF Facility at the Gulf Coast Repository of Texas A&M
University. The split cores were covered with 4-um-thick SPEX
SamplePrep Ultralene foil to avoid contamination. Scans were
conducted at different voltages to determine a range of elements:
10 kV (Al to Fe), with a beam current of 0.160 mA and a count time
of 6 s; 30 kV (Co. to Zr) with a beam current of 1.250 mA and a count
time of 6 s, and 50 kV (Ba), with a beam current of 0.750 mA and
a count time of 10 s. X-ray spectra were processed with the bAxil
software from BrightSpec, at a resolution of 2 cm in Hole U1545A
and 5 cm in Hole U1549A.

2.4 Statistical data management

For uncertainties, we used quadratic propagation of all potential
uncertainty sources (Ellison and Williams, 2012). These included
sample mass, blank variability, and absorbance variability for opal.
We analyzed four samples, two with high and two with low
opal concentrations, each with six replicates. Uncertainties were
propagated through all calculation steps, from sample preparation
to final calculation. The Ba/Ti data uncertainties were calculated by
analyzing 15 replicates of the certified international standard SARM-
4 (Cantillo, 1992). This standard assessed the uncertainty of the data
measurements using the Avaatech® XRF core scanner. SARM-4 was
measured at 10 kV and 50 kV for Ti and Ba, respectively.

2.5 Opal comparison and interpolation

The opal comparison was performed for the last 16,500 cal yr
BP, considering the overlapping timeframe of both holes, U1545A
(n=50) and U1549A (n = 27). To enable a direct comparison, linear
interpolation was applied to both datasets to homogenize sample
resolutions, ages, and variations in sedimentation rates, resulting in
two curves with 77 data points. Once interpolated, we subtracted the
opal values from Hole U1549A from those of Hole U1545A. This
resulted in a new curve representing the opal differences.
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TABLE 1 Guaymas Basin, Gulf of California, Mexico, radiocarbon data (Velazquez-Aguilar et al., 2024).

Hole Material | AMSYC lab number® '*C age (*Cyears) = Mean calibrated age® 1o range (cal yr BP)
(cal yr BP)

Bulk Sediment NZA 73592 1,320 + 20 754 384-2,390
Bulk Sediment NZA 73603 3,763+ 23 3,352 3,047-4,345
Bulk Sediment NZA 73605 5,525 + 25 5,427 5,201-5,698
Bulk Sediment NZA 73606 6,503 £ 27 6,416 6,201-6,630
Bulk Sediment NZA 73607 7,972+ 30 7,909 7,672-8,135
Bulk Sediment NZA 73608 11,364 £ 41 12,355 12,120-12,540
Bulk Sediment NZA 73609 11,500 + 42 12,567 12,385-12,715
Bulk Sediment NZA 73610 12,1324 44 13,046 12,851-13,221

Ul545-A  Bulk Sediment NZA 73611 12,371 £ 46 13,383 13,197-13,569
Bulk Sediment NZA 73593 12,559 + 47 13,884 13,632-14,229
Bulk Sediment NZA 76034 15,873 74 18,021 17,662-18,336
Bulk Sediment NZA 73594 19,934 £ 107 22,239 21,561-22,684
Bulk Sediment NZA 73595 21,748 + 133 24,593 24,197-24,929
Bulk Sediment NZA 73596 22,064 + 137 24921 24,522-25,244
Bulk Sediment NZA 73597 24022 £ 175 27,046 26,900-27,637
Bulk Sediment NZA 73598 28,077 + 283 30,561 30,091-31,058
Bulk Sediment NZA 73599 28,238 + 292 31,272 30,809-31,790
Bulk Sediment NZA 73600 1,787 +21 958 770-1,190
Bulk Sediment NZA 73601 2753+ 22 1,995 1,792-2,239
Bulk Sediment NZA 73602 3,800 % 24 3,250 3,040-3,460
Bulk Sediment NZA 73604 4632+25 4,176 3,911-4,393
Bulk Sediment NZA 73752 6718+ 28 6,778 6,577-7,009

UI549-A  Bulk Sediment NZA 73753 7,172+ 28 7,254 7,066-7,471
Bulk Sediment NZA 73754 8,631 £ 32 8,600 8,342-8,859
Bulk Sediment NZA 73756 11,710 + 43 10,993 10,477-11,482
Bulk Sediment NZA 73757 12,588 + 47 13,612 13,388-13,847
Bulk Sediment NZA 73758 14,427 £ 56 15,842 15,409-16,188
Bulk Sediment NZA 73759 14,876 + 59 16,752 16,372-17,062

“National isotope centre, GNS science, PO box 31-312 Lower Hutt, New Zealand.
YA reservoir age of 301 + 50.
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(A) Age-depth relationship and (B) sedimentation rate (red, mean values; grayscale, probability density) for Hole U1545A. (C) Age-depth relationship. (D)
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3 Results
3.1 Hole U1545A

The opal records in Hole UI545A reveal notable
variations (Figure 4A). Between ~31,200 and ~26,500 cal yr BP,
the record exhibited significant fluctuations, with an average opal
content of 32.2%. A peak of 46.5% was observed at ~31,000 cal
yr BP. High opal values were recorded between ~30,000 and
~28,000 cal yr BP, followed by an overall declining trend during
this period. From ~26,500 to ~19,000 cal yr BP, the opal content
was relatively lower than during the preceding interval, averaging
26.9%. Despite this, the period included high opal values, reaching
around 38% at ~24,750 cal yr BP. This period exhibited the most
pronounced fluctuations in the entire record. The lowest opal value
across the whole record, 13.8%, was recorded at ~25,200 cal yr
BP, highlighting the high variability during this period. Between
~19,000 and ~11,700 cal yr BP, the opal content fluctuated from
23.7% to 39.2%, averaging 33.5%. During this period, the opal
increased from ~18,500 to ~17,000 cal yr BP, followed by a decline
between ~17,000 and ~16,000 cal yr BP. The opal displayed a steady
and consistent decrease from ~16,000 to ~11,000 cal yr BP.

Frontiers in Earth Science

The opal content declined from ~10,500 to ~4,200 cal yr BP
with an average of 33.4%. The highest values during this interval
were recorded at ~10,500 and ~10,300 cal yr BP, reaching 43.4% and
40.5%, respectively. In contrast, the lowest values occurred at ~7,000
and ~6,000, dropping to 22.8% and 17.6%, respectively. This period
was characterized by a gradual decrease in opal content, punctuated
by these peaks and troughs. The opal content generally increased
from ~4,200 to ~500 cal yr BP. However, there is a notable minimum
peak of 15.6% at ~1,400 cal yr BP.

The Ba/Ti record from Hole U1545A (Figure 4C) exhibits a
series of distinct temporal variations and step-like changes. The
lowest values occurred between ~31,200 and ~23,000 cal yr BP,
with a minor increase observed from ~28,500 to ~26,500 cal yr BP.
Following this interval, Ba/Ti values steadily rose from ~23,000 to
~18,000 cal yr BP. This upward trend persisted from ~18,000 cal yr
BP to ~7,000 calyr BP, characterized by significant fluctuations and
episodic peaks. Notably, two intervals of high values were observed
from ~14,700 to ~11,700 cal yr BP and from ~10,000 to ~7,000 cal
yr BP. From ~7,000 to ~500 cal yr BP, the Ba/Ti values increased,
punctuated by episodic events characterized by high values. This
period further covered the overall upward trend observed in
the record.
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uncertainties (gray) in Hole U1549A. Three-point running average (orange). (C) Ba/Ti (log) in Hole U1545A (magenta), ten-point moving average (dark
purple), and uncertainties (gray). (D) Ba/Ti (log) in Hole U1549A (lilac), ten-point moving average (dark red), and uncertainties (gray). (E) Opal
comparison between holes U1545A (northwestern sector of GB) and U1549A (central GB). Intervals where opal content is higher in Holes U1545A
(green dots) and U1549A (blue dots). Titanium log, a proxy for terrigenous supply (in orange) with a ten-point running average in black for (F) Hole
U1545A and (G) Hole U1549A. Gray stripes identify Heinrich events and YD.

3.2 Hole U1549A

The opal content record for Hole U1549A exhibits a trend
similar to that observed in Hole U1545A (Figures 4A,B). Between
~16,700 and ~11,700 cal yr BP, the opal content showed wide
fluctuations, averaging around 24%. The highest values were
recorded at ~ 14,900 and ~14,500 cal yr BP, reaching 37.5%
and 31.2%, respectively. At ~11,700cal yr BP, opal content
decreased sharply to 9.2%. Opal content increased from ~11,000
to ~10,000 cal yr BP, followed by a declining trend from ~9,600
to ~6,500 cal yr BP. From 6,500 to the present, opal values
gradually increased, indicating a recovery in biogenic silica
deposition.

The Ba/Ti record from sediment cores in Hole U1549A reveals
distinct trends. Between ~16,700 and ~9,200 cal yr BP, Ba/Ti values
exhibit moderate fluctuations. The values slightly increase from
~9,200 to ~4,500 cal yr BP. This is followed by a decline in Ba/Ti
from ~4,500 to ~3,000 cal yr BP. From ~3,000 to ~130 cal yr
BP, the record displays an upward trend characterized by several
prominent peaks (Figure 4D).

Based on quadratic error propagation analysis, both holes had
low opal and Ba/Ti uncertainties (below 10%). Specifically, for
Hole U1545A, opal uncertainties ranged from 3.8% to 7%, and
for Hole U1549A, they ranged from 3.3% to 4.5%. For the Ba/Ti
ratio, the uncertainties were 6.1% in both holes. The data’s low
uncertainty values ensured their robustness and reliability, making
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them suitable for use in paleoceanographic and paleoclimatic
reconstructions.

3.3 Opal comparison between holes
U1545A and U1549A

Opal concentration records were higher in Hole U1545A, on
the western side of the GB, than in Hole U1549A, central GB, over
the past ~16,700 years, except during episodic events at the end of
the Deglaciation and the middle and late Holocene (Figure 4E). On
average, opal concentrations were >11% higher in Hole U1545A,
reaching maximum values up to 29% higher during the beginning
of MIS-1 (Bolling-Allerod).

3.4 Tirecords

The Ti record in Hole 1545A suggests a more significant
terrigenous input into the Guaymas Basin via fluvial during the late
Pleistocene than during the Holocene (Figure 4F). A decrease in
terrigenous material is observed between ~28,000 and ~26,500 cal
yr BP, followed by a significant increase during cold periods such
as the LGM, Heinrich Event 2 (H2), and Heinrich Event 1 (H1).
The Ti record from Hole U1549A displayed broader fluctuations
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throughout the sequence, with a slight decreasing trend toward
the Holocene (Figure 4G).

4 Discussion

Our results indicate that bio-opal exported productivity in the
GB sediments has changed over the past 31,200 years, highlighting
the impacts of physical processes that drive nutrient enrichment,
including mesoscale eddies, wind-driven upwelling, and shifts
in climate variability that fluctuate on orbital, millennial, and
centennial time scales. Variations in productivity between holes
may arise from the differing interactions of these processes in both
regions. Seven distinct conditions were observed on the millennial
scale: ~31,200 to ~26,500 cal yr BP (late MIS-3 to early MIS-2),
~26,500 to ~19,000 cal yr BP (LGM), ~19,000 to ~11,700 cal yr
BP (Deglaciation, BA, YD), ~11,700 to ~10,500 cal yr BP (the
onset of the Holocene), ~10,500-4,200 cal yr BP (early and middle
Holocene), and between ~4,200 and ~130 cal yr BP (late Holocene).

In Hole U1545A, during the late MIS-3-MIS-2, wide fluctuations
were observed from ~31,200 to ~26,500 cal yr BP. Productivity
was higher around the beginning of MIS-2 (Figure 5C), and high
productivity levels persisted until 26,000 cal yr BP. We suggest
that enhanced wind-driven upwelling fostered nutrient availability
and increased productivity during this interval. The migration
of the ITCZ during this period, which was positioned further
south (Leduc et al., 2009), resulted in winter-like conditions with
intensified northwestern winds. The laminated sediments found in
the cores of Hole U1545A during this period show seasonal changes
(Teske et al., 2021), which could indicate that active monsoon
conditions were presented and played a role in the observed high
productivity patterns. Other studies in the area have reported similar
productivity conditions (Barron et al., 2014; Pichevin et al., 2014).
These results are a consequence of the conditions that occur during
the winter formation of the Gulf of California Water (Veldzquez-
Aguilar et al., 2024) and when wind-driven upwelling along the
eastern margin of the Gulf intensifies.

The opal record from Hole 1545A exhibits pronounced
fluctuations and a slight decline in average productivity during LGM
between ~26,500 and ~19,000 cal yr BP compared to the previous
interval, as indicated by the opal content average. We propose that
the combined effects of low insolation in the Northern Hemisphere
(Berger and Loutre, 1991; Figure 5A), expanded North American
ice volume (Figure 5B), the southern extension of polar ice sheets,
and a likely weakening and southern migration of the NPH
(Loraetal,2017; Leduc et al., 2009), may have reduced the influence
of the NPH over GB during this period, leading to significant
productivity fluctuations. At certain intervals, this likely resulted
in weaker winds, diminished upwelling and mesoscale eddies,
enhanced precipitation and riverine discharges (Cheshire et al,
2005; Cheshire and Thurow, 2013), and the formation of less
saline waters (Veldazquez-Aguilar et al., 2024). These changes may
have intensified the stratification and limited the vertical nutrient
flux in the GB, ultimately affecting productivity. Notably, the bio-
opal record from U1545A had parallel trends from MDO02-2515
(Pichevin et al., 2012) (Figure 5D), with opal minima coinciding
with Heinrich events H2 and H1. The lowest productivity in our
record occurred during H2. Furthermore, these intervals correlate
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with increased terrigenous input in Hole 1545A (Figure 4F), likely
linked to high riverine discharge that may have impacted the
0°°Si (Figure 5E) during this period.

Conditions in the GB differ from those recorded during the LGM
off Oregon, where productivity increased (Lopes et al,, 2015). We
attribute this toasouthward displacement of the North Pacific Subpolar
Gyre (NPSG), which enhanced upwelling along the Oregon margin.
The expanded and intensified NPSG, driven by a southward shift of
midlatitude westerlies and increased wind stress from polar easterlies
(Grayetal.,2020), amplified upwelling along the northern gyre margin
(Oregon margin). This gyre reorganization reflects broader LGM
atmospheric shifts, including the southern migration of the NPH
pressure system (Lora et al., 2017). Therefore, the GB experienced
changes in circulation patterns, altered upwelling dynamics, and
modified nutrient distribution.

Our records from both holes in the northwestern (U1545A) and
the central (U1549A) sectors in GB showed similar trends from
~17,000 to ~11,700 cal yr BP. However, the opal content in Hole
U1545A remains high, particularly during the Bolling—Allerod. Low
productivity was observed at ~16,800 cal yr BP and ~12,900 to
~11,700 cal yr BP, corresponding to H1 and the YD. Barron et al.
(2014) also observed this decrease in silica burial, which correlated
with low ratios of Si to organic carbon (Si/C,,) and 8%si
(Pichevin et al,, 2014) (Figure 5E). In both holes, productivity
is relatively higher than in the previous period (Figures4A,B).
We propose that the formation of nearby mesoscale eddies in
the northwestern basin facilitated nutrient transport, increasing
productivity in that region. During this time, ITCZ shifted
southward (Figure 5F; Leduc et al., 2009), while climate conditions
contributed to the gradual movement of the NPH to around 30°N
(Gardner et al., 1997; Cheshire and Thurow, 2013) and the retreat of
the polar cell (Cheshire and Thurow, 2013). The consistent increase
in SST over the ETNP (Seo et al., 2016; Ford et al,, 2018) and
the Eastern Pacific Warm Pool (Benway et al., 2006) promotes the
strengthening of both the poleward MCC and CRCC, similar to
what is observed today during the summer months in the GoC. This,
in turn, enhances the formation and intensification of mesoscale
eddies (Lavin et al., 2013) and their influence along the GoC, thereby
boosting productivity in the northwestern GB (Figure 5C).

Productivity declined slightly, in steps, from ~10,500 to
~4,200 cal yr BP. However, our records also show high productivity
from ~10,500 to ~10,300 cal yr BP during the HCO (Figure 5C).
We suggest that intensified wind-driven upwelling and eddies at the
onset of the Holocene enhanced nutrient transport and distribution,
contributing to increased productivity. These conditions are likely
associated with summer insolation in the Northern Hemisphere
reaching a maximum at 10,000 cal yr BP (Berger and Loutre,
1991), the contraction of the atmospheric polar cell, driven by
higher insolation (Douglas et al, 2007; Cheshire and Thurow,
2013), the strong influence of the Hadley and Ferrel cells and
the more northerly mean position of the ITCZ followed by
its gradual southern migration (Koutavas and Lynch-Stieglitz,
2004; Leduc et al,, 2009). Such atmospheric conditions may have
intensified the northwestern winds, increased evaporation, and
further enhanced wind-driven upwelling along the eastern margin
of the GoC and the formation of the Gulf of California Water
(Velazquez-Aguilar et al., 2024). Additionally, the strength of NPH
and the northward migration of the ITCZ (McClymont et al.,
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(A) Summer solar radiation at 23°N (W/m?) (Berger and Loutre, 1991). (B) Ice volume over North America represented by eustatic sea-level equivalents
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2012) could have influenced the poleward movements of the
MCC and the CRCC. This, in turn, may have contributed
to the intensification of mesoscale eddies and their influence
along the GoC, further fostering high opal content in the
GB northwestern region (Figure 5C), as the mesoscale eddies
facilitated the redistribution of phytoplankton debris from coastal
upwelling areas.

Our records reveal inverse productivity trends between regions
during the middle Holocene, from ~7,000 cal yr BP to ~4,200 cal yr
BP, characterized by a decline in productivity in the NW area but a
marked increase in the central basin (Figure 5G). This is evidenced
by a comparison of the opal records in both holes (Figure 4E), where
productivity was slightly higher in Hole U1549A. The conditions
may have been influenced primarily by enhanced winter-spring
coastal wind-driven upwellings on the eastern side of the Gulf.
This increase in upwelling promoted the siliceous productivity in
that area. Coastal wind-driven upwellings occur on the east margin
during winter and spring due to local winds (Badan-Dangon et al.,
1991); in contrast, the western side experiences weaker upwellings
and less intense eddies. Similar conditions were suggested between
~6,200 and ~5,400 cal yr BP (Barron et al., 2005; Pride et al., 2010).

From ~4,200 cal yr BP to the present, our records show a
consistent pattern of increased productivity. Insolation levels are low
during this period, and the ITCZ is positioned further south. Some
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studies suggest that the NPH gradually transitioned toward present
conditions (Gardner et al., 1997; Barron and Bukry, 2007), resulting
in northwestern winds and wind-driven upwelling in the eastern
margin. Additionally, warmer SST in the ETNP (Benway et al., 2006)
may have strengthened the poleward CRCC and MCC, as indicated
by the presence of Tropical Surface Water in the basin (Veldzquez-
Aguilar et al, 2024). This likely led to the formation of strong
eddies that could transport nutrient-rich water as they drifted away
into the gulf.

In Hole U1545A, located in the northwestern basin, Ba/Ti values
gradually increased from 31,000 to 18,000 cal yr BP. Both holes
(U1545A and I1545A) showed a moderate synchronous rise in
values from 18,000 to 11,000 cal yr BP, which continued in Hole
1545A until the early Holocene. A distinct pattern emerges in the
early Holocene, as Hole U1549 in the central basin records peak
Ba/Ti values, with both sites then displaying a gradually increasing
trend from the middle to late Holocene.

The sedimentary Ba/Ti values in both holes generally revealed
lower values during the cold glacial period and higher values during the
interglacial period. This suggests reduced BioBa accumulation and less
organic matter export from the surface during cold climate conditions,
as indicated in other Pacific regions (Narita et al., 2002; Jaccard et al.,
2005). However, variations at millennial and centennial time scales
of the Ba/Ti in the sediments of the GB may have been attributed
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to enhanced preservation of organic matter due to low O, without
necessarily higher productivity.

5 Conclusion

This study discusses how oceanic and atmospheric processes have
modulated the productivity in the GB over thelast 31,200 years and the
mechanisms that may have influenced climate and productivity linked
to changes in the summer insolation in the Northern Hemisphere
owing to shifts in the tilt and precession, the shifts of the NPH and the
ITCZ, and the circulation patterns of the ETNP.

The productivity GB, known for being one of the most
productive areas in the world, is likely related both to local processes
associated with the dynamics of the Pacific Ocean and to regional
and global climate variability. It is a complex system involving many
mechanisms and factors in varying oceanic and climatic conditions.

High productivity is particularly pronounced at the end of
MIS-3, HCO, and the late Holocene. This increase in productivity
is associated with the prevalence of mesoscale eddies and wind-
driven upwellings, which enhance nutrient distribution and likely
impact the NW region. The opal records suggest that eddies
have significantly influenced this area. Meanwhile, wind-driven
upwellings along the eastern margin likely impacted the central
region more. We observed a slight decline in productivity during the
LGM and a decrease during H2, H1, and YD.

Our findings show that local productivity varies with physical
process interactions. The oceanographic conditions and biological
productivity in the GB are governed by the Eastern Tropical
Pacific circulation through synergistic mechanisms: atmospheric
forcing, where trade winds and their northward extension modulate
the NPH; intensifying wind-driven upwelling and nutrient
supply; mesoscale eddies that redistribute nutrients (adding
spatiotemporal complexity); and biochemical processes, such as
the presence of transient Fe limitation, which is superimposed on
the basin’s dynamics.

Determining which process might be the most significant or
whether the observed patterns result from their combined actions
remains challenging. Future research should focus on detailed
multidisciplinary oceanographic studies to enable substantial
comparisons with fossil records and provide constraints into past
and present oceanic dynamics. Findings underscore the key role
of dynamic physical processes in shaping long-term productivity
patterns in GoC marginal basins.
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