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The high-resolution analysis of radiolarians and silicoflagellates in sediments from Holes U1545A and U1549A drilled during IODP Expedition 385 in the Guaymas Basin, in the Gulf of California provides detailed insights into the evolution of ocean circulation and water masses, and its relation to Eastern Tropical Pacific Ocean climate conditions, over the past 31,000 cal years BP (based on AMS radiocarbon dates). In the pre-Last Glacial Maximum, the Guaymas Basin experienced alternating circulation patterns of California Current Water (CCW) and Gulf of California Water (GCW), with an extended presence of the Pacific Intermediate Water (PIW) owing to: amplified jet streams; southern movement of the California Current System (CCS) and the incursion of CCW into the gulf; and increased North Pacific Intermediate Water (NPIW) formation. The Last Glacial Maximum witnessed the incursion of CCW due to the stronger CCS. The dominance of the PIW indicates the expansion and formation of NPIW. The Heinrich-I event as manifested in the core record, displays two distinct patterns, one suggesting GCW-like dominance and the other, the occurrence of CCW. The Bølling-Ållerød interstadial featured the entry of Tropical Surface Water (TSW), GCW, and CCW, linked with the northward migration of the Intertropical Convergence Zone. In the Younger Dryas, CCW dominated, transitioning to GCW as colder climatic conditions and more intense CCS. The Holocene displayed alternating periods of TSW and GCW, with a modern monsoon regime from 7,600 to 1,000 cal years BP. From 1,000 cal years BP to the present the ITCZ shifted to the south.
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1 INTRODUCTION
The sedimentary records in the Gulf of California (GoC), and in particular in the Guaymas Basin (GB), play a crucial role in paleoceanographic and paleoclimatic studies because of the unique setting that allows the preservation of high-resolution sedimentary sequences, providing valuable insights into past environmental changes (e.g., Barron et al., 2005; McClymont et al., 2012). The sensitivity of the GB to regional variations in the gulf and the larger-scale climate circulation of the Eastern Tropical Pacific Ocean (ETPO) makes its sediment record an ideal proxy for unraveling regional and global climatic shifts (e.g., Barron et al., 2005), plus 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).
Key paleoclimatic changes in the GB over the late Quaternary have revealed significant insights through multiproxy analyses, including stable isotopes, biomarkers, and microfossil assemblages, that offer understandings into sea surface temperature (SST) changes, surface and subsurface circulation, productivity, and precipitation regimes. In particular, studies of climatic variability across the GB have covered mainly the last ∼20,000 cal years BP at different timescales (e.g., Keiwin and Jones, 1990; Sancetta, 1995; Pride et al., 1999; Barron et al., 2005; McClymont et al., 2012); however, some studies extend further to ∼50,000 cal years BP (Price et al., 2012; Cheshire and Thurow, 2013; Barron et al., 2014). Paleoclimatic reconstructions are based on several proxies (e.g., microfossils, opal, TOC, stable isotopes of δ18O and δ15Norg, molecular U37K′ and TEX86H indexes, and reflectance) to identify changes in ocean productivity, wind-driven upwellings, as well as shifts in water column oxygenation and SST. Barron et al. (2014) suggested warm and stratified conditions during MIS 3 in the GB, in contrast to the presence of cold (SST <16°C) and low-salinity water during MIS 2. The included Heinrich Events (HE 3, 2, and 1) were characterized by low-productivity conditions due to diminishing upwelling because of the weakening of northwesterly winds (Price et al., 2012). During the Last Glacial Maximum (LGM), it has been suggested that productivity decreased, and precipitation increased, due to the latitudinal migration of the North Pacific High (NPH) and the polar jet stream, towards their southern position (Cheshire and Thurow, 2013); however, in model simulation studies these conditions are not observed (McClymont et al., 2012). Around 16,500 cal years BP, a cold episode was defined, characterized by increased precipitation and surface waters with low salinity in the GB (Keiwin and Jones, 1990). This suggests weakened northwesterly winds and subtropical water incursions into the GoC, causing changes in the extent of subsurface waters and diminishing upwelling and mixing processes (Pride et al., 1999). In the GB during the Bølling-Ållerød (B/A), alternating periods of eutrophic and oligotrophic conditions have been recognized with a sudden increase in SST of 3°C recorded at ∼13,000 cal years BP (McClymont et al., 2012). The Younger Dryas was identified as a transitional event with highly oxygenated intermediate waters in the GoC (Keiwin and Jones, 1990), low productivity, and conditions similar to those developed during El Niño Southern Oscillation (ENSO) (Barron et al., 2005), as well as an increase in the GB SST (McClymont et al., 2012; Price et al., 2012). Records of SST suggest a warm climate during the Holocene (SST >24°C) and, in general, high productivity (Douglas et al., 2007). Furthermore, the modern east-west contrast in productivity in the GoC began between ∼6,200 and 5,400 cal years BP, associated with the onset of the North American Monsoon (NAM) system (Barron et al., 2005). Also, changes in the SST were identified at ∼10,000 cal years BP and ∼8,200 cal years BP and linked to the migration of the Intertropical Convergence Zone (ITCZ) and the NPH (McClymont et al., 2012) to the north.
Although several paleoceanographic studies have been developed in this region, understanding the hydrographic structure of the GoC and processes forcing changes still needs to be well resolved. It is crucial to unravel how the Pacific Ocean dynamic and global climate have influenced the gulf to decipher the intricate relationship between the ETPO and the GoC, which in turn will shed light on climatic evolution during the late Quaternary. High-resolution proxy data are also required to allow constrained models and enhance their accuracy.
This study focuses on siliceous microfossils—polycystine radiolarians (hereafter referred to as radiolarians) and silicoflagellates—to reconstruct hydrographic structure, water masses, and circulation patterns in the GB during the past 31,000 cal years BP.
Radiolarians are widely distributed in the ocean, dwelling in shallow and deep environments associated with different water masses and their corresponding physical-chemical properties (e.g., temperature, salinity, nutrients) (Molina-Cruz et al., 1999; Boltovskoy et al., 2010), and silicoflagellates are particularly abundant in nutrient-rich, upwelling areas (Schrader et al., 1986; Barron et al., 2014), and reflect changes in SST (Barron et al., 2004). Although proxies have distinct sensitivities and limitations, silicoflagellates and shallow-dwelling radiolarians respond similarly to specific physical and chemical environmental changes. Thus, these proxies may be jointly considered when interpreting climate variations over time. Here, we present high-resolution records of radiolarian assemblages and silicoflagellates to (1) investigate hydrographic and climatic changes on glacial-interglacial, millennial, and sub-millennial timescales and (2) establish the links of the regional hydrographic settings to the ETPO. Understanding the occurrence of water masses in the past will expand the knowledge about oceanographic dynamics and its relationship with regional and global climatic variability.
1.1 Study area
The GoC is an inland sea in the ETPO (22–32°N, 105 to 115°W). It is 1,130 km long, and its width ranges from 80 to 200 km (Lavin and Marinone, 2003) (Figure 1A). The GB is located in the central GoC (27°–28°N, 111°–112°W) (Figure 1B); it is an elongate semi-enclosed basin formed by seafloor spreading since ∼6 Ma (Lizarralde et al., 2007; Miller and Lizarralde, 2013) with water depths up to 2000 m (Figure 2A) (Bray, 1988; Stock and Hodges, 1989; Lavin and Marinone, 2003; Lizarralde et al., 2007).
[image: Figure 1]FIGURE 1 | (A) Map showing the position of atmospheric centers and ITCZ position during summer and winter. Winds direction in the Gulf of California is shown in bold arrows. NPH, North Pacific High; SLPS, Sonora Low Pressure Center; CCW, California Current Water; WMC, West Mexican Current. Continuous bold lines represent the southern limit of the California Current System (CCS) during summer and winter (Kessler, 2006), (B) Location of sampled drilling sites U1545A and U1549A.
[image: Figure 2]FIGURE 2 | (A) Water masses in the Guaymas Basin: GCW, Gulf of California Water; TSW, Tropical Surface Water; StSsW, Subtropical Subsurface Water; PIW, Pacific Intermediate Water; PDW, Pacific Deep Water (Lavin et al., 2009). (B) Dissolved oxygen concentration in Guaymas Basin (García et al., 2006).
1.1.1 Climate setting
The hydrographic structure and circulation in the GoC are imposed mainly by the ETPO dynamic (Figure 1A) (Amador et al., 2006; Lavin et al., 2009; Lavín et al., 2014). The surface circulation is driven by seasonal climate variability (Amador et al., 2006; Lavin et al., 2009) in response to insolation and atmospheric changes that control the position of the NPH system, the wind and precipitation patterns (NAM), and the latitudinal migration of the ITCZ (Figure 1A) (Amador et al., 2006). These processes affect the pycnocline topography, thermocline depth, and the circulation of surface currents extending to the northern GoC, such as the California Current System (CCS) and the West Mexican Current (WMC) (Kessler, 2006; Lavín et al., 2014) (Figure 1A). Circulaton of the surface and subsurface water masses and the ocean dynamic in the GoC result from a net exchange of water with the Pacific Ocean, characterized by the outflow of 0–200 m surface water, inflow of 200–600 m subsurface water (Bray, 1988; Álvarez-Borrego, 2010), and by significant influence of the mesoscale geostrophic gyres (Lavín et al., 2014).
The climate in the GoC is markedly seasonal, with two well-defined phases. During the winter-spring phase, the insolation in the Northern Hemisphere is low at ∼225 W/m2 (De Menocal et al., 2000), and the ITCZ migrates southwards and approaches the equator (∼2°N) (Figure 1A) (Koutavas and Lynch-Stieglitz, 2005; Amador et al., 2006; Schneider et al., 2014). In the GoC, NW winds predominate (Lavin et al., 2009) and induce the transport of surface water along the eastern margin flowing out of the gulf enhancing wind-driven upwelling (Badan-Dangon et al., 1991), decreasing the SST, promoting a broader mixed layer and the weakening of the thermocline (Marinone, 2003; Douglas et al., 2007). In the summer-fall phase, insolation in the Northern Hemisphere is at its maximum at ∼450 W/m2 (De Menocal et al., 2000; Douglas et al., 2007), the ITCZ reaches its northernmost latitude located at ∼9°N (Figure 1A) (Koutavas and Lynch-Stieglitz, 2005; Schneider et al., 2014), and the SE winds strengthen (Lavin et al., 2009). In this phase, the temperature, humidity, and precipitation increase.
1.1.2 Water masses and surface ocean circulation
Water masses exchange with the Pacific through the mouth of the GoC, linking ETPO conditions to the GoC climate. In the GB, several water masses have been identified (Figure 2A; Table 1): the Pacific Deep Water (PDW), the Pacific Intermediate Water (PIW), the Subtropical Subsurface Water (StSsW), the Tropical Surface Water (TSW), and the Gulf of California Water (GCW); the latter originates by mixing of TSW with StSsW and evaporation processes inside the gulf (Lavin and Marinone, 2003; Lavin et al., 2009; 2014; Portela et al., 2016). In addition, California Current Water (CCW) has been identified in the mouth of the GoC (Lavin et al., 2009). Most of these water masses originate in the Pacific Ocean, except for the GCW, which forms inside the gulf. Several factors, including ocean circulation, climate, and bathymetry, influence them. Low oxygen concentrations at intermediate depths are characteristic of the GoC waters (e.g., Roden, 1964; Alvarez-Borrego and Lara-Lara, 1991). The concentration of oxygen at intermediate depths (∼500–1,100 m) is less than 0.1 mL/L (e.g., García et al., 2006; Figure 2B).
TABLE 1 | Water masses in the GoC.
[image: Table 1]The GB surface ocean circulation is driven by seasonal patterns. During the winter (Lavin and Marinone, 2003), NW winds cause a southward migration of the thermohaline front toward the mouth of the gulf. Thus, the flow of the TSW into the gulf decreases (Lavín et al., 2014; Portela et al., 2016), and evaporation conditions in the northern basin promote the formation of the GCW that flows south along the eastern margin of the gulf (Bray, 1988), while the CCW flows into the gulf along its southwestern margin (Portela et al., 2016). In the summer, TSW is transported toward the gulf strengthened by the SE winds, with enhanced upwelling on its western margin, and SST increased (Marinone, 2003). The warm surface waters cover the central and southern regions of the gulf, forming a deep thermocline, and the nutrient advection to the surface is delayed, thus decreasing the primary productivity (Álvarez-Borrego and Lara-Lara, 1991).
2 MATERIALS AND METHODS
2.1 Sediment cores
For this study, we analyzed sediment core samples obtained aboard of the deep-sea drill ship JOIDES Resolution during the International Ocean Discovery Program (IODP) Expedition 385 to the GB from September to November 2019. We focus on two sites (U1545-and U1549) and specifically cores recovered from the first (A) hole drilled at each site (Figure 1B). Hole U1545A is located on the lower slope off Baja California in the northwestern part of the GB (lat. 27°38.2325′N, long. 111°53.3406′W) in a water depth of 1,593.5 m. It was drilled to 503.3 m below seafloor (mbsf), corresponding to a curated core depth of 507.27 mbsf (Teske et al., 2021a), and for this study, we analyzed the uppermost first 41 m of sediments (Cores 385-U1545A-1H to 5H). Hole U1549A is located in the central-western part of the GB (lat. 27°28.3317′N, long. 111°28.7844′W), in a water depth of 1840.07 m; it was drilled to 168.0 mbsf, which corresponds to a curated core depth of 168.35 mbsf (Teske et al., 2021b), and we studied the uppermost 28 m of sediments (Cores 385-U1549A-1H to 4H).
2.2 Lithology
Sediments cored in Hole U1545A are mostly laminated diatom ooze and clay-rich diatom ooze, with laminae alternating between biogenic-particle-dominated (mainly diatom ooze) and terrigenous-particle-dominated (mainly clay minerals with minor siliciclastic silt) end members; the presence of lamination suggests that the hemipelagic sediments were deposited in suboxic to anoxic seafloor conditions (Teske et al., 2021b).
Sediments recovered in Hole 1549A, are mainly diatom ooze and clay-rich diatom ooze; however, from ∼18 to 14 m subseafloor depth (Sections 385-U1549A-3H-2, 3H-1, 2H-7, and 2H-6; Supplementary Figure S1), there is a thick depositional layer rich in terrigenous siliciclastic particles above a base marked by silt-to-sand-sized bioclasts (foraminifers and bivalves) and terrigenous debris. This layer correlates with tilted laminae (from Cores 385-U1549A-2H to 3H) owing to slope instability and mass-gravity flow and deposition (Teske et al., 2021a). Considering that a climatic signal would not have been recorded in this relatively instantaneously deposited event bed, samples were not taken for analysis from this interval.
2.3 Chronology and time frame
In the absence of microfossils (foraminifera), owing to their limited presence and/or preservation, bulk sediment radiocarbon dating by the accelerator mass spectrometry (AMS) technique is the most common approach and most appropriate for young, well-buried, capped, undisturbed sediments (Jull, 2007). Samples for radiocarbon dating were selected along the studied cores considering the sedimentation rates estimated from sparse, deeper biostratigraphic datums (Teske et al., 2021a; Teske et al., 2021b) and sample availability. On average, 5 g of sediment were taken for each sample. Chronology was based on 14C-AMS analyses (Table 2) performed on 28 bulk sediment samples from Hole U1545A (n = 17) and Hole U1549A (n = 11) at the Rafter Radiocarbon Laboratory, GNS Science, National Isotope Center (Lower Hutt, New Zealand). Radiocarbon ages were converted to calendar years with R statistical software version 4.3.0 (R Core Team, 2023) and Bacon library (Blaauw and Christen, 2011), applying Bayesian statistics with the Marine20 calibration curve (Heaton et al., 2020). Corrections for 14C-AMS ages were performed using a reservoir age of 301 ± 50 years (∆R) (Goodfriend and Flessa, 1997).
TABLE 2 | Radiocarbon 14C dates and calibrated ages for holes U1545A and U1549A.
[image: Table 2]2.4 Micropaleontology
We studied siliceous microfossils, radiolarians and silicoflagellates, in Holes U1545A (Sections U1545A-1H-1 to 5H-7, 41 m depth) and U1549A (Sections U1549A-1H-1 to 4H-2, 28 m depth).
Sampling was performed at ∼30 cm resolution in cores from Site U1545A (n = 122), and at ∼60 cm resolution in cores from Hole U1549A (n = 36), at the Gulf Coast Repository of IODP at Texas A&M University, College Station, Texas, United States. Samples were processed in the Laboratorio de Paleoceanografía y Paleoclimas, Instituto de Geofísica, National Autonomous University of Mexico, following the method by Pérez-Cruz (2006). Sediment samples were freeze-dried; 2 g of dry sediment was taken and placed in a beaker with 200 mL of water; later, 20 mL of 35% hydrochloric acid (HCl) and 25 mL of 35% hydrogen peroxide (H2O2) were added to dissolve the carbonate components and eliminate the organic matter, and then samples were heated on a rack at ∼300°C for 2 hours. Subsequently, the sediments were washed through 37 μm and 25 μm sieves. From the sieve material, slides for petrographic examination were prepared using Entellan mounting medium (refractive index 1.40–1.50 at 20°C). Radiolarians were identified from the >37 μm size fraction and silicoflagellates from the >25 μm size fraction, using a Zeiss light microscope with Planapo objectives (×10, ×20, and ×40). More than 300 specimens of each group of microfossils were identified in each sample to have statistically representative populations (Fatela and Taborda, 2000).
2.5 Statistical analysis
The specimen counts were converted to relative proportions and expressed as percentages of the radiolarian and silicoflagellate populations. A presence/persistence filter was applied to the radiolarian database to highlight the most representative species (more than 1% in the sample). These taxa were considered for applying a Q-mode factor analysis. Factor analysis is a statistical approach used to identify relationships between variables in a large data set (Pisias et al., 2013; Matul et al., 2018) and to resolve these variables into smaller dimensions with minimum loss of information called factors (Hirama et al., 2010). Q-mode factor analysis is one of the standard statistical techniques for estimating the (paleo) environmental parameters from the micropaleontological data archived in marine sediments (MARGO Project Members, 2009; Ortiz, 2011; Matul and Mohan, 2017), and it is used for improving paleoceanographic inferences based on marine micropaleontological quantitative data sets (Loubere and Qian, 1997; Pisias et al., 2013; Matul and Mohan, 2017). In this study, Q-mode factor analysis was performed using R Statistical software version 4.3.0 (R Core Team, 2023), with a maximized variance (VARIMAX) rotation that includes the rotation of the coordinates of data that results from a principal components analysis for maximizing the variance shared among variables. The number of significant factors within the model is usually determined through mathematical criteria by considering the eigenvalues (Molina-Cruz et al., 1999; Pérez-Cruz, 2006). Factor loadings represent the weighting of the factor on any given sample, and Factor scores identify the most relevant species defining the factors. The analysis groups the samples according to their similarity and defines species assemblages that are orthogonal over all samples (Welling et al., 1996).
3 RESULTS
3.1 Chronological frame and sedimentation rates
Radiocarbon dating of the GB sediments provides the chronology frame for our study covering the late Pleistocene (from the late MIS 3) to the Holocene (Table 2; Figures 3A, B). Sedimentation rates were interpolated between calendar-calibrated radiocarbon dates. The time frame for Hole U1545A spans from ∼31,260 to 486 cal years BP, and the sedimentation rates ranged from 0.82 mm/yr (∼6,416 and 5,427 cal years BP) to 2.48 mm/year (∼31,260 and 30,561 cal years BP) (Figure 3A). In Hole U1549A, the time frame spans from ∼16,754 to 133 cal years BP, and the sedimentation rates range from 0.41 mm/yr (∼8,600 and 7,254 cal years BP) to 1.90 mm/year (16,754 and 15,842 cal years BP) (Figure 3B). The sedimentation rates estimated based on our age models agree with earlier works in the GB. For the end of MIS 3, the estimated rate is 2.48 mm/yr, according to Pichevin et al. (2012), who indicated ∼2.2 mm/yr. In our records, the sedimentation rates in the B/A are close to ∼2 mm/yr in both holes, in agreement with the 2 mm/yr rate described by Barron et al. (2004). In Hole U1545A during the YD, the sedimentation rate decreased by ∼0.25 mm/yr and 1.0 mm/yr in Hole U1549A, similar to the rate suggested by Barron et al. (2004) of the 0.92 mm/yr.
[image: Figure 3]FIGURE 3 | Bacon age-depth model for holes (A) U1545A and (B) U1549A. In each plot, there are indicated Markov Chain MonteCarlo iterations (top left), the distribution of accumulation rates (top middle), and the probability distributions for memory (top right). The lower plot indicates the age-depth model. Individual radiocarbon dates are shown in probability density functions of calibrated ages. The grey area indicates the uncertainty of the age model with dashed lines indicating 95% confidence intervals. On the right side of each plot, sediment accumulation rates are plotted versus age.
The sedimentation rates from the Holocene in our cores ranged from ∼0.82 mm/yr and 0.41 mm/yr, which agree with Barron et al. (2005), who reported 0.88 mm/yr for the past 10,000 years, and with Teske et al. (2019) which estimated rates from 0.23 mm/yr to 1 mm/yr for the last ∼5,000 years.
3.2 Radiolarian assemblages
Radiolarians occur throughout the sediment succession in both holes; they are abundant, diverse, and well-preserved. In the samples of the Hole U1545A, 145 radiolarian taxa were found, and 115 taxa in Hole U1549A. The most characteristic taxa ranked by the presence/persistence filter were 26 and 34 in each hole. The Q-mode factor analysis identified four factors explaining more than 80% (U1545A) and 70% (U1549A) of the total variance within the radiolarian data (Table 3). Factor scores denote the importance of the species in each assemblage and are plotted to illustrate which species are grouped together according to the Q-mode analysis (Figures 4, 5). Based on the radiolarian assemblages and their environmental affinities to modern oceanographic conditions (mostly water masses) (see Table 4) in the GB, the factors are termed: 1) Gulf of California Water, 2) Tropical Surface Water, 3) Pacific Intermediate Water and, 4) California Current Water. Related to the specific effects of the oxygen concentrations in radiolarians we cannot provide evidence about them; more studies are required with living radiolarians comparing populations dwelling in anoxic and suboxic conditions. Factors loadings were plotted through the time and the main changes are described as follows.
TABLE 3 | Eigenvalues from Q-mode Factor Analysis, showing the importance of the four radiolarian assemblages (factors).
[image: Table 3][image: Figure 4]FIGURE 4 | Factor scores of the radiolarian taxa characterizing the four radiolarian assemblages in holes U1545A and U1549A.
[image: Figure 5]FIGURE 5 | Siliceous microfossils. Radiolarians (A) Arachnocorallium calvata, (B) Botryostrobus aquilonaris, (C) B. auritus-australis, (D) Cladoscenium sp cf. C. tricolpium, (E) Cycladophora davisiana, (F) Lithomelissa setosa, (G) L. thoracites, (H) Peridium longispinum, (I) Phorticium pylonium group, (J) Siphocampe lineata, (K) Tetrapyle octacantha group. Silicoflagellates (L) Dictyocha fibula var. messanensis, (M) Octactis octonaria var. pulchra, (N) Octactis speculum.
TABLE 4 | Environmental affinities of the radiolarians and silicoflagellates used in this study to reconstruct the oceanographic changes in the Guaymas Basin.
[image: Table 4]3.2.1 Hole U1545A
Factor 1, termed Pacific Intermediate Water, explains 42% of the total variance (Table 3). It shows its highest values, with slight fluctuations in four intervals from ∼30,690 to 24,755, 19,770 to 18,790, 18,050 to 14,360, and 13,400 to 12,200 cal years BP (Figure 6B). The lowest values of the factor occur throughout the Holocene; it is represented by Siphocampe lineata with a factor score of 4.59 (Figure 4). This species is a dweller of cold waters and ocean fronts (Boltovskoy and Riedel, 1987), inhabiting water depths from 300 to 1,000 m in the northern Pacific Ocean (Kling and Boltovskoy, 1995). Its highest abundances are restricted to high latitudes (Boltovskoy and Correa, 2016) in the arctic and subarctic regions of the northern Pacific Ocean (Takahashi, 1991; Kling and Boltovskoy, 1995; Boltovskoy and Correa, 2016). It was previously associated with the PIW in the GoC (Bernal-Ramírez, 2003). Thus, its dominant occurrence in this factor suggests the PIW flow strengthened in Hole U1545A during these intervals.
[image: Figure 6]FIGURE 6 | (A) Stratigraphic column of the Hole U1545A showing lithology (Teske et al., 2021b). (B) Factor loadings of the four factors identified from the Q-mode factor analysis and (C) relative abundances of silicoflagellates in Hole U1545A. (D) Stratigraphic column of the Hole U1549A showing lithology (Teske et al., 2021a). (E) Factor loadings of the four factors identified from the Q-mode factor analysis and, (F) relative abundances of silicoflagellates in Hole U1549A.
Factor 2, termed Tropical Surface Water, explains 22% of the total variance (Table 3). It shows its highest values in the Holocene from ∼11,300 to 640 cal years BP, in episodic intervals from ∼30,980 to 30,390, 28,340 to 27,400, and 14,110 to 12,090 cal years BP, and depicts peaks at ∼24,750, 19,030, and 15,350 cal years BP (Figures 6A, B). This factor is represented by T. octacantha group, L. thoracites, Phorticium pylonium group, and Peridium longispinum, with factor scores of 2.43, 1.75, 1.29, and 1.29, respectively (Figure 4). Members of the T. octacantha group are surface dwellers distributed mainly at 0–75 m depth in productive areas where chlorophyll-a is high (Ishitani and Takahashi, 2007; Hu et al., 2015), and it is an indicator of the tropical thermocline (Hu et al., 2015). This taxonomic group has been identified as the leading radiolarian species from the central equatorial Pacific (Welling et al., 1996). In the GoC, it was previously reported in the Pescadero and Farallon basins, coherent with the occurrence of the inflow of warm water mass in the southern gulf (Fernández-Barajas et al., 1994; Molina-Cruz et al., 1999). L. thoracites dwells in surface waters, from 0 to 100 m depth (Abelmann and Gowing, 1997), and it is the predominant species in the water surface of the GB (Molina-Cruz et al., 1999) and was associated with the TSW (Pisias, 1986), and with highly productive waters (Pisias, 1986). It is important to mention that, in the past, it was considered a group rather than a single species and was found to be a significant component of an assemblage related to winter conditions on the Pacific coast (Welling and Pisias, 1993). Members of P. pylonium group have a cosmopolitan distribution and they dwell in the upper 150 m of the water column in the ETPO (Boltovskoy et al., 2010). The group has been linked to upwelling along the western GoC and to strengthened SE winds (Molina-Cruz et al., 1999). P. longispinum is a surface mixed-layer dweller from 100 to 150 m depth in the GoC (Molina-Cruz et al., 1999) growing in similar environmental conditions of temperature and salinity to those described for L. thoracites, and in highly oxygenated waters, from 5 to 7 mL/L in the Pacific Ocean (Tanaka and Takahashi, 2008). Thus, the environmental affinities of this radiolarian assemblage suggest the inflow of the TSW in the GB, as seen nowadays by the weakening of NW winds and the strengthening of SE winds (Marinone, 2003; Amador et al., 2006). Furthermore, the occurrence of L. thoracites, P. pylonium group, and P. longispinum, may indicate the development of local upwelling processes on the western margin of the GoC, or the advection of nutrient-rich waters, mainly due to coastally-trapped waves in summer, internal waves, and/or the influence of cyclonic gyres.
Factor 3, termed California Current Water, explains 10% of the total variance (Table 3). It shows the highest importance during the late Pleistocene, from ∼30,830 to 28,670, 27,400 to 21,490, and 13,710 to 13,210 cal years BP, and in a peak at ∼11,820 cal years BP (Figure 6B). Cycladophora davisiana represents this factor with a factor score of 4.70 (Figure 4). This species dwells in intermediate-depth water ranging from ∼200 to 500 m depth in Southern California Current and the Okhotsk Sea (Kling and Boltovskoy, 1995; Nimmergut and Abelmann, 2002; Okazaki et al., 2003), and at subsurface waters in the Eastern Pacific, from 50 to 150 m depth (Boltovskoy et al., 2010). It was associated with the thermohaline fronts at the mouth of the GoC and with the CCW (Molina-Cruz, 1986). C. davisiana showed significantly high values in the glacial periods (e.g., Morley, 1980), indicating that it can serve as a proxy for glacial conditions. The presence of this species during the late Pleistocene, mainly during the LGM, ∼26,500 and 22,000 cal years BP, suggests the incursion of the CCW into the gulf, reaching the GB (∼27°N), during extreme-cold conditions when the ice volume increased globally, and the polar atmospheric cell expanded (Figures 7A, C, 8E). This setting amplified its influence southward modifying the position of the polar and subtropical atmospheric jets and displacing the CCS that enabled the entry of CCW into the gulf.
[image: Figure 7]FIGURE 7 | Polar jet stream position (black arrow) during (A) the Last Glacial Maximum and, (B) the Holocene (Hughes et al., 2013). Climate cell boundaries in the northern hemisphere during (C) the Last Glacial Maximum and (D) the Holocene (Cheshire and Thurow, 2013). Guaymas basin is positioned at 27°N (red square).
[image: Figure 8]FIGURE 8 | (A) Factor loadings of Pacific Intermediate Water radiolarian assemblage in holes U145A (continuous line) and U1549A (dashed line); (B) Sedimentary 231Pa/230Th ratio record (McManus et al., 2004); (C) Incoming solar radiation on Earth´s surface during summer at 23°N (W/m2) (Berger and Loutre, 1991); (D) Factor loadings of the Tropical Surface Water radiolarian assemblage in holes U145A (continuous line) and U1549A (dashed line); (E) Factor loadings of the California Current Water assemblage in holes U1545A (continuous line) and U1549A (dashed line); (F) Ice volume of the Laurentide ice sheet during the last glacial cycle. Ice volume values are eustatic equivalent metres of sea level (Hughes et al., 2013); (G) Factor loadings of the Gulf of California Water assemblage in holes U1545A (continuous line) and U1549A (dashed line).
Factor 4, termed Gulf of California Water, explains 6% of the total variance of data (Table 3). The highest values of this factor are from ∼31,120 to 24,750, 21,730 to 17,060, and from 7,620 to 490 cal years BP; and some episodic peaks are identified at ∼14,110, 13,210, and 9,990 cal years BP (Figure 6B). This factor is composed of L. setosa and L. thoracites, with factor scores of 3.52 and 2.31, respectively (Figure 4). L. setosa dwells in the upper 120 m of the water column (Kling and Boltovskoy, 1995; Yamashita et al., 2002; Ishitani and Takahashi, 2007; Tanaka and Takahashi, 2008) above the mixed layer and the thermocline (Yamashita et al., 2002; Lüer et al., 2008), in oxygenated water masses (5–7 mL/L) with a salinity of 34–35.5 g kg−1 (Yamashita et al., 2002; Tanaka and Takahashi, 2008), serving as an indicator of upwelling processes (Ishitani and Takahashi, 2007). L. setosa has been associated with interglacial periods as a marker of boreal spring conditions in the northern Pacific Ocean (Takahashi, 1987). The environmental affinities of L. thoracites have been previously described for Hole U1545A. Hence, the assemblage suggests the occurrence of the GCW-like water mass in the basin. These conditions could be similar to the current cold winter-spring phase in the gulf, when the NW winds are strengthened, due to the southward NPH migration, promoting the intensification of upwellings and mesoscale gyres, and the increase of productivity.
3.2.2 Hole U1549A
Factor 1, termed Tropical Surface Water, explains 48% of the total variance (Table 3), and showed its highest values from ∼11,500 to 11,000 and from 8,700 to 133 cal years BP (Figures 6D, E). This factor is represented by the species L. thoracites, by the T. octacantha group, the P. pylonium group, and by L. setosa. Factor scores of these species are 2.87, 2.45, 2.32, and 1.20, respectively (Figure 4). In Hole U1549A, this radiolarian assemblage indicates of TSW into the basin, suggesting the strengthened SE winds. L. thoracites in this assemblage indicates the occurrence of the GCW in the location of drilling.
Factor 2, termed Pacific Intermediate Water, represents 10% of the total variance (Table 3). The highest values of this factor are from ∼16,450 to 13,170, 10,600 to 9,600, 5,400 to 4,930, and from 2,840 to 2,620 cal years BP (Figure 6E). The species representing this factor are S. lineata, L. thoracites, and L. setosa, with factor scores of 4.57, 1.82, and 1.62, respectively (Figure 4). Environmental affinities of these species were previously described (Takahashi, 1987; Tanaka and Takahashi, 2008) and suggest (mainly in S. lineata) increased incursion of the PIW into the GB; besides, L. thoracites and L. setosa indicate the occurrence of the GCW.
Factor 3, termed Gulf of California Water, explains 7% of the total variance (Table 3). It shows its highest values from ∼14,500 to 12,800, 12,000 to 11,520, 10,900 to 6,040, 5,100 to 4,710, 4,150 to 3,020, and from 480 to 130 cal years BP (Figure 6E). This factor is represented by P. longispinum, Arachnocorallium calvata, and Cladoscenium sp cf. C. tricolpium. Factor scores of these species are 4.34, 1.84, and 1.02, respectively (Figure 4). The environmental affinities of P. longispinum have been previously described (Molina-Cruz et al., 1999). A. calvata is a surface dweller in the upper 100 m depth; being a species that is part of the radiolarian assemblage related to mixing processes and the GCW in the GB (Molina-Cruz et al., 1999). C. sp cf. C. tricolpium is a surface dweller from 40 to 200 m depth in upwelling regions enriched in nitrates and silicates (Yamashita et al., 2002). Thus, the radiolarian assemblage suggests the occurrence of the GCW in similar conditions as those currently occurring during the winter-spring phase in the GoC.
Factor 4, termed California Current Water, explains 5% of the total variance (Table 3). The highest values are from ∼16,010 to 13,900, 12,520 to 11,410, 10,670 to 9,630, 5,310 to 4,730, and from 3,020 to 2,250 cal years BP (Figure 6E). This factor is represented by B. aquilonaris, L. setosa, B. auritus-australis, C. davisiana and L. thoracites, with factor scores of 2.82, 2.49, 2.30, 1.14 and 1.07, respectively (Figure 4). B. aquilonaris inhabits the CCW (Kling and Boltovskoy, 1995), with its occurrence related to oceanic fronts formed by the encounter of CCW and the TSW in the mouth of the gulf (Molina-Cruz, 1986). This species is associated with C. davisiana and B. auritus-australis (Benson, 1966). B. auritus-australis is a surface dweller from 0 to 150 m depth (Kling, 1979; Boltovskoy and Riedel, 1987; Tanaka and Takahashi, 2008) and is related to the CCW (Benson, 1966; Kling, 1979; Molina-Cruz, 1986). It is less abundant in the present-day GoC waters compared to the last glacial period (Molina-Cruz, 1986). The presence of B. aquilonaris, B. auritus-australis, and C. davisiana in this factor suggests the incursion of CCW into the GB during extreme-cold conditions when the polar atmospheric cell expanded and amplified its influence southward.
3.3 Silicoflagellates
Silicoflagellates are abundant and well-preserved in sediments from both holes, with 16 species identified in Hole U1545A and 15 species in Hole U1549A. Based on their environmental affinities three species can be used as SST and water masses proxies: Octactis octonaria var. pulchra, O. speculum, and Dictyocha fibula var. messanensis (See Table 4; Figure 5).
3.3.1 Hole U1545A
O. octonaria var. pulchra shows an abundance of 1.5%–70.2%, averaging at 27.3%. Its highest values are from ∼29,770 to 27,560, 21,240 to 18,060, 11,300 to 6,080, and from 2070 to 490 cal years BP (Figure 6C). This species is related to cold surface waters (15°C–23 °C) in highly productive and upwelling regions (Schrader et al., 1986). In the GoC, during summer-fall, it is distributed in the northern GoC, in contrast to winter-spring, when it is found from the region mouth to 27°N, i.e., at GB latitude (Murray and Schrader, 1983; Schrader et al., 1986). This species is characteristic of the GB, where the upwelling and mixing processes are enhanced by tidal dynamics (Schrader and Murray, 1985). According to its environmental affinities, the presence of this species suggests the dominance of the GCW in the basin and climatic conditions similar to the ones currently occurring during winter-spring in the GoC, characterized by the strengthening of NW winds, and the development of wind-driven upwelling and mesoscale gyres and productivity (Douglas et al., 2007).
The relative abundance of O. speculum ranged from 0% to 38.9%, with an average of 4.9%. The highest abundance of this species is observed from 25,800 to 21,730 cal years BP and from 17,800 to 11,820 cal years BP (Figure 6C). This species inhabits relatively cold waters, restricted by the 10°C–22°C isotherms (Murray and Schrader, 1983). In the GoC, it has been associated with the incursion of the CCW (Barron et al., 2014). This species is more abundant in the mouth region, but in late Pleistocene sediments, it has also been found in mid-latitudes (27°N) (Barron et al., 2014). Thus, the climatic scenario proposed for these intervals is inferred as the result of an incursion of the CCW into the GB due to the expansion under the influence of the polar cell and the southward migration of the CCS.
D. fibula var. messanensis shows an abundance of 0%–15.6%, and an average of 3.8%. The highest abundances are registered from ∼29,770 to 26,670, 13,900 to 12,510, and from 11,290 to 990 cal years BP (Figure 6C). Some peaks are recognized at ∼24,410, 21,730, and 16,330 cal years BP. In the GoC, this species is related to warm surface waters (18°C–26°C), such as the TSW (Schrader et al., 1986) and to the increase of SST in the Pacific Ocean (Onodera and Takahashi, 2005). This species is considered an indicator of oligotrophic conditions (Takahashi, 1991). It has been found in the mouth region and during ENSO events, reaching as far north as 26 to 28°N (Pérez-Cruz and Molina-Cruz, 1988). The presence of this species in the sediments suggested a greater incursion of the TSW into the gulf, enhanced by the weakening of NW winds and the strengthening of SE winds, as occurs during the current boreal summer.
3.3.2 Hole U1549A
The abundance of O. octonaria var. pulchra ranges from 0.3% to 55%, and the average was 27.1%. The highest values of this species were recorded from ∼9,300 to 5,910 cal years BP. Other minor intervals were recognized from ∼15,010 to 14,230, 11,820 to 11,460, 10,920 to 10,390, 5,420 to 4,930, 4,010 to 3,020, 2,630 to 1960, and from 900 to 130 cal years BP (Figure 6F). Its presence in the sediments suggests the above-mentioned environmental conditions in Hole U1545A.
D. fibula var. messanensis shows an abundance ranging from 0% to 48.8%. The average relative abundance is 23.4%. This species shows three intervals of higher abundance, from ∼11,610 to 11,000, 10,150 to 9,320, and from ∼5,740 to 130 cal years BP (Figure 6F). The increase in the abundance of this species is attributed to a more evident incursion of the TSW into the gulf, enhanced by the weakening of NW winds and the strengthening of SE winds.
O. speculum has an abundance ranging of 0%–10.5% and an average of 1.2%. Its presence is almost exclusively restricted to the Pleistocene, which showed its highest values from ∼16,450 to 13,810 cal years BP. Other minor intervals were recognized from ∼12,620 to 12,010, 10,670 to 9,620 cal years BP, and a peak located at ∼6,030 cal years BP (Figure 6F). The presence of this species is probably related to the incursion of the CCW into the gulf, resulting from the polar atmospheric cell expansion and the strengthening of the CCS.
4 DISCUSSION
Our aim is to interpret ocean vertical water masses history and the significant trends in the GB, including changes in deep water masses, our analyses presented some constraints. The signal of StSsW (Table 1) was not evident and might have been masked by the presence of the salty water-related radiolarian assemblage from the GCW resulting from the formation of the StSsW by subduction of salty cold surface waters in the northern GoC during winter (Lavin and Marinone, 2003; Portela et al., 2016), ultimately resulting in the formation of GCW (Lavin and Marinone, 2003). The PDW could not be identified because of the lack of knowledge of the radiolarian living species in deep water environments in GoC and other regions in the Pacific Ocean. However, we consider that the signal of the water masses captured in our records represents the main trends in ocean circulation in the GoC and its relationship with the dynamics of the ETPO and global climate changes.
4.1 Pre—LGM time (∼31,260–26,500 cal years BP)
In this interval, the microfossil records suggest mainly the alternation of surface waters similar to the GCW and the CCW (Figure 8E, 8G, 9E). Compared to the Holocene, the occurrence of the PIW in the GB is significant (Figure 8A), because of the glacial conditions and the significantly higher formation of the North Pacific Intermediate Water (NPIW) which expanded further than present-day (Gong et al., 2019). When GCW-like water was present, weather conditions must have been similar to current winter conditions in that area, causing the GCW to form. However, the alternation of GCW and CCW in the GB could be related to the amplification of the polar atmospheric cell (Cheshire and Thurow, 2013), which modified the location of the polar and subtropical jet streams (to 45° and 20°N, respectively; Figure 7C) (e.g., Andrews and Dyke, 2007; Cheshire and Thurow, 2013). Consequently, the southward migration of the CCS and the CCW (McClymont et al., 2012) allowed it to reach the tip of the Baja California peninsula (Barron et al., 2014; Molina-Cruz, 1986; Figure 1A) and enhanced its incursion into the gulf, moving to the northern GB. Additionally, in this interval, episodic events are recognized where the incursion of TSW is proposed (Figures 8D, 9B). These events are related to two GIs events (6 and 4) with summer-like conditions. In previous studies, it has been suggested that the location of the NPH was shifted south during the transition from MIS-3 to MIS-2, weakening the NW winds during winter and strengthening them during summer (Cheshire and Thurow, 2013), resulting in summer-like conditions, and warm and stratified conditions during MIS 3 (Barron et al., 2014). This enabled the formation of the laminated sediments, as is observed in our sedimentary records (Supplementary Figure S2). Also, GS events (6, 5, and 4) were identified where the PIW and CCW prevailed (Figure 8A, 8E, 9C) due to the amplification of the polar atmospheric cell (Figure 7A, 7C).
[image: Figure 9]FIGURE 9 | (A) Incoming solar radiation on Earth’s surface during summer at 23°N (W/m2) (Berger and Loutre, 1991). (B) Relative abundances of Dictyocha fibula var. messanensis in holes U145A (continuous line) and U1549A (dashed line); (C) Relative abundances of Octactis speculum in holes U1545A (continuous line) and U1549A (dashed line); (D) Ice volume of the Laurentide ice sheet during the last glacial cycle. Ice volume values are eustatic equivalent metres of sea level (Hughes et al., 2013); (E) Relative abundances of Octactis octonaria var. pulchra in holes U1545A (continuous line) and U1549A (dashed line).
4.2 LGM (∼26,500–19,000 cal years BP)
During this interval, two water masses dominated the GB: CCW and PIW (Figure 8A, 8E, 9C). For the time of ∼24,750 to 21,490 cal years BP, when the Laurentide ice sheet reached its maximum volume (Figure 7A, 8F, 9D) and the summer insolation in the Northern Hemisphere was low (Barron et al., 2014; Figures 8C, 9A) our data suggest the strengthening of the CCS, causing the incursion of the CCW into the GB, particularly during the GS-4 and GS-3 (Figures 8E, 9C). Our results are in agreement with Barron et al. (2014), who indicated that during MIS2, in comparison to MIS3, cold water with low salinity occurred in the GB, which may suggest the presence of CCW-like during this period. Besides, the less saline water could be related to the increase in precipitation, as Cheshire and Thurow (2013) suggested, due to the latitudinal migration of the NPH and the polar jet stream southward (Figure 7A). Further, our records indicate the significant presence of the PIW at the beginning and the end of the interval (Figure 8A), which might be related to favorable conditions for forming NPIW (Okazaki et al., 2012) and thus its incursion into the GB. In contrast, the dominance of the GCW at the end of the interval (Figures 8G, 9E) in the GI-2 suggests climatic conditions similar to those described for GIs in the pre-LGM. The formation of the PIW was less intense from 23,500 to 21,240 cal years BP (Figure 8A) owing to (1) the advection of subtropical waters to the subarctic Pacific Ocean was constrained, (2) the weakened thermohaline circulation (Pichevin et al., 2012), and (3) the surface-ocean halocline inhibiting the formation of the NPIW (Gong et al., 2019).
4.3 Deglaciation (∼19,000–11,700 cal years BP)
This interval, also known as Termination-I, is considered a transition from glacial to interglacial conditions and includes remarkable climatic events such as the Heinrich-1 event, the Bølling-Ållerød (B/A), and Younger Dryas.
4.3.1 Heinrich-I event (∼19,000–14,900 cal years BP)
We identify two major climatic conditions in this interval: from ∼18,540 to 17,060 and between ∼17,060 and 14,350 cal years BP (HE-1). The former revealed GCW-like water dominance in GB (Figures 8G, 9E). At that time, the weakened Atlantic Meridional Overturning Circulation (AMOC) (Figure 8B) (McManus et al., 2004) and the southernmost position of the ITCZ in the Pacific Ocean drove a reduction of precipitation and the establishment of the Pacific Meridional Overturning Circulation (PMOC), which led to the abnormal poleward surface currents transporting more saline subtropical waters into the North Pacific (Gong et al., 2019) and probably into the GoC, causing the flow of GCW-like waters into to GB. Furthermore, from 17,060 to 14,350 cal years BP, our proxy records suggest changes in the surface waters, mainly in the central GB, consistent with the occurrence of the CCW (Figures 8E, 9C). These changes in the water masses structure may be related to a significant reorganization in the North Pacific that occurred during the last glacial termination when a glacial mode transformed into an interglacial mode. This reorganization in the climate system could have caused gradual northward migration of the ITCZ, which caused the weakening of the northwesterly winds, as Price et al. (2012) suggested. Throughout this interval, from ∼18,540 to 14,350 cal years BP, the PIW was considerably dominant in the GB at both sites studied (Figure 8A), which is congruent with models that suggest a deep-water formation in the North Pacific extending to a water depth of ∼2,500–3,000 m during H1 (Okazaki et al., 2012).
4.3.2 Bølling-Ållerød (∼14,900–12,800 cal years BP)
This interval corresponds to GI-1 from 14,491 to 12,711 cal years BP (Björck et al., 1998). In Hole U1545A in the northwestern GB, two types of surface water masses occurred in alternate intervals: (1) the TSW from 14,100 to 13,540 cal years BP, and (2) the CCW from 13,540 to 13,210 cal years BP (Figures 8D, E, 9B, C); the PIW caused a significative peak at 13,210 cal years BP (Figure 8A). In Hole U1549A in the central GB, the alternation of the GCW and TSW dominated at the beginning of the interval, from 14,050 to 13,180 cal years BP (Figures 8D, G, 9B, E), and the PIW had a significant pulse at ∼14,040 cal years BP (Figure 8A), probably as an extension of the previous oceanic conditions developed during the HE-I. During the B/A, it has been suggested that the ITCZ and NPH migrated northward (Pride et al., 1999). Our records in the northwestern GB (Hole U1545A) depict seasonal climatic conditions similar to those currently occurring when the NW winds are intense in the winter-spring, the GCW forms, and the productivity is high; while in summer, the SE winds are strong, and the TSW flows into the basin and the productivity in general is low. These conditions are consistent with previous studies (e.g., Barron et al., 2005; McClymont et al., 2012), in particular the latter study which suggested the alternation of periods of eutrophic and oligotrophic conditions with an increase in SST of 3°C recorded at ∼13,000 cal years BP. In the central GB (Hole U1549A), the TSW increased. However, its occurrence is less evident (Figure 8D, 9B); this could be related to atmospheric modifications during the migration of the NPH, but more evidence is required.
4.3.3 Younger dryas (∼12,800–11,600 cal years BP)
This period marks the glacial-to-interglacial transition that is characterized by ocean circulation changes. This study indicates that the CCW prevailed from ∼12,700 to 11,800 cal years (Figures 8E, 9C) when the SST in the peninsular Pacific coast was estimated to be 5°C–6°C colder than in the Holocene (Rhode, 2002). This pattern could be related to the intensification of the CCS and CCW in the northeastern Pacific Ocean (Mix et al., 1999; Barron et al., 2003; Barron et al., 2005). At the end of the interval, from ∼11,700 to 11,600 cal years BP (Figures 8G, 9E), our records suggest an increase in the formation of the GCW, which may be related to the increased ocean-land thermal contrast that resulted in the northward migration of the NPH and the intensification of NW winds (Cheshire and Thurow, 2013; Staines-Urías et al., 2015).
4.4 Holocene (∼11,600 cal years BP to present)
From ∼11,300 cal years BP to 640 cal years BP, our microfossil records show fluctuations of the TSW and GCW in the northwestern GB (Hole U1545A) (Figures 8D, G, 9B, E), dominated the TSW. Its occurrence in the GB has been significant since ∼7,610 cal years BP, and the presence of GCW fluctuated at ∼9,950, 7,310, 6,710, 5,120, 4,320, 3,950, and 2,710 cal years BP, and from ∼1,000 to 490 cal years BP (Figure 8G). In the central GB (Hole U1549A), it is also suggested that the alternation of the TSW and GCW from ∼11,500 to 133 cal years BP (Figures 8D, G, 9B, E) is more evident in the presence of tropical water during the Holocene. However, the records also indicate the presence of the GCW from ∼10,900 to 6,030 cal years BP, and in several intervals from ∼5,100 to 4,700, 4,150 to 3,000, 2,400 to 2,200, and from 480 to 130 cal years BP (Figure 8G). At the beginning of the Holocene, from ∼11,600 to 6,000 cal years BP, incoming solar radiation at 23°N reached its maximum value (∼450 W/m2) (Figures 8C, 9A) (Berger and Loutre, 1991). Evidence indicates that a more northerly mean ITCZ latitude followed by gradual southern migrations (e.g., Barron et al., 2005; Koutavas and Lynch-Stieglitz, 2005) also marked this period. The ITCZ is manifested as a circum-global atmospheric belt of intense, moist convection and rainfall, marking the confluence of the northern and southern trade winds and the rising branch of the Hadley cell. In particular, the Holocene Climate Optimum (HCO), lasting from 10,000 to 6,000 cal years BP, is characterized by increased humidity and precipitation in low and mid-latitudes in the monsoon regions (Mayewski et al., 2004). In this period, the atmospheric polar cell contracted (Figures 7B, D) due to high insolation in the Northern Hemisphere (Figures 8C, 9A), and the influence of the Hadley and Ferrel cells increased (Figure 7D) (Cheshire and Thurow, 2013). This setting caused the intensification of the NW winds in the GB and the evaporation process, thus resulting in the GCW formation. From ∼7,600 to 1,000 cal years BP, our records suggest a climatic monsoon regime alternating the TSW and the GCW (Figures 8D, G, 9B, E). These conditions coincide with a trend of warming of SST that occurred at 7,000 cal yr BP, which has been documented throughout the Eastern Tropical and Subtropical Pacific (Pahnke et al., 2007). Barron et al. (2012) identified warm SSTs in the central GoC between ∼8,200 to 6,200 cal years BP and the modern monsoon onset at ∼6,000 cal years BP (Barron et al., 2005; Pérez-Cruz, 2013). Warmer waters could be channeled northward along the axis of the GoC as gulf surges of monsoonal moisture (Bordoni and Stevens, 2006). During the modern summer–fall phase of the GoC, the NPH is located at ∼ 35°N, the Northern Hemisphere insolation is at a maximum, and the ITCZ moves northward. From ∼1,000 to 130 cal years BP, the occurrence of the GCW dominated in the GB. This condition may result from southward migration of the ITCZ mean annual position owing to decreasing insolation in the Northern Hemisphere during the boreal winter and the intensification of the NW winds and evaporation (Pérez-Cruz, 2013).
5 CONCLUSION
Analysis of siliceous microfossils, radiolarians and silicoflagellates, provides insights into changes in hydrographic structure, including water masses and circulation patterns during the last 31,000 cal years BP, contributing to the understanding of climatic and oceanographic conditions in the GoC, as well as the ETPO.
Major climatic periods are identified in GB cores: pre-Last Glacial Maximum time (∼31,260–26,500 cal years BP), the Last Glacial Maximum (∼26,500–19,000 cal years BP), the Heinrich-I event (∼19,000–14,900 cal years BP), the Bølling-Ållerød (∼14,900–12,800 cal years BP), the Younger Dryas (∼12,800–11,600 cal years BP) and the Holocene (∼11,600 to present). Short-term events linked to DO cycles are also observed.
The Pre-Last Glacial Maximum period was characterized by alternation of the CCW and GCW; and the occurrence of an extended PIW. The radiolarian assemblage represented by C. davisiana revealed the incursion of the CCW into the basin; the assemblage, including Lithomelissa setosa and L. thoracites showed the presence of GCW. We suggest that these conditions could be related to the amplification of the polar and subtropical jet streams, promoting the southern movement of the CCS and the incursion of CCW into the gulf. On the other hand, the dominance of S. lineata suggests a significant occurrence of the PIW due to more vigorous North Pacific Intermediate Water formation.
During the LGM, the radiolarian assemblage of surface dwellers such as C. davisiana and B. aquilonaris, as well as the silicoflagellate Octactis speculum, supports the incursion of the CCW into the basin, caused by the strengthening of the CCS, particularly from ∼24,750 to 21,490 cal years BP. Radiolarian assemblage fluctuations during this period suggested that PIW was less evident from 23,500 to 21,240 cal years BP, possibly due to the weakening of NPIW formation. At the beginning (∼26,000 cal years BP) and mainly at the end (∼19,000 cal year BP) of LGM, PIW was dominant, which might be related to the formation and expansion of the NPIW.
The predominance of the PIW, indicated by the radiolarian assemblage at the beginning and end of this period, could be related to the formation and expansion of the NPIW. However, from 23,500 to 21,240 cal years BP, the PIW was less evident in the basin compared to the pre-LGM time, suggesting circulation changes influenced by the Pacific Ocean.
During the Heinrich-I event, we identified two major climatic conditions, beginning with the dominance of GCW-like waters owing to the weakened AMOC and the establishment of the PMOC, transporting saline waters northward and enhancing the occurrence of GCW-like conditions in the GB. During this interval, the PIW, along this interval, is related to the expanded formation of the NPIW and the occurrence of the CCW. These changes may be linked to the North Pacific oceanic circulation changes during the last glacial termination.
Our records suggest that the Bølling-Ållerød was a period with distinct hydrographic shifts related to the transition from glacial to interglacial conditions. Radiolarian assemblages and silicoflagellates suggested the alternated occurrence of three surface waters masses in the GB, referring to (1) the TSW as demonstrated by the assemblage of T. octacantha group and P. pylonium group, and the silicoflagellate D. fibula var. messanensis, (2) the GCW revealed by the radiolarian assemblages of L. setosa, L. thoracites, P. longispinum, and Arachnochorallium calvata, and the silicoflagellate O. octonaria var. pulchra, and (3) the episodic incursion of the CCW depicted by the radiolarian assemblage of C. davisiana, B. aquilonaris, B. auritus australis and the silicoflagellate O. speculum. These hydrographic conditions could be linked to the ITCZ’s gradual northward migration and the NPH, and climatic conditions are likely to be similar to modern ones with a marked seasonality.
For the Younger Dryas, the radiolarian assemblage suggests the dominance of CCW. At the end of the interval, the formation of the GCW in the central GB, correlates to colder climatic conditions in the Northern Hemisphere and the strengthening of the CCS. On the other hand, the increased ocean-land thermal contrast and the gradual migration to the south of the NPH resulted in the intensification of NW winds and the formation of the GCW.
The TSW and the GCW alternate in the GB during the Holocene, and the modern climatic monsoon regime is identified from ∼7,600 to 1,000 cal years BP. From ∼1,000 to 130 cal years BP, the occurrence of the GCW suggests the southern latitudinal migration of the ITZC, the intensification of the NW winds, and the increase in evaporation processes.
Finally, throughout our records, we have identified episodic events, generally short-term, that suggest warm and cold climatic conditions that may be related to transitions between cold stadial (GS) and warmer interstadial (GI) conditions of the Dansgaard-Oeschger (D-O) events (GIs 6, 4 and 2, and GSs 6, 5, 4, and 3).
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