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ABSTRACT

Laminated sediments provide a rare opportunity to examine seasonal-scale ocean/atmosphere variation during
abrupt climate transitions. Seasonal-scale changes through the transition from Heinrich Stadial 5 to Greenland
Interstadial 12 are recorded in a sediment core (MD02-2515) from the Guaymas Basin, Gulf of California. The
laminated sediments of the full interstadial have the highest opal concentrations (59.6 wt % biogenic silica) of
the entire 55 kyr sequence and contain monospecific concentrations of the tropical oceanic diatom Azpeitia
nodulifera that record flux from exceptional bloom events. Enhanced silica supply was likely initiated from the
Southern Ocean during Heinrich Stadial 5, when Southern Hemisphere warming, via the bipolar seesaw
mechanism, led to increased upwelling around Antarctica and an increase in silica supply to Subantarctic Mode
Water formation. The resulting pulse of silica-rich waters was rapidly transferred north to the Equatorial Un-
dercurrent and thence via the subsurface Mexican Coastal Current to the Gulf of California. Overall, the sequence
shows a resurgence in El Nino strength and an intensification of the North American Monsoon associated with
Northern Hemisphere warming on the transition to Greenland Interstadial 12. Penetration of tropical waters to
the Gulf was aided by El Nino events. Diatom production in the summer stratified waters was in the subsurface,
tapping nutrients from the nutricline. Marine varves up to 9 mm thick record as many as 8 within-year flux
events. Repeated summer flux events of actively reproducing diatoms in subsurface blooms were driven by
recurrent intense monsoonal Gulf surge storms. Around 60% of A. nodulifera cells examined were actively
dividing and every stage of the cell division cycle is represented. Other diatom species record renewed vigour of
winter - spring upwelling associated with strengthening northwesterly winds as the North Pacific high migrated
northward. The monsoon intensification, the resurgence in El Nino strength and the strengthened winter-spring
northwesterlies were likely all driven by the reduction to a minimum extent of the Laurentide Ice Sheet in
Greenland Interstadial 12. The changes recorded in this transition to a warm interstadial may serve as an in-
dicator of future changes in the region driven by global warming.

1. Introduction

Diatom laminae may also be generated by flux from deep chlorophyll
maximum concentrations, commonly forming within the thermocline

Laminated diatomaceous pelagic and hemipelagic sediments often
constitute palaeo-sediment traps that record successive flux events
allowing reconstructions of ancient seasonal and interannual variability
(Kemp, 2003; Schimmelmann et al., 2016). The diatom blooms recorded
within individual laminae are episodic, typically seasonal events, and
the spring bloom, for example, commonly forms pulses of export flux
resulting from post-bloom aggregation and rapid sinking of diatom cells
and colonies (Alldredge and Goltschalk, 1989; Billett et al., 1983).
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that may grow and accumulate over periods of weeks or months in the
summer (Kemp and Villareal, 2018). Such deep concentrations are
commonly disrupted when water column mixing by autumn/winter
storms breaks down stratification leading to the “fall dump” flux (Kemp
et al., 2000; Sancetta et al., 1991). In oceanic settings giant diatoms or
diatom mats may be concentrated and generate massive, potentially
lamina-forming flux by interaction with oceanic convergences along
major frontal systems (Kemp et al., 2006) or in the fronts around
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mesoscale eddies or rings (Rackebrandt et al., 2011). Although milli-
meter- to centimeter-scale laminae may be subsampled using conven-
tional techniques, the full resolution available in laminated
diatomaceous sediments is best exploited using scanning electron mi-
croscope (SEM) methods (Brodie and Kemp, 1994; Grimm et al., 1997).
This enables the reconstruction of sub-seasonal processes and up to 19
separate sub-laminae per year have been identified (Dean et al., 2001).
The availability of sufficiently continuous laminated intervals facilitates
the development of time-series long enough to capture variation in
interannual modes of climate variability, for example, the El
Nino-Southern Oscillation (ENSO) (Bull et al., 2000; Chang et al., 2003;
Davies et al., 2012; Dean et al., 2001; Pike and Kemp, 1997).

The Gulf of California (hereafter the ‘Gulf’, Fig. 1) became a classic
location for laminated marine sediments with the pioneering work of
Calvert who identified annual sediment couplets (varves) comprising of
a clay-rich and a diatom-rich component (Calvert, 1966). This annual
sedimentation model was verified and developed by work on Kasten
cores (Donegan and Schrader, 1982), on box cores (Baumgartner et al.,
1985) as well as from the first DSDP piston coring of Site 480 on Leg 64
(Shipboard-Scientific-Party, 1982; Schrader et al., 1980; Schrader,
1982). Comparison of varved sediments spanning the recent to the early
Holocene with sediment trap data from the central Gulf demonstrates
preservation of the seasonal cycle of diatom production and flux in the
sediment record (Baumgartner et al., 1985; Pike and Kemp, 1996a;
Sancetta, 1995; Thunell et al., 1993; Thunell, 1998). These studies
revealed an intriguing mixture of typical coastal bloom diatom taxa
including Chaetoceros spp. with those of more oceanic affinity reflecting
the penetration of eastern tropical Pacific waters into the Gulf.

The common diatoms of the coastal ocean are well studied; many of
the species are in culture and much of the understanding of diatom
ecology has been based on such research. By contrast, the diatoms
characteristic of the open ocean are far less encountered, and their
sampling is often serendipitous, a question of “being in the right place, at
the right time”. In such circumstances, the ecological information
available from the “palaeo-sediment traps” of laminated sediments may
be used to inform modern oceanographic studies. While the oceanic
diatom Agzpeitia nodulfera has rarely been identified as a major compo-
nent of Holocene laminated sediments in the Gulf, it was a more
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Fig. 1. Gulf of California and the location of core MD02-2515 and other cores
mentioned in the text. GB — Guaymas Basin.
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significant contributor in pre-Holocene, late Pleistocene intervals
(Barron et al., 2014) although it has hitherto not been documented as a
“bloom” species.

New scanning electron microscope (SEM) analysis of Late Pleisto-
cene laminated sediments from the central Gulf has revealed abundant
and thick (1.27 mm on average) near-monospecific laminae of the
tropical diatom Agpeitia nodulifera, which has not previously been
identified as a lamina-forming constituent in any setting. The aims of
this paper are to document an interval rich in near-monospecific
A. nodulifera laminae and to investigate the palaeoecological and
palaeoceanographic implications of these flux events. Lamina produc-
tion and deposition mechanisms are discussed, including the occurrence
of abundant dividing cells within the A. nodulifera laminae that indicate
active vegetative reproduction was ongoing before abrupt sinking and
sedimentation took place. The sub-annual resolution afforded by the
laminated sediments allows the A. nodulifera laminae to be placed in the
context of the seasonal cycle of diatom production and sediment depo-
sition and the climatic drivers. Lastly, we consider the broader palae-
oclimatic and palaeoceanographic implications of the A. nodulifera
laminae, and the relation to changes in oceanic and atmospheric circu-
lation related to northern hemisphere climate variability including the
Dansgaard/Oeschger (DO) Cycles.

2. Regional setting and previous work

We first review the modern climate and oceanography of the Gulf
(Fig. 1) on a seasonal to interannual basis to provide a context for the
interpretation of our record. To complement this, we then describe the
current understanding of the seasonal cycle of sediment flux in the Gulf
from a synergy of water column observations and sediment analysis
followed by a brief account of the prior understanding of the ecology of
Azpeitia nodulifera. Regarding recent palaeoceanographic studies, work
on the Holocene has been reviewed by Douglas et al. (2007). Extensive
geochemical and micropaleontological research on the 55 kyr record of
core MD02-2515, the subject of this study, has been reviewed by Barron
et al. (2014) and we refer to relevant aspects of this in the Douglas et al.
(2007)Discussion section including the papers of Pichevin et al. (2012)
and Chang et al. (2015).

2.1. Climate and oceanography

2.1.1. The monsoonal climate of the Gulf

Seasonal variability is tightly coupled to the monsoonal climate of
the Gulf within the North American Monsoon (NAM) system. Strong
northwesterly winds that drive upwelling along the mainland coast
through winter and spring (November to May, but most intense in
January to April), are replaced as the East Pacific High and the ITCZ shift
northwards in the summer monsoon by weaker southerly winds that are
strongest in July and August (Badan-Dangon et al., 1991; Bordoni et al.,
2004; Bray and Robles, 1991). The winter to early spring upwelling
generates productivity and high pigment concentrations are observed
across the Gulf with phytoplankton blooms also fueled by the redistri-
bution of nutrients by transient mesoscale features such as eddies and
jets (Badan-Dangon et al., 1991; Badan-Dangon et al., 1985; Garcia--
Morales et al., 2017; Santamaria-del-Angel et al., 1994). Decline of the
northwesterly winds allows the Mexican Coastal Current to gradually
penetrate northward bringing an influx of tropical Pacific surface waters
so that by mid-summer there is a thick (up to 150 m) warm surface layer
in the southern and central Gulf and the resultant strong and deep
thermocline restricts nutrient supply and limits production in surface
waters (Badan-Dangon et al., 1991; Bray and Robles, 1991; Godinez
et al., 2010). The propagation of the 26 °C SST isotherm into the Gulf
appears to represent a threshold for triggering the monsoon and the bulk
of the monsoonal rainfall that is concentrated on the western slopes of
the Sierra Madre Occidental occurs when SST in the northern Gulf ex-
ceeds 29 °C facilitating stronger convection (Mitchell et al., 2002). The
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NAM precipitation delivers up to 70% of the total annual rainfall of
northwestern Mexico (Pascale and Bordoni, 2016). Precipitation is
enhanced by a strong diurnal “sea-breeze” effect that draws in moisture
over the mountains (Douglas and Li, 1996). The episodic occurrence of
the most vigorous convective thunderstorms of the monsoon are related
to northward surges of cooler, moister tropical air known as “Gulf
surges” whose initiation and intensity are linked to the passage of
mid-tropospheric tropical easterly wave troughs (Fuller and Stensrud,
2000; Pascale and Bordoni, 2016) or of tropical cyclones (Higgins and
Shi, 2005). Wind speeds within Gulf Surges may exceed 20 m/s (Force 9)
(Rogers and Johnson, 2007) and they generate convection that brings
severe thunderstorms that typically develop in the late afternoon
(Adams and Comrie, 1997). The most intense of these may generate
Chubasco winds that can approach hurricane strength (Idso, 1976). The
frequency of Gulf Surges is typically three to four per month (Bordoni
and Stevens, 2006; Fuller and Stensrud, 2000), with an average of 15 in
the 21 June - 30 September Monsoon season (Pascale et al., 2018). The
numbers of stronger surges vary from 4 to 18 per year and the annual
summertime rainfall increases with increasing numbers of Gulf Surges
(Pascale and Bordoni, 2016).

2.1.2. El Nino and La Nina influences on the Gulf

The principal source of interannual variability within the Gulf arises
from the El Nino/Southern Oscillation (ENSO) (Baumgartner and
Christensen, 1985; Bray and Robles, 1991; Lavin et al., 2003). Anoma-
lous sea conditions associated with El Nino events in the Gulf include
enhanced flow of tropical waters into the Gulf accompanied by an in-
crease in sea surface temperatures (SSTs) and a deepening of the winter
pycnocline (Robles and Marinone, 1987; Soto-Mardones et al., 1999).
During the 1982-1983 El Nino, while upwelling continued, the deep-
ened thermocline resulted in lower nutrient enrichment (Lluch-Cota,
2000). Analysis of satellite-derived SST anomalies between 1984 and
2000 revealed positive anomalies of up to 3 °C associated with El Nino
and negative anomalies of up to 4 °C associated with La Nina (Lavin
et al., 2003). The SST increases are most pronounced in winter indi-
cating a combination of disruption of wind-driven upwelling via atmo-
spheric teleconnections and a deepening of the thermocline
(Herrera-Cervantes et al., 2007). The El Nino anomalies may be
explained by coastally-trapped Kelvin waves which propagate poleward
along the eastern tropical Pacific coast and drive the increased pene-
tration of tropical surface waters to the Gulf (Baumgartner and Chris-
tensen, 1985; Lavin et al., 2003; Strub and James, 2002). More broadly,
this strong Kelvin wave activity generated by El Nino results in episodic
intensification of the poleward Mexican Coastal Current that delivers
tropical waters to the sub-tropical eastern Pacific and to the Gulf, thus
deepening the thermocline (Gomez-Valdivia et al., 2015) (Fig. 2). This
linkage is also important for delivery of potentially nutrient-rich, sub--
thermocline waters to the Gulf, since the Mexican Coastal Current starts
in the sub-surface, tapping waters from the Equatorial Undercurrent via
the North Tsuchiya Jet (Kessler, 2006) (Fig. 2).

The surface water productivity in the modern Gulf in the region of
the Guaymas Basin has been monitored, between 2002 and 2015, by
satellite determinations of chlorophyll a (Chl-a), integrated with SST
and wind intensity data (Garcia-Morales et al., 2017). El Nino periods
are characterized by elevated SST, reduced northwesterly wind speeds
and decreased Chl-a, whereas La Nina episodes feature reduced SST,
enhanced northwesterly wind speeds and elevated Chl-a. This builds on
earlier research including Herrera-Cervantes et al. (2007); Kahru et al.
(2004); Lluch-Cota (2000), and demonstrates that the peak winter to
early spring, upwelling-driven production in the Gulf occurs during La
Nina, with the lowest during El Nino.

2.1.3. ELNino influences on the North American monsoon in the Gulf region

The consensus of earlier analyses was for a weakening of the North
American Monsoon during El Nino with an overall reduction of pre-
cipitation in western Mexico but with a corresponding monsoonal
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Fig. 2. Schematic circulation in the eastern tropical Pacific showing surface
and subsurface (sub-thermocline) currents adapted from Kessler (2006) and
Gomez-Valdivia (2015).

strengthening and increased rainfall with La Nina (Higgins and Shi,
2001; Vera et al., 2006). However, recent, more detailed analysis of
long-term regional precipitation records show a more complex pattern.
In fact, in the borderlands of the Gulf (northern Sinaloa, Sonora and the
Baja Peninsula, Fig. 1), summer precipitation is maintained or enhanced
during El Nino and reduced during La Nina (Bhattacharya and Chiang,
2014; Morales et al., 2023; Seager et al., 2009). Whereas El Nino sum-
mers are associated with decreased precipitation in SW Mexico (Higgins
et al., 1999), strong convection and high rainfall is maintained over NW
Mexico including the Gulf coast/Sierra Madre Occidental by mecha-
nisms that may include tropical storms as well as the main monsoon
(Reyes and Mejia-Trejo, 1991; Seager et al., 2009). Wet summer con-
ditions may also be maintained during the transition from El Nino to La
Nina (Zolotokrylin et al., 2016). Thus, during El Nino, a vigorous
monsoon is present in the Gulf in summer, with its associated Gulf surges
that deliver much of the precipitation. Conversely, during La Nina
summers, convective activity in the Gulf is suppressed and rainfall
reduced (Morales et al., 2023; Seager et al., 2009), see summary in
Table 1.

On longer decadal — multidecadal timescales, variability has been
related to the Pacific Decadal Oscillation (PDO) and the North Pacific
Oscillation/North Pacific Gyre Oscillation (NPO/NPGO) (Castro et al.,
2001), while links to the Atlantic Multidecadal Oscillation (AMO)
highlight teleconnections driven by variation in North Atlantic SST
(Morales et al., 2023; Sutton and Hodson, 2005). While AMO positive
regimes (e.g. 1931-1960) adversely affect rainfall in the central and
southwestern US and eastern Mexico there is a relatively minor effect in
western Mexico and the monsoon penetrates to the central Gulf in both
regimes (Hu and Feng, 2008). Variations on longer millennial and sta-
dial/interstadial timescales are dealt with in the discussion section.

2.2. The seasonal cycle of production and flux in the modern/Holocene
Gulf

2.2.1. Insights into the seasonal cycle from sediment traps
A six year sediment trap study in the Guaymas Basin shows a broad
variation with biogenic opal flux (mainly diatoms) dominant from fall to
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Table 1
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Summary of the effect of El Nino and La Nina on Gulf ocean and atmosphere behaviour, based on the references given in 2.1.2 and 2.1.3.

Season ENSO neutral

El Nino La Nina

Winter — early Spring Northwesterly winds drive upwelling
(strongest January to April)

Summer Monsoon season Weak southerly winds
(June-September)

column stratification

Tropical ocean waters penetrate Gulf; increase water

e Thermocline deepened

e Upwelling winds suppressed

e Increased influx of tropical
ocean waters

e Thermocline deepened

o Upwelling winds strengthened

e Reduced SST — decreased stratification
e Atmospheric convection and monsoon
activity reduced

e Monsoon “Gulf Surge” storms move to NW up the Gulf

spring and lithogenic flux prevalent in the summer (Thunell, 1998). In
more detail, the opal flux often contains two major pulses with one from
October-December (fall — early winter) and another from Februar-
y—April (late winter — spring) (see Fig. 6 of Thunell, 1998). Analysis of
diatoms in the traps reveals a spring flux of typical upwelling/spring
bloom, small genera such as Chaetoceros (hyalochaete) (present as both
vegetative stages and resting spores) and Thalassionema and Skeletonema
(Sancetta, 1995). By contrast, the fall — early winter flux is dominated by
a maxima in cell volume contributed by large taxa including rhizoso-
lenids and Coscindiscus spp., with a mixed assemblage occurring
throughout the winter (Sancetta, 1995). (Note that we use the term
rhizosolenids to encompass those taxa within the family Rhizosolenia-
ceae, including, in the Gulf, mainly the genera Rhizosolenia and Dacty-
liosolen and the species Proboscia alata, Pseudosolenia calcar-avis and
Guinardia flaccida.)

The late winter — spring diatom flux tallies with the upwelling-driven
surface production observed by satellite. However, there is generally
less of a satellite/surface chorophyll signal over the Guaymas Basin
corresponding to the fall-early winter diatom flux (Garcia-Morales et al.,
2017), even though the fall flux may be equivalent to or greater than
that of the winter-spring. This is because the large diatoms typical of the
“fall dump” flux are adapted to growing in stratified conditions at depths
below the reach of satellite sensors (Kemp et al., 2000) — see discussion
in 2.2.2, below.

The summer lithogenic flux is driven by the monsoonal storms, with
delivery by aeolian transport of particles by convective thunderstorms
and/or by subsequent river runoff (Baumgartner et al., 1991; Thunell,
1998). The occurrence of benthic and coastal diatoms amongst the
lithogenic material suggests storm-generated suspension and off-shelf
transport (Sancetta, 1995).

The sediment trap study of Thunell (1998) included measurement of
the opal, carbonate, organic carbon and lithogenic mass fluxes. Biogenic
opal comprised typically 75% of the mass flux and was deemed a better
indicator of biological production and flux than organic carbon. A
decoupling between weight % organic carbon and biogenic opal also
occurs throughout the MD02-2515 record, and this has been ascribed
variously to greater uptake by diatoms of Si under Fe-limitation during
intense blooms and/or a dilution effect (Pichevin et al., 2012; Chang
et al., 2015).

2.2.2. Insights into the seasonal cycle from recent/holocene laminated
sediments

The first studies of lamina composition were based on subsampling of
individual laminae directly from sediment cores (Baumgartner et al.,
1985; Donegan and Schrader, 1982). The resolution of these analyses
was insufficient to identify changes of diatom composition within in-
dividual laminae, however changes in the bulk diatom composition of
individual laminae were used to make inferences on interannual vari-
ability (see 2.2.3, below).

The seasonal sequence of diatom flux has also been documented
using backscattered electron imagery (BSEI) of resin-embedded sedi-
ment to study Holocene varved sediments from the central Gulf from
cores JPC56 and JPC48 (Fig. 3). Diatom laminae immediately below the
summer lithogenic laminae are dominated by Chaetoceros (hyalchaete)
with rarer Skeletonema, both taxa being typical of the spring bloom/

Gulf of California Main

annual flux cycle production
(Holocene/ modern) mechanism
upwelling

winter

deep /
stratified

Annual sedimentary cycle
summer fall

spring

upwelling

Fig. 3. Summary of the modern/Holocene annual Gulf flux cycle observed from
laminated sediments (Pike and Kemp, 1996a; Kemp et al., 2001) and water
column studies (Sancetta, 1995; Thunell et al., 1993). C- Chaetoceros, S — Ste-
phanopyxis, R — Rhizosolenia, T — Thalassiothrix, LC — large Coscinodiscus, M —
mixed diatom assemblage.

upwelling pulse. Contrasting, near-monospecific laminae (that is,
diatom ooze laminae which are predominantly composed of a single
species or genus) of large Coscinodiscus spp., Rhizosolenia spp., Stepha-
nopyxis palmeriana and Thalassiothrix longissima are found just above the
summer lithogenic laminae of clay and silt, indicating a fall/early winter
period of deposition (Pike and Kemp, 1996a, 1997) (Fig. 3). These
laminae are thought to result from production at depth by adaptation to
growth in low light in a deep chlorophyll maximum (DCM) or through
buoyancy regulation (some rhizosolenids) during summer stratified
conditions. Subsequent deposition occurs when the thermocline breaks
down in autumn/early winter in the “fall dump” (Kemp et al., 2000; Pike
and Kemp, 1997; Sancetta, 1995; Sancetta et al., 1991). Evidence from
the comparison of the 8'°N signatures of diatom-bound organic matter
between diatom size fractions (<63 pm/> 63 pm) in Holocene Gulf
sediments provides corroborative evidence that the larger diatoms,
mainly T. longissima and large Coscinodiscus spp. in this instance, grew
under stratified conditions at the base of the euphotic zone, under low
light levels and in excess nitrate (Kalansky et al., 2011). From a satellite
chlorophyll a sensor, the Gulf might be expected to show one major
seasonal burst of production in the winter/spring. However, the
specially adapted species of the “shade flora” are able to thrive in the
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summer stratified conditions and generate as much or more flux in the
fall dump, at breakdown of stratification, than the winter/spring blooms
(Kemp et al., 2000; Kemp and Villareal, 2018; Pike and Kemp, 1997;
Sancetta, 1995).

2.2.3. Interannual variability from sediment traps and recent/Holocene
laminated sediments

There is conflicting evidence from the limited data. Based on
elevated opal fluxes in the 1995-96 “non-El Nino” year in the
1990-1996 sediment trap series, Thunell (1998) proposed an overall
decline in production during El Nino. However, there was no distinction
in the contribution of upwelling versus fall dump diatom taxa to this
total since the diatom study of the traps (Sancetta, 1995) only extended
from 1990 to 1992. On the other hand, in a dated 20 year varve record
(1953-1972) from the Guaymas slope, El Nino years coincided with the
highest density of individuals (total number of diatoms and silico-
flagellates per cm?) and the dominance of a warm water assemblage
including high abundances of Agpeitia nodulifer (Baumgartner et al.,
1985). Interestingly, the main interannual variability in sediment trap
taxa occurs with El Nino, with A. nodulifera, otherwise very rare in traps,
reaching up to 5%, and taken to represent the presence of warm eastern
tropical Pacific waters penetrating further into the Gulf during El Nino
conditions (Sancetta, 1995). A factor analysis of minor taxa combining
sediment trap and Core (JPC 56) data gave a factor dominated by
A. nodulifera, and again, this was interpreted to represent increased
penetration of subtropical water into the Gulf (Sancetta, 1995).

Laminae rich in A. nodulifera were briefly noted based on the
macroscopic subsampling of laminae from DSDP Site 480 in the eastern
Guaymas Basin (Donegan and Schrader, 1982; Schrader, 1982; Schrader
et al., 1980). Based on the warm water affinity of A. nodulifera and the
absence of the silicoflagellate upwelling indicator Octatis pulchra, these
laminae rich in A. nodulifera were interpreted to represent an “oceanic
end member” relating to the summer influx of oceanic waters to the Gulf
(Donegan and Schrader, 1982; Schrader, 1982).

Time series analysis of the occurrence of Thalassiothrix longissima
diatom mats in Holocene laminated sediments revealed significant pe-
riodicities of mat deposition at ~11, 22-24, and ~50 years and these
were originally ascribed to solar cycle influence (Pike and Kemp, 1997).
Such periodicities are now known to be characteristic of the Pacific
Decadal Oscillation (PDO) (Skakala and Bruun, 2018), which is related
to longer term changes in the amplitude of El Nino variability, although
a 22-year periodicity in PDO has itself been linked to solar influence
(McCabe-Glynn et al., 2013).

2.3. Prior understanding of the ecology of Azpeitia nodulifera

Azpeitia nodulifera (basionym Coscinodiscus nodulifer) is generally
described as a heavily silicified, planktonic diatom characteristic of
warm tropical waters which has not been reported to occur in colonies
(Fryxell et al., 1986) and first appeared in the tropical Pacific around
13.3 Ma (Barron, 2003). More broadly, A. nodulifera has been found in
plankton tow and sediment trap samples from the equatorial Pacific,
where it is never in high concentrations and has been regarded, gener-
ally, as a minor component of oceanic warm water assemblages (Iriarte
and Fryxell, 1995; Kobayashi and Takahashi, 2002; Takahashi et al.,
2009). Rare occurrences in relatively high abundance in surface sedi-
ments or cores have been ascribed to resistance to dissolution (Lange
and Berger, 1993; Schrader and Sorknes, 1991; Seeberg-Elverfeldt et al.,
2004a; Warnock et al., 2007). The only prior indication of possible
sedimentation of water column concentrations are the existence of thick
layers of A. nodulifera co-occurring with Coscinodiscus spp.in laminated
sediments from the Red Sea (Seeberg-Elverfeldt et al., 2004b). In
offshore — onshore surface sediment-sampling transects, it is generally
very rare or absent in shelf or coastal stations (Pokras and Molfino,
1986; Schuette and Schrader, 1981). In other occurrences in eastern
equatorial Pacific cores, it has been regarded as a tropical oceanic, warm
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water indicator (Devries and Schrader, 1981; Romero et al., 2011).

From previous sediment trap and sediment laminae studies
mentioned in 2.2.3 above, Azpeitia nodulifera is regarded as an indicator
of the influx of tropical oceanic waters into the Gulf and has been
associated with El Nino. Palaeoceanographic studies in the Gulf have
also generally associated increases in the relative abundance of
A. nodulifera in the sediment record as an indicator of the incursion of
tropical waters into the Gulf with a particular association with sustained
El Nino activity (Barron and Bukry, 2007; Barron et al., 2004, 2005). In
their synthesis of the MD02-2515, 55 kyr record, Barron et al. (2014)
characterize its ecology as representing “Tropical Pacific, deeply strat-
ified waters”.

3. Materials, methods and dating

The piston core MD 02-2515 (27°29.01 N, 112°04.46 W, 64.4 m
long, 881 m water depth) was retrieved by the Marion Dufresne in 2002
from the Guaymas Basin (Beaufort and Scientific Party, 2002, Fig. 1).
Sediments consist of mm-scale laminated diatomaceous muds with
intermittent intervening homogenous intervals. The samples analysed
here were taken from core sections 45, 4-139 c¢cm and 46, 0-78 cm,
corresponding to a void corrected core depth of 5136-5343 cm,
following the depth scale used in Pichevin et al. (2012). MD 02-2515 is
well dated with an age model based on linear interpolation of 26 AMS
14C dates measured on bulk organic matter and 2 AMS *C dates
measured on foraminifera (Pichevin et al., 2012). We therefore adopt
this age model which was also used in the subsequent papers of Chang
et al. (2015), Cheshire and Thurow (2013), McClymont et al. (2012),
Barron et al. (2014). Beyond 40 ka the age model is less robust and the
calendar age of 46,418 ka from 5238 cm, near the top of the interval
studied has a 1 sigma error of 2184 years. For correlation to global
events, we use the updated chronology of the NGRIP GICCO5 (Svensson
et al., 2008) as adopted by the INTIMATE event stratigraphy of Ras-
mussen et al. (2014),which gives an age of 46,860 b2k for the start of
GI-12. A varve-based age “floating” chronology for the studied interval
is presented in the results section. The duration of the studied interval is
shown in Fig. 4a in relation to the GICCO5 NGRIP oxygen isotope record
and to the wt. % opal and 8'°N records of Pichevin et al. (2012) and
Chang et al. (2015) and the depth interval is shown with the detailed
opal record in Fig. 4b.

Slab samples were taken from split cores using the cookie cutter
method (Dean et al., 1999; Kemp et al., 2001). Slabs were first x-rayed
and then sub-samples were embedded with Spurr low-viscosity epoxy
resin to make polished thin sections (PTS) for backscattered electron
imagery (BSEI) analysis using the methods of Pike and Kemp (1996b)
and Kemp et al. (1998). Samples were examined at high magnifications
using the SEM and were logged lamina-by-lamina using an x73
magnification BSEI photomosaic as a basemap noting the occurrence of
lithogenic and biogenic components. Varve identification was based on
grey scale, X-radiograph and BSEI, in combination (Fig. 5). Laminae,
within the varve, were defined based on changes in sediment composi-
tion that were distinctive and laterally continuous and from these, the
seasonal flux sequence was reconstructed. Sequential, distinct,
near-monospecific A. nodulifera laminae are differentiated by abrupt and
laterally traceable changes in A. nodulifera abundance and/or matrix
content. Thickness measurements of laminae were obtained from BSEI
using the method of Francus et al. (2002), taking the average of three
thickness measurements per lamina. Stub samples were prepared from
sediment counterparts of the embedded material, split parallel to the
laminae, then dried and gold coated to produce topographic images for
diatom species identification.

Previous studies have proposed that variations in the diameter of
A. nodulifera may be climatically controlled with populations with cell
diameters greater than 60 pm characteristic of high nutrient concen-
trations (Bromble and Burckle, 1983; Burckle and McLaughlin, 1977;
Burckle et al., 1981; Lange and Berger, 1993). This motivated an
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Fig. 4. a) Duration of the studied interval in relation to the GICCO5 NGRIP oxygen isotope record and to the weight % biogenic silica and 8'°N records of Pichevin
et al. (2012) and Chang et al. (2015). b) Detail of the studied interval showing extent of laminated segments and weight % biogenic silica (Pichevin et al., 2012)
plotted against depth in core. The star marks the depth of the radiocarbon date of 46,418 Calendar age. The arrow “A” indicates the point in the middle laminated
segment where Azpeitia nodulifera replaces Coscinodiscus spp. as the dominant fall dump diatom in the lamina sequence.

investigation into size variations of A. nodulifera within the near
mono-specific laminae. Strew slides were made of three A. nodulifera
laminae taken from the top, middle and base of the top laminated
segment (5145, 5155, 5173 cm core depth respectively). Samples were
taken using toothpicks, and then disaggregated and suspended in

deionized water. The suspension was pipetted onto a glass cover slip that
was left to dry slowly on a hot plate before being mounted onto a glass
slide using Norland Optical Adhesive #61 (refractive index = 1.56). For
each slide, the diameters of 300 A. nodulifera frustules were measured
using a calibrated reticule at x400 magnification under optical
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Fig. 5. Example showing comparison of different imaging methods and
detailed logs based on BSEI from core interval Section 45, 24-35 cm (Core
Depth 5156-5167 cm). a) - shows grey-scale image of split core surface showing
alternation between pale and dark laminae comprising an apparent annual
couplet of alternating terrigenous and diatomaceous sediment. b) - shows x-ray
of the 1 cm-thick slab, in which more complexity and intra-annual variability is
evident. ¢) — low magnification mosaic of each successive polished thin section.
d) - Detailed log based on high magnification BSEI imagery of low mag
base maps.

Mixed assemblage

microscopy.

Time series were compiled, and spectral analysis was undertaken on
the total diatom ooze thickness per varve, on the total lithogenic
thickness per varve and the number of A. nodulifera laminae per varve.
Prior to spectral analysis, any outliers, defined here as any value greater
than the mean plus 2.5 x the standard deviation, were removed and
replaced with this limit. The Fourier transform treats the data as though
it is infinitely repeated, therefore any trend present in the dataset will
produce a spectral peak with the same frequency as the length of the
time-series and to avoid this, each dataset was detrended using a linear
function. The time-series were examined for step changes as this will
also result in distortion of the spectra. Hiatuses can affect the detection
of high frequency cycles and alter the frequency of any cycles identified
(Weedon, 2003), however no hiatuses were identified during the careful
inspection of the sedimentary record during BSEI analysis. Spectral
analysis was undertaken using the REDFIT method using REDFIT
version 3.5 (Schulz and Mudelsee, 2002).
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4. Results
4.1. Annual lamina sequences and varve identification

The sediment investigated comprises a 207 cm — long interval con-
taining three near consecutive laminated segments containing regular
alternations between clay and silt-rich lithogenic laminae with diato-
maceous laminae with two intervening segments of bioturbated/ho-
mogenous diatomaceous mud (Fig. 4b). The lower, middle, and top
laminated segments comprise of 207, 98 and 130 varves respectively
with two very thin bioturbated/homogenous interruptions to the lower
segment (Fig. 4b). The duration of the entire interval is estimated at 655
years, based on taking an average varve thickness through the homog-
enous sections. This is likely to be an underestimate since the diatom and
opal concentration is relatively lower in the homogenous segments,
reflecting a lower sedimentation rate. Furthermore, in keeping with
previous studies of JPC 56 (Sancetta, 1995), there is evidence of diatom
dissolution in the bioturbated/homogenous sediment. Identification of
repeated sequences allows the typical varve structures to be described.

4.2. Sedimentation and biogenic opal accumulation rates

Average sedimentation rates for the whole interval may be calcu-
lated using the age model-derived duration of 1417 years (146 cm/ka)
or the varve-derived age model of 655 years (316 cm/ka). The peak
sedimentation rate estimated based on the top laminated segment which
had the largest average varve thickness is 380 cm/ka. The average opal
accumulation rate for the whole interval may be calculated using the
average dry bulk density value for the core of 0.26 g/cm® (Chang et al.,
2015; Beaufort and Scientific Party, 2002) and the average biogenic opal
of the interval of 36.3 % (Chang et al., 2015) to give 13.8 g/cm?/kyr.
Based on the varve-derived age model the rate is 29.8 g/cm?/kyr, while
the peak rate in the top laminated segment is 59 g/cm?/kyr (using the
average opal content for this segment).

We do not have direct dry bulk density measurements for the studied
interval, and it may be argued that the average for the core is likely to be
too great, since the most diatom-rich sediment in the top laminated
segment would have a lower density due to the open framework of the
frustules. Taking a value of 23 g/cm® derived from the most diatom-rich
laminated intervals of DSDP Site 480 from the Guaymas Basin
(Shipboard-Scientific-Party, 1982) would give a biogenic opal accu-
mulation rate of 52 g/cm?/kyr or 520 g/m?/yr for the peak rate in the
top laminated segment (full Interstadial).

4.3. Variation in varve characteristics in the three varved segments

The average varve thickness ranges from 3 mm in the lower segment
to 3.7 and 3.8 mm, respectively in the middle and top segments and are
more than twice the thickness of the typical Holocene varves. The top
segment has the highest opal concentration (Fig. 4b), containing the
purest diatom ooze and has some of the thickest varves ranging excep-
tionally up to 9 mm. The lower and middle segments, most commonly
have just two laminae per varve whereas the top segment has an average
of five laminae in each varve, marked mainly by additional discrete
A. nodulifera laminae (Fig. 6). The lithogenic laminae are typically 1-1.5
mm thick and comprise very fine to coarse silt, minor clay and minor
very fine sand grade material. There is a distinction in the diatom
composition, particularly regarding the near-monospecific laminae
(Table 2). The diatom laminae in the lower segment are comprised of
near monospecific Coscinodiscus spp., near monospecific A. nodulifera or
amixed diatom assemblage, with A. nodulifera becoming more dominant
towards the top. In the middle segment, only the lowermost 16 varves
contain Coscinodiscus spp. laminae and thereafter they comprise either
near monospecific A. nodulifera or a mixed diatom assemblage (Fig. 6).
The main contributors to the mixed assemblage laminae include Tha-
lassionema nitzschiodes, Hemidicus cuneiformis, Actinoptychus spp.,
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Fig. 6. The typical laminae present in varves in the lower, middle and top laminated segments. BSEI images show the different types of near-monospecific
A. nodulifera laminae. For the top segment, the upper image shows nearly pure A. nodulifera concentrations; the lower image shows A. nodulifera in a typical ma-

trix of clay and silt.

Table 2

Number of the three most common near-monospecific laminae per varve segment.

Segment A. nodulifera laminae

Chaetoceros setae ooze laminae Large Coscinodiscus laminae

Top (130 varve years) 132
Middle (98 varve years) 51
Lower (207 varve years) 59

142 4
3 9
12 40

Asteromphalus spp. and large Coscinodiscus spp. (Fig. 7). The top
segment, by contrast, contains no Coscinodiscus spp. laminae, and dis-
plays an alternation between varves dominated by Chaetoceros setae (55)
(Fig. 7a and b) and Agpeitia nodulifera (52) (Figs. 5, 6 and 8). In the
Azpeitia nodulifera — dominated varves, there is commonly a thin or
discontinuous Chaetoceros setae lamina cap. The Chaetoceros setae
laminae do not contain Chaetoceros resting spores and only rarely
include the very lightly silicified vegetative cells to which the setae
attach (Fig. 7b). They may include a very thin or discontinuous litho-
genic lamina.

4.4. Azpeitia nodulifera laminae

Near-monospecific laminae of A. nodulifera are present throughout
the interval investigated with an average lamina thickness of 1.27 mm
(standard deviation (s.d.) = 0.8 mm) for the whole interval (see Table 2
for individual segments). The lower and middle varved segments of 207
and 98 varve years include 52 and 46 varves (respectively) dominated
by near-monospecific A. nodulifera laminae. These varves consist of a
couplet of a clay/silt lamina and a near-monospecific A. nodulifera
lamina (Fig. 6). In the top varved segment of 130 varve years, there are
52 varves which are dominated by near-monospecific A. nodulifera
laminae, these varves generally consist of laminae comprising of clay/

silt followed by one or more, (up to 7) near-monospecific A. nodulifera
laminae that may be overlain by a thin or discontinuous Chaetoceros
setae ooze top (Fig. 6).

Sequential, intra-annual laminae were identified by a clear and
abrupt change in matrix composition and/or A. nodulifera abundance,
and these were classified as separate depositional (flux) events (Fig. 6).
Such multiple laminae were mainly confined to the top varve segment.
The matrix surrounding the A. nodulifera frustules may consist pre-
dominantly of clay and silt, or of centric diatom fragments with a more
minor clay and silt component. Where sequential A. nodulifera laminae
were encountered, the lower laminae generally contained silt and clay
while the topmost generally had minimal lithogenic content (Fig. 6). The
near-monospecific A. nodulifera laminae, contain minor amounts of
Actinoptychus sp., Coscinodiscus spp., and occasional Asteromphalus sp.,
Fragilariopsis doliolus, Hemidiscus cuneiformis and S. palmeriana. There
are three laminae in the middle segment that are co-dominated by both
A. nodulifera and S. palmeriana, and ten laminae in the lower segment
that are co-dominated by both A. nodulifera and large Coscinodiscus.

4.5. Preservation and size range of A. nodulifera

Warnock et al. (2007) devised a preservation index in which indi-
vidual cells of A. nodulifera may be placed into one of four categories
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Fig. 7. Common components of laminae in BSEI of polished thin sections (left panels) and topographic stub images (right panels). a) and b): concentrations of
Chaetoceros spp setae, mainly visible as cross sections in BSEI; in b) note the characteristic bifurcation of some setae and a rarely preserved vegetative cell (black
arrow); c) and d): large Coscinodiscus sp., e) and f): mixed assemblage. Abbreviations: Cocco — coccoliths, Sk — Skeletonema, Hemi — Hemidiscus, Actin — Actinoptychus,

Cosc — Coscinodiscus, Az — Azpeitia.

based on the state of the velum, a uniform perforate silica microstructure
that covers the areolae known as a cribrum (pl. cribra). Cells with a fully
intact vela/cribra are placed into state one (indicating the least disso-
lution), cells where the vela and all pegs around the areolae are
completely dissolved are placed into state four (indicating high disso-
lution levels) (Warnock et al., 2007). Topographic images indicate that
the A. nodulifera cells documented here generally have an intact velum
indicating that they fit into ‘state one’ and are in the highest state of
preservation (Fig. 8e and f).

To investigate variations in cell diameters, 300 A. nodulifera cells
were counted using optical microscopy from three samples selected from
near-monospecific A. nodulifera laminae at core depths of 5145, 5155,
5173 cm, giving mean cell diameters of 70 pm (s.d. 8), 66 pm (s.d. 9) and
71 pm (s.d. 6), respectively.

4.6. Linking of cells and evidence for vegetative division

Topographic BSEI shows that A. nodulifera commonly occurs in
stacks of ~2-7 frustules particularly in the top laminated segment
(Fig. 8a—d). Stacks occur at various orientations suggesting they do not
simply form as a result of cells settling but rather that the cells may have
been linked together in the water column. Adjacent, stacked pairs of
frustules tend to be similar but not identical in size (e.g., Fig. 8d), sug-
gesting that cells may be the product of vegetative division with the
inner valves of the pairs therefore represent sibling valves.

BSEI of the polished thin sections allows the cross sections of the
valves to be examined and reveals abundant dividing cells (diatom cells
which are undergoing mitotic division) (Fig. 9). Dividing cells are
observed throughout the interval and a complete range of stages in di-
vision are seen ranging from immediately prior with a maximal number
of girdle bands, through the progressive formation of the new valves to
final separation. The excellent preservation facilitates a detailed
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Fig. 8. Topographic SEM images of A. nodulifera in stub samples, note ‘stacks’ of frustules. a) A near monospecific concentration of A. nodulifera with silt and clay
sized lithogenic material. The occasional larger centric diatoms are Coscinodiscus sp. b) Monospecific concentration of A. nodulifera with some stacks of frustules
evident. ¢) and d); Detail showing monospecific concentrations of A. nodulifera with stacks of differing numbers of cells. e) The excellent preservation state
demonstrated by valve areolae with fully intact vela (pores) or cribra (perforate layers of opal); also (top right in e) note the characteristic central depression and
raised external opening of the central rimoportula. f) Valve exterior showing the two rows of elongate mantle aureolae with complete and intact pores and the

marginal rimoportulae (three visible on each valve).

illustration of the diatom girdle through this process (Fig. 9g). Exami-
nation of valve cross sections in BSEI show up to ~60% of cells are in
various stages of division with the highest proportions in the top lami-
nated segment.

4.7. Time series analysis

Results of the time series and spectral analysis of variation in the
total diatom ooze thickness per varve, the total lithogenic thickness per
varve and the number of A. nodulifera laminae per varve are given in
Fig. 10. Emphasis was placed on periodicities exceeding the 95% con-
fidence interval.

10

5. Discussion

The overall varve composition superficially resembles that of the
Holocene/recent varves (Fig. 3). The main differences are the presence
of the near-monospecific Azpeitia nodulifera laminae which do not occur
in the Holocene/recent varves and the presence of multiple discrete
diatom laminae within one year. We first discuss the ecological signifi-
cance of the A. nodulifera laminae and then consider the broader
palaeoceanographic and palaeoclimatic implications.
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Fig. 9. Cells of A. nodulifera, showing different stages of the cell division cycle (diameter of frustule = length in image given for each panel), a) Prior to division (80
pm), b) first sign of valve deposition (73 pm), c) the two new valves (hypothecae) become distinct (68 pm), d) the two new valves have separated (70 pm), e)
immediately prior to division, the two new sibling valves are fully formed and linked to the parent valves (74 pm). f) onset of division, the girdle bands are moving
apart and separation of the cells has begun (85 pm). g) Detail of right-hand side of (e) to illustrate the structure of the girdle, vc — valvocopula (the girdle band
proximal to the valve), g — girdle band, p — pleural band (the most distal girdle band). In the right-hand panel, separation of the cells has begun. h) Detail showing two
newly divided cells (although unlikely to be siblings given the orientation) with prominent epicingula and note the newly forming valvocopula (vc arrowed) in the
newly formed hypovalve of the lower cell (diameter of topmost valve = length in image = 66 pm).

5.1. Origins of the near-monospecific laminae of Azpeitia nodulifera and
the seasonal cycle of the Gulf

5.1.1. The A. nodulifera laminae represent flux from bloom events

There has been a tendency to suggest that concentrations of robust
oceanic diatoms (whose ecology is often poorly understood) may orig-
inate from the dissolution of more lightly silicified species. There is also
some indication that this may occur elsewhere with A. nodulifera, for
example in the Red Sea, where a relative abundance in the water column
of 0.6-1.5% contrasts with sediment abundances of 34.5-41.5 %
(Seeberg-Elverfeldt et al., 2004a). However, with the abundant evidence
of outstanding preservation from the present samples (Fig. 8), we may
dismiss this “preservation” explanation and instead seek to identify
scenarios that would have produced high water column concentrations
of A. nodulifera with subsequent rapid delivery to the sediment. The size
range of our specimens, all >60 pm, places them within the size
grouping characteristic of high nutrient supply (Burckle and McLaugh-
lin, 1977; Murray and Schrader, 1982). Taken together with the abun-
dant evidence for vegetative cell division (Figs. 6 and 9), extensive and
repeated diatom blooms offer the best explanation.

11

5.1.2. Ecology of the A. nodulifera blooms

Any mechanism proposed for the blooms of A. nodulifera needs to
take into account its affinity with warm-water, stratified conditions and
the co-occurrence in some laminae with either S. palmeriana or large
Coscinodiscus spp., suggesting a shared mode of production. Both of
these associated taxa are typical of the fall dump whereby large diatoms
that have the ability to grow at depth in stratified conditions during the
summer are deposited when autumn or winter storms generate mixing
and destroy stratification (Kemp et al., 2000).

The typical fall dump taxa are large or colonial oceanic diatoms, and
they are enabled to bloom in stratified conditions by one or more ad-
aptations that facilitate growth in the lower part of the euphotic zone.
The most likely adaptation in the case of A. nodulifera is the ability to
grow at depth under low light conditions in a deep chlorophyll
maximum, and this has been demonstrated experimentally in the case of
S. palmeriana (Goldman, 1993; Goldman and McGillicuddy, 2003). The
large size of these diatoms is also an adaptation to a pulsed nutrient
supply since their large vacuole enables luxury uptake and storage of
nutrients (Stolte and Riegman, 1996). The monospecific concentrations
of A. nodulifera that are especially common in the top laminated segment
likely record maximum penetration of tropical waters, carrying seed
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Fig. 10. Spectral analysis of variation in diatom ooze thickness per varve, lithogenic sediment thickness per varve and number of A. nodulifera laminae per varve.

populations into the Gulf.

5.1.3. Evidence for cell division suggests flux during blooms not at the end
or post bloom

A remarkable feature of the A. nodulifera laminae, particularly in the
top varve segment is that more than half of the cells appear to be at some
stage in the process of cell division (clearly seen in the BSEI of the resin
embedded sections cut perpendicular to laminae, Figs. 6 and 9).
Although in most cases there appears to be a very slight reduction in the
diameter of the daughter cells, in others there appears to be negligible
reduction (Fig. 9). This minimal reduction appears to be, in part,
enabled by the high curvature of the valvocopula (Fig. 9). In fact, this
has been observed in other diatom species (Rose and Cox, 2013), and the
generalization of the “size-reduction” paradigm for vegetative cell di-
vision may be an over-simplification for all diatoms. We have not
observed any auxospores in the material so there is no direct record of a
sexual phase that has been hypothesized to generate massive flux, for
example, for the Antarctic diatom Corethron (Crawford, 1995). Our-
selves and colleagues have worked on a total of more than 50,000 years
of records in varved laminated diatomaceous sequences ranging in age
from modern to Cretaceous and we have hitherto observed little or no
evidence for vegetative cell division “in progress”. The classical scenario
for the post “spring bloom” flux is where exhaustion of nutrients triggers
rapid post-bloom flocculation and mass sedimentation (Alldredge and
Gotschalk, 1989); the so-called “self-sedimentation” of Grimm et al.
(1997). This type of “post-bloom” flux either generates sedimentation of
non-dividing cells or of resting spores or resting stages in those taxa
adapted to produce them. Likewise, in observations of taxa whose flux
has been generated by interactions with frontal zones or by disruption in
the fall dump (including the Holocene Gulf varves) we have only rarely
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observed cell division in process. By contrast, in the case of the
A. nodulifera laminae, cells were actively and vigorously reproducing at
the time of flux, and, in the case of the top laminated segment, around
60% of cells were undergoing vegetative reproduction. Evidently, the
mass flux was generated by some external forcing that occurred during
the height of the blooms.

5.1.4. Position of Azpeitia nodulifera laminae in the annual flux and
productivity cycle and significance of multiple intra-annual flux events
There is a significant contrast between the fall dump flux as docu-
mented in the modern/Holocene sediments of the Gulf (Fig. 3) (Pike and
Kemp, 1996a, 1997; Kemp et al., 2000) and that observed here. The
Holocene fall dump laminae generally document the sequential flux of
different species groups with those likely most vulnerable to water
column agitation (rhizosolenids) first in the sequence followed by large
centrics including Coscinodiscus and these sublaminae are rarely
repeated within an individual year. Furthermore, silt and clay generally
only co-occur with the rhizosolenids. In contrast there are multiple (up
to 7) sequential A. nodulifera laminae corresponding to multiple distinct
flux events present in the top laminated segment - the closest to the full
stadial. The lower of these multiple lamina sets commonly also contain
silt and clay suggesting that they were co-sedimented with the detrital
input from monsoon storm activity (Fig. 6). Importantly, the active cell
division in the A. nodulifera laminae indicate that the blooms were still
vigorously active and not near termination (e.g. through lack of nutri-
ents). We therefore interpret these successive intra-seasonal laminae to
record repeated flux events from actively blooming diatom populations
triggered by storm-driven disruption of stratification. After the
storm-induced turbulence had abated and stratification had been
re-established, sufficient seed populations had evidently persisted in the
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Fig. 11. Generation of multiple A. nodulifera flux events during the summer monsoon period by recurrent Gulf surge storms.

water column to recommence the blooms. Thus, the multiple flux events
were likely driven by multiple successive monsoonal storms in any given
year, indicating a dynamic monsoon system (Fig. 11). The topmost
A. nodulifera laminae in the varves are purer with minimal lithogenic
material, more resembling the typical, October-November fall dump
laminae of the Holocene (Figs. 6 and 11).

A further contrast is that in the early Holocene record, the fall dump
lamina is generally followed by a winter mixed flora upwelling lamina
and then a spring upwelling lamina, representing a seasonal cycle close
to the modern Gulf (Kemp et al., 2000; Pike and Kemp, 1997; Sancetta,
1995). Similar mixed assemblage laminae are generally absent from
A. nodulifera-dominated varves. This suggests that the presence of
A. nodulifera marked periods where prolonged stratification continued
into winter, related to a deeper and/or stronger thermocline, thus
inhibiting the more typical winter/spring production.

5.1.5. Increasing dominance of A. nodulifera marks increasing penetration
of tropical waters into the Gulf

In the lower varve segment near-monospecific laminae of large
Coscinodiscus spp. are more common than A. nodulifera laminae. In fact,
large Coscinodiscus spp are a common component of the typical modern
and Holocene flux cycle in the Gulf (Fig. 3). Near-monospecific laminae
of large Coscinodiscus spp. are also common in the earliest 16 varve years
of the middle varve segment but are very rare thereafter and
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A. nodulifera laminae become the dominant large diatom in the laminae
(Fig. 4b). This suggests that there was progressively increased penetra-
tion of tropical waters into the Gulf with local taxa being displaced and
outgrown by incoming seed populations of oceanic diatoms. This was
evidently concomitant with increasing supply of silica to the Gulf.

5.1.6. Laminae of Chaetoceros setae mark increased upwelling driven by
strengthened winter-spring northwesterly winds

The rarity of Chaetoceros setae laminae (evidencing flux from the
spring bloom) in the lower and middle segment suggests suppression of
upwelling, a deeper or stronger thermocline and/or the presence of less
Si-rich waters. The presence of common Chaetoceros setae laminae in the
top laminated segment suggests increases in upwelling strength, a
decrease in stratification intensity and/or an increase in nutrient supply.
Given evidence for abundant silica availability throughout the studied
interval (see 5.2.1, below), an increase in upwelling intensity appears
more likely. In fact, this would be consistent with the interstadial
warming. Palaeoceanographic evidence from diatoms and silico-
flagellates demonstrates rapid increases in upwelling indicators in the
transition to the Bolling Allerod (GI-1) and in the earliest Holocene
(Barron et al., 2004). This increased upwelling was likely driven by
initiation of strong winter northwesterly winds along the Gulf in
response to northward migration of the North Pacific High to its current
position (Lora et al., 2016) (Fig. 12). Prior to these deglacial/interstadial
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Fig. 12. Illustration of major changes affecting the Gulf during the transition from Henrich Stadial 5 (HS5) to Greenland Interstadial 12 (GI-12). During HS5,
Southern Hemisphere warming via the bipolar seesaw results in a southward migration of the westerlies. Consequent intensification of upwelling and ventilation in
the Southern Ocean leads to the enhanced formation and northward advection of Si-rich Subantarctic Mode Water (SAMW) which passes rapidly via the EUC to the
Gulf. Subsequently, Northern Hemisphere warming on the transition to GI-12 leads to a strengthened North American Monsoon, intensified northwesterly winds
driving spring upwelling and reinvigorated ENSO variability. The modern ocean distribution of SAMW and zones of maximum thickness (darker shading) are taken
from Talley (1999), Li et al. (2021) and Wang et al. (2022). The northward tracks of SAMW and route to the EUC are taken from Tsuchiya et al. (1989), Toggweiler
et al. (1991), Herraiz-Borreguero and Rintoul (2011), Bostock et al. (2013) and Li et al. (2021). Abbreviations of ocean currents are as for Fig. 2.

warming events, winter winds across the Gulf were likely from the
southeast (Bartlein et al., 1998).

5.1.7. Interannual variability from lamina time series shows strengthening
El Nino in the interstadial

Examination of the lamina time series and spectral analysis (Fig. 10)
reveals distinct periodicities that may be linked to time scales of known
interannual variability. Concentrating on peaks above the 95% confi-
dence level, the total diatom ooze thickness per varve (a measure of total
production and flux) for the lower segment has a quasi-biennial 2.4 year
peak that may be related to the quasi-biennial component of El Nino.
The strongest peak at 8 years is in the top segment and this is consistent
with the other evidence for the strengthening of El Nino in the inter-
stadial. At 8 years, this is a little higher than the “classical ENSO” 3-7
year band of Allan (2000) and nearer the return interval for strong El
Nino events of 8.8 years (Enfield and Cid, 1991).

The total lithogenic lamina thickness per varve is expected to relate
to the intensity of monsoonal run-off and/or aeolian deposition which
will be related to the monsoonal strength. The strongest peaks in the
middle and top laminated segment are within the quasi-biennial band.
In fact, this periodicity is widely observed within monsoon systems
globally (Cai et al., 2019). Analysis of the variability in the number of
A. nodulifera laminae per varve show “normal” El Nino periodicities (3.5
and 3 years) for the lower and middle laminated segments with both
quasi-biennial and longer periodicities (7 years) for the top laminated
segment, again consistent with stronger El Nino events in the full
interstadial.
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5.2. Palaeoceanographic and palaeoclimatic synthesis

5.2.1. Where did the silica come from: Southern Ocean source and relation
to Heinrich Stadial 5

The broader elevation in opal content in core MD02-2515 between
about 53 and 40 ka (Pichevin et al., 2012) (Fig. 4) is consistent with
records of biogenic opal variability from the eastern equatorial Pacific
that show a broad maximum between 60 and 35 ka referred to as the
Marine Isotope Stage (MIS) 3 opal peak (Dubois et al., 2010; Hayes et al.,
2011; Kienast et al., 2006). Dubois et al. (2010) speculated that this opal
maximum was a preservation effect, but this argument was rejected by
Hayes et al. (2011) who saw a coincident minimum in 5'3C as evidence
of increased supply of nutrient-rich deep waters to the EUC. While the
broad 50 ka opal peak is present in the eastern equatorial Pacific, it is
absent from the central equatorial Pacific leading Hayes et al. (2011) to
propose enhanced Si supply but without enhancement of equatorial
upwelling. Interestingly, the increased presence of A. nodulifera in the
Gulf in MIS 3 between 55 and 27 ka noted by Barron et al. (2014)
broadly coincides with elevated opal.

Superimposed on the broad MIS 3 opal maximum is a higher fre-
quency multi-millenial, variability with more discrete peaks in opal flux
(Dubois et al., 2011; Pichevin et al., 2012; Chang et al., 2015) culmi-
nating in the peak value of the entire MD02-2515 record at 59.6%
biogenic silica (Fig. 4). The amount of silica in the EUC source of
equatorial upwelling is tightly coupled to its delivery from the Southern
Ocean via Subantarctic Mode Water (SAMW) (Sarmiento et al., 2004;
Toggweiler et al., 1991). Increased deep ocean ventilation and upwell-
ing of Si-rich waters around Antarctica at the last deglaciation drove
increased circum-Antarctic diatom productivity and opal flux, and also
resulted in enhanced supply of silica to SAMW and thence to the eastern
equatorial Pacific giving increased diatom productivity and opal flux
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Table 3
Summary of Major climate events and effects in the Gulf of California.
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Climate event/state Atmosphere/Ocean response

Response in Gulf of California

Greenland Stadial 13/
Heinrich Stadial 5
Southern Ocean surface
warming via bipolar

seesaw

Coastal Current to the Gulf

Greenland Interstadial
12

Retreat of Laurentide Ice
Sheet to minimum
extent

reinvigoration of the North American Monsoon
Strengthened El Nino - La Nina cyclicity

Gulf
e During La Nina — Spring upwelling enhanced

Poleward shift of westerlies leads to enhanced Southern Ocean ventilation
and Si input to Subantarctic Mode Water: this advects northwards to the
Equatorial Undercurrent over 300-400 years and hence via the Mexican

Reduced N-S temperature gradient leads to decline in westerlies and

Generates peak silica supply to Gulf lagged by several decades to a few
centuries, favouring diatom growth and subsequent peak Si-rich
sedimentation culminating in early GI-12

Intensified and repeated summer season Gulf Surge storms generate
multiple summer flux events from recurring blooms of Azpeitia nodulifer
diatoms

e During El Nino - Increased penetration of tropical Pacific waters into

o Brings oceanic Azpeitia populations into Gulf to become dominant
summer bloom species

e Enhances delivery of Si-rich waters to Gulf

o Drives Chaetoceros production and flux

there also (Anderson et al., 2009). Similar peaks in circum-Antarctic
opal flux driven by upwelling and ventilation occur during the Hein-
rich Stadials of the last glaciation, including HS5 (Gottschalk et al.,
2016). Recent syntheses demonstrate that the strongest Southern Ocean
ventilation episodes were triggered by the largest weakenings in the
Atlantic Meridional Overturing Circulation coinciding with the strongest
of the Heinrich Stadials including HS5 (Henry et al., 2016; Yu et al.,
2023). These strong ventilation episodes would also have led to
enhanced Si-rich SAMW formation and northward advection to the
equatorial Pacific.

Chang et al. (2015) remarked on the lack of correlation of the
MD02-2515 opal and 8!°N records with Dansgaard-Oeschger oscilla-
tions in the older part of the record, but they were using the earlier
Greenland GISP2 ice core chronology of Stuiver and Grootes (2000)
which has the onset of GI-12 at ~ 45,400 b2k. Here, we use the updated
chronology of the NGRIP GICCO5 (Svensson et al., 2008) as adopted by
the INTIMATE event stratigraphy of Rasmussen et al. (2014) giving the
onset of GI-12 at 46,860 b2k which is only about 400 years earlier than
the radiocarbon date 2 cm from the top of our study interval at 46,418
Calendar age which is equivalent to 46,468 b2k. Using this chronology,
it is feasible to relate variability in the Gulf of California more precisely
to the major ocean/climate changes during HS5 and the transition to
Greenland Interstadial 12 (Table 3; Fig. 12).

The synthesis of Yu et al. (2023) confirms strong Southern Ocean
ventilation during HS5 within GS-13. Weakening of the Atlantic
Meridional Overturing Circulation (AMOC) and north Atlantic regional
cooling at the onset of HS5 (~48,137 b2k) led to Antarctic warming with
a lag of around 200 years via the bipolar seesaw mechanism (WAIS
Divide Members, 2015; Rhodes et al., 2015; Buizert et al., 2018). Surface
warming of the Southern Ocean was accompanied by a poleward shift
and strengthening of the southern westerlies leading to enhanced
ventilation around Antarctica (Yu et al., 2023) and a pulse of silica-rich
SAMW which then advected northwards (Fig. 12). Model simulations of
the modern oceans suggest a rapid transit time, with Rodgers et al.
(2003) giving an interval of ~270 years for SAMW to substantively
reach the Equatorial Undercurrent (EUC) and Zuo et al. (2012) esti-
mating as little as 50 years for this passage. The silica-rich equatorial
waters would then have been delivered to the eastern tropical Pacific by
the EUC and its offshoot the Northern Tsuchiya Jet and thence to the
Gulf via the Mexican Coastal Current (Figs. 2 and 12). These tropical
ocean waters evidently also contained the seed populations of
A. nodulifera, leading to the exceptional diatom blooms. Increased
penetration of tropical waters into the Gulf is also documented in other
interstadials including the B¢lling—1°\11ergzid (Velazquez-Aguilar et al.,
2024).

The ~20 wt % increase to maximum biogenic opal values in the
MDO02-2515 record starts during the middle varve segment (Fig. 4) and
peaks at the top value of 59.6% in the top varve segment (Fig. 4). It is
likely that this increase reflects the delivery of the newly Si-enriched
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thermocline waters to the Gulf, and this coincides with the transition
from Coscinodiscus-dominated laminae to exclusively A. nodulifera-
dominated laminae, also indicating the enhanced influx of oceanic wa-
ters. As well as an increase to peak opal values there is also a marked
increase in nitrogen isotope ratios from 5'°N values of 8.3 %o to 11.1 %o
(Chang et al., 2015) (Fig. 4). This follows a general pattern in Gulf
sediments of elevated opal content coinciding with enrichment in 5!°N
and is thought to relate to denitrification occurring during episodes of
reduced oxygenation and lamina preservation (Pride et al., 1999).

5.2.2. Intensification of the North American monsoon (NAM) on the
transition to GI-12

We interpret the multiple summer A. nodulifera laminae flux events
in the top varve segment to be due to repeated intense Gulf surge storms
that disrupted the subsurface bloom niche, temporarily destroying the
thermocline resulting in mass diatom sedimentation (Fig. 11). Un-
certainties in the age model notwithstanding, the top laminated segment
is nearest to the peak interstadial. This is consistent with the increased
NAM intensity to be expected with GI-12 Interstadial Northern Hemi-
sphere warming (Fig. 12).

In general, there is an anti-phased, inter-hemispheric relationship
between the Northern and Southern Hemisphere monsoon systems with
the Northern monsoons weakening during episodes of Northern Hemi-
sphere cooling on timescales from orbital to millennial to centennial
(Cheng et al., 2012). More specifically, during Greenland Interstadials,
the ITCZ shifted northward, and the Indian and East Asian Monsoons
strengthened (Deplazes et al., 2014; [zumi et al., 2023). While there is no
data on the North American Monsoon for the earlier Greenland In-
terstadials, it likely followed the same Northern Hemisphere monsoon
pattern as it did during the more recent, with collapse during DO cold
intervals — Heinrich Stadial 1 (HS1 or GS-2) and Younger Dryas (GS-1)
and resurgence with early Holocene warming (Lachniet et al., 2013).
Significantly, the stronger Heinrich DO cycles are associated with
greater amplitude change in the global monsoon systems (Dong et al.,
2022). The temperature rise at the NGRIP site at the onset of GI-12, at
12.5 °C was one of the stronger rises recorded at the GI onsets (Kindler
et al,, 2014) and a relatively swift transition with a duration of ~60
years (Erhardt et al., 2019), so the strengthening of the NAM was likely
vigorous and rapid.

Recent analyses of NAM behaviour place more emphasis on atmo-
spheric circulation changes linked to latitudinal temperature gradients
relating to the size of the Laurentide ice sheet rather than the ITCZ in-
fluences, with ice sheet decline in concert with increasing NAM
monsoon strength (Bhattacharya et al., 2017; Routson et al., 2022). In
periods of increased Laurentide ice sheet extent, the stronger westerlies
promoted by stronger latitudinal temperature gradients suppress the
NAM by blocking anticyclone development and northward progression.
As the Laurentide ice sheet declined following the last Glacial Maximum,
so the westerlies decreased in strength, allowing the monsoon to
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reinvigorate (Bhattacharya et al., 2018; Routson et al., 2022), and a
similar pattern may be hypothesized for the transition to the warmest
interstadials. Although there are dating uncertainties, the reconstructed
Laurentide Ice Sheet for 45 kyr (Batchelor et al., 2019; Dalton et al.,
2022) shows a minimum MIS 3 configuration similar in extent to that at
~ 8.5 ka (Dalton et al., 2020). The ice rafted detritus of HS5 was derived
from the Hudson Straight, consistent with purging of the Laurentide Ice
Sheet immediately prior to the onset of GI 12 (Hemming, 2004). This
would then lead to declining westerlies and a strengthened NAM at GI
12. This is also consistent with our evidence for strengthened El Nino/La
Nina cyclicity in the Interstadial, since model simulations show abrupt
intensification of ENSO forced by Laurentide Ice Sheet retreat (Lu et al.,
2016).

5.2.3. Increasing A. nodulifera dominance indicates strong El Nino activity

A. nodulifera becomes increasingly dominant upwards through the
laminated segments, displacing large Coscinodiscus spp. in the annual
flux cycle. From the known association of A. nodulifera with tropical
waters and El Nino events in the Gulf, it is likely that these increased
abundances reflect increased penetration of tropical waters into the Gulf
through the interval, with peak penetration at the full interstadial (top
laminated segment). Records from the last glacial cycle show a damp-
ening of El Nino during cold intervals with a resurgence in warm in-
tervals (Tudhope et al., 2001) and there is evidence that El Nino activity
increased during DO Interstadials (Turney et al., 2004). Furthermore,
annually resolved reconstructions from giant clams demonstrate strong
El Nino variability during MIS 3 (Driscoll et al., 2014). The strong Kelvin
wave activity generated by the El Nino events would have intensified the
poleward Mexican Coastal Current, so enhancing the delivery of the
Si-rich sub-thermocline tropical waters to the Gulf thus further boosting
diatom productivity.

Evidence for strengthened El Nino activity in the transition to the
interstadial is also provided by the results of the time series analysis
(Fig. 10) that show the strongest peaks in the ENSO band occurring in
the top laminated segment.

5.2.4. Alternations of A. nodulifera — and Chaetoceros setae - dominated
varves represent El Nino/La Nina cyclicity

Our observations of 2-to-3-year alternations between A. nodulifera-
dominated varves and Chaetoceros setae — dominated varves indicate
alternations of years with production and flux mainly in stratified waters
with years when production was mainly driven by upwelling. These
results are consistent with analyses of modern El Nino/La Nina cyclicity
that shows multi-year La Nina states are generally preceded by strong El
Nino events that themselves are commonly of a two-year duration
(Iwakiri and Watanabe, 2021). During strong El Nino winters the ther-
mocline is deepened, and upwelling winds are suppressed resulting in
much reduced upwelling production. On the other hand, during La Nina
summers, SST are reduced resulting in weakened stratification and at-
mospheric convection is inhibited resulting in weaker/fewer monsoonal
storms (see references and discussion in 2.1.2).

6. Conclusions

Reconstruction of a “paleo-sediment trap” varved sediment record
from the Gulf of California that spans that transition from Heinrich
Stadial 5 (HS5, Greenland Stadial 13) to Greenland Interstadial 12, has
documented superbly preserved and exceptional blooms of the large
tropical oceanic diatom Azpeitia nodulifera. These events record the
influx of eastern tropical Pacific waters to the Gulf likely associated with
strong El Nino activity. Hitherto not thought to be a “bloom species”,
A. nodulifera was able to grow at depth in stratified waters exploiting
deep (nutricline) nutrient sources. The sedimentation of actively
blooming populations is indicated by the presence of 60% of cells in the
process of vegetative division that show every stage in the cell division
cycle.
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The A. nodulifera bloom deposits represent the most opal-rich con-
centrations of the entire 55 kyr MD02-2515 core at 59.6% biogenic
silica. The silica-rich waters were likely sourced from increased pro-
duction of Subantarctic Mode Water in response to Southern Hemi-
sphere warming during Heinrich Stadial 5 within Greenland Stadial 13,
via the bipolar seesaw mechanism. These silica-rich waters were rapidly
supplied to the Equatorial Undercurrent and the associated North Tsu-
chiya Jet and thence to the Mexican Coastal Current feeding directly to
the Gulf. The sequence also records the strengthening of El Nino and
resurgence of the North American Monsoon on Northern Hemisphere
warming in the transition to Greenland Interstadial 12. A strengthened
El Nino aided penetration of tropical ocean waters to the Gulf bringing
the seed populations of A. nodulifera and enhancing water column
stratification to which the diatoms were adapted by the ability to grow
at depth in low light conditions, likely at the nutricline. Multiple flux
events of A. nodulifera blooms in any given year, suggest the enhanced
and repeated incidence of strong monsoonal Gulf surge storms that
disrupted the water column stratification and caused the blooms to
sediment. The persistence of sufficient nutrients and diatom seed pop-
ulations led to renewed blooms on the resumption of stratification after
the Gulf surge storms. Abundant Chaetoceros spp. diatoms in the youn-
gest, Interstadial laminated interval record renewed vigour of winter —
spring upwelling associated with the strengthening of northwesterly
winds as the north Pacific high migrated northwards. Alternations be-
tween A. nodulifera -dominated years and years with abundant Chaeto-
ceros spp. suggest an alternation between strong El Nino and La Nina on
2-3 year timescales. The monsoon intensification, the resurgence in El
Nino strength and the strengthened winter-spring northwesterlies were
likely all driven by the climatic response to reduction to a minimum
extent of the Laurentide Ice Sheet in Greenland Interstadial 12.

This study adds to an increasing body of evidence that diatom taxa
adapted to stratified conditions, and previously thought not significant
producers, may bloom to produce water column and sediment concen-
trations comparable to those typical of the spring bloom or upwelling
pulse. The climatic changes in the Gulf in the transition to the warm
Interstadial may serve as a pointer to possible future changes in the Gulf
driven by the present warming trend.
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