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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 
SCHOOL OF OCEAN AND EARTH SCIENCES 

Doctor of Philosophy 
HIGH RESOLUTION PALAEOCEANOGRAPHY AND PALAEOCLIMATOLOGY FROM 

LATE QUATERNARY LAMINATED SEDIMENTS, GUAYMAS BASIN, GULF OF 
CALIFORNIA 

by Helen Griffin 
 

Scanning electron microscope (SEM)-based analysis of laminated sediments enables the 
construction of time series of sufficient resolution and length to capture seasonal through 
to decadal scale variability from a range of background climate states.  These high-
resolution records may then be used to investigate the relationship between interannual/ 
decadal patterns of climate variability (for example, the El Niño-Southern Oscillation 
(ENSO)) and changing background climate.  
 
Cores MD02-2517 and MD02-2515 from the Guaymas Basin, central Gulf of California 
contain mm-scale, annually laminated diatomaceous muds with few intervening 
homogenous intervals.  Five intervals of between 154 – 435 varve years in length, from 
the Late Holocene, Early Holocene, Bølling-Allerød, the Last Glacial Maximum and the 
transition into Dansgaard-Oeschger (D-O) interstadial 12, were selected for SEM analysis.  
Laminae were classified according to content, thickness measurements were taken and a 
bioturbation index was constructed. 
 
Exceptional laminae (1.27 mm thick on average) comprised of the diatom Azpeitia 
nodulifera occur throughout the interval spanning the transition into D-O interstadial 12.  
Dividing cells of A. nodulifera are common within these laminae, indicating vegetative 
reproduction was ongoing before deposition, suggesting that the laminae represent past 
bloom events.  Azpeitia nodulifera is a tropical, oceanic species that has not been 
observed to form blooms in the modern ocean, hence the laminae of A. nodulifera are 
thought to indicate prolonged incursions of tropical Pacific waters into the Gulf, which in 
the modern Gulf is associated with El Niño events.  The A. nodulifera dominated laminae 
are therefore interpreted to record past El Niño events. 
 
Repeated patterns in lamina occurrence were identified in order to characterize past 
seasonal cycles of production and flux.  The early Holocene record of production and flux 
closely resembles the modern cycle and that identified in early Holocene central Gulf 
laminated sediments by Pike and Kemp (1996), incorporating both winter and spring 
upwelling signals and flux from production under summer stratified conditions.  The Late 
Holocene, Last Glacial Maximum and Bølling-Allerød principally contain a winter upwelling 
signal, indicating that the upwelling-inducing northwesterly winter winds, and hence the 
position of the North Pacific High was similar to modern through these intervals.  The 
interval spanning the transition into D-O interstadial 12 progresses from winter upwelling 
or stratified production close to the stadial, to stratified and/or spring upwelling production 
closer to the interstadial, and therefore shows a change in seasonal production with a 
change in background climate state.    
 
Time-series analysis was applied to the diatom ooze thickness, lithogenic thickness, the 
bioturbation index and the occurrence of environmentally significant laminae datasets.  
ENSO periodicities were found in all intervals, suggesting that ENSO may continue 
independently of variations in the background climate state.  However, the occurrence of 
the 2 – 3 year quasi-biennial and the 3 – 7 year low frequency ENSO bands varies, 
suggesting that ENSO variability may change with background climate state.  Quasi-/ 
multidecadal periodicities are only noted consistently in the Last Glacial Maximum, 
suggesting an increase in the influence of the Pacific decadal oscillation on the Gulf. 
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Chapter 1 

Introduction 

!

1. Rationale 

 

High-resolution records are necessary to investigate the relationship between seasonal 

through interannual/decadal patterns of climate variability (for example, the El Niño-

Southern Oscillation - ENSO) and changing background climate states. Laminated 

sediments have the potential to produce time series of adequate resolution and length to 

capture such interannual to decadal scale variability.  Scanning electron microscope 

(SEM)-based techniques, such as Backscattered Electron Imagery (BSEI) analysis, 

enable the reconstruction of seasonal variability through the identification of the annual 

cycle of diatom production and export flux and variation in terrigenous sediment input (Bull, 

1996, Kemp, 1996, Pike and Kemp, 1996)  and detection of inter-annual to decadal scale 

climate variability through lamina occurrence and thickness measurements (Pike and 

Kemp, 1997, Bull et al., 2000, Dean and Kemp, 2004, Davies et al., 2011).  In addition to 

water column processes, such as diatom bloom events, marine laminated sediments allow 

the reconstruction of the benthic environment, for example, variability in past oxygen 

concentrations may be derived from the degree of disruption of laminae by benthic fauna 

(Behl and Kennett, 1996, Davies et al., 2012). 

 

The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

and complimentary box core MD 02-2517C (27o29.10 N, 112o04.46 W, 5.6 m long, 887 m 

water depth) were retrieved by the Marion Dufresne in 2002 from the Guaymas Basin.  

Sediments consist of mm-scale laminated diatomaceous muds with few intervening 

homogenous intervals.  Five intervals were selected from laminated sections of the cores 

for BSEI analysis with a focus on both stable climate, for example the Holocene, and 

climate transitions, for example the transition into Dansgaard-Oeschger!interstadial 12, in 

order to investigate variations in seasonal through decadal climate variability.  
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2. Objectives 

!

The principal objective of this project is to examine any change in interannual to decadal 

variability with changes in background climate state through the construction of time-

series from varved sediments using the following approach: 

 

• Study the nature and origins of the laminated microfabrics in selected intervals 

from core MD02-2515 and the adjacent kasten core MD02-2517, using high 

resolution SEM and BSEI analysis to resolve mechanisms of laminae formation 

• Analyse the diatom assemblages within the individual laminae types and 

reconstruct the seasonal cycle of diatom production and flux for the selected 

intervals  

• Reconstruct water column processes and the benthic palaeo-environment from 

sediment features such as aggregate structures and variations in the degree of 

bioturbation  

• Identify any inter and intra-annual variability in key proxies, including diatom 

species composition, diatom productivity, lithogenic fluxes and benthic oxygen 

levels and discuss possible mechanisms of variability  

• Undertake time-series analysis on appropriate datasets in order to determine the 

presence and strength of any high-frequency climate variability and discuss the 

origin of any cycles in terms of currently observed oscillations, such as, ENSO and 

the Pacific decadal oscillation  

• Discuss any high frequency climate cycles found in terms of changes in 

background climate state 

 

3. Structure of the Thesis  

 

• A discussion of the main diatom taxa encountered including a discussion of the 

diatom ecology and palaeoceanographic significance is presented in chapter 2.  

The environmental associations discussed are used in chapters 3 to 6 for the 

interpretation of diatom ooze laminae.  
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• An account of the occurrence of near-monospecific laminae of the diatom Azpeitia 

nodulifera is given in chapter 3 and implications for both diatom production and 

export are established.  Implications for climate variability including changes in El 

Niño frequency and amplitude are then discussed. 

• A description of the seasonal cycle of diatom production and flux for each interval 

studied is given in chapter 4, variations in the seasonal cycle are then discussed in 

terms of the current seasonal cycle and changes in the background climate state.  

• Chapter 5 presents a bioturbation index that is discussed in terms of factors 

affecting lamina preservation at both interannual and millennial time-scales, 

including variations in productivity, North Pacific Intermediate Water (NPIW) 

ventilation and the occurrence of near-monospecific laminae. 

• The results of time-series analysis conducted upon records of diatom ooze 

thickness, lithogenic lamina thickness, the bioturbation index and the occurrence 

of environmentally significant near-monospecific laminae are presented in chapter 

6.  Spectral analysis was performed using the REDFIT software of Schulz and 

Mudelsee (2002). 

• The main conclusions of this study are summarized in Chapter 7 and suggestions 

for further research are made. 

• Appendix 1 (CD-ROM) contains all the laminae thickness measurements and 

laminae classifications, diatom ooze thickness, lithogenic thickness and the 

bioturbation index. 

 

4. Literature Review 

 

4.1. Seasonal variability in the Gulf of California 

 

At the seasonal timescale, the main forcing agents for the circulation and thermohaline 

structure (sea surface temperatures (SST), sea surface salinity, mixed layer depth) of the 

upper layers of the Gulf of California (hereafter referred to as the ‘Gulf’) are the Pacific 

Ocean, the wind system and the balance of heat and moisture in the Gulf (Baumgartner 

and Christensen, 1985, Bray, 1988, Bray and Robles, 1991, Beron-Vera and Ripa, 2000, 

Beron-Vera and Ripa, 2002, Lavín and Marinone, 2003).  Seasonal changes in eastern 

Pacific circulation alter the supply of surface waters to the mouth of the Gulf.  During 

winter/spring the California Current extends southward providing a source of cool water to 
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the mouth of the Gulf (Fiedler, 1992).  Through June-October the California Current 

retreats and the coastal, poleward flowing West Mexican Current forms a source of 

tropical surface waters to the mouth (Fig. 1a) (Fiedler, 1992, Strub and James, 2002b, 

Kessler, 2006, Godinez et al., 2010).  Advection due to internal waves excited by the 

Pacific Ocean in the mouth of the Gulf forms the dominant control of seasonal sea level 

variation (~15 cm, maximum in summer, minimum in winter) and heat and salt fluxes in 

the Gulf (Castro et al., 1994, Beier, 1997, Ripa, 1997, Beron-Vera and Ripa, 2000, Beron-

Vera and Ripa, 2002).  Fluxes of heat and salt through the mouth of the Gulf are more 

important than surface heat fluxes and the variation in salinity caused by the annual 

excess of evaporation over precipitation (Castro et al., 1994, Beier and Ripa, 1999).  

 

In the Gulf, cool dry winters with strong northwesterly winds alternate with wet, stormy 

summers and weak pulses of southeasterly winds (Merrifield and Winant, 1989, Badan-

Dangon et al., 1991, Bray and Robles, 1991).  The seasonal reversal in winds is 

determined by seasonal changes in the latitudinal position and strength of the North 

Pacific high pressure system relative to the North American low pressure cell (Badan-

Dangon et al., 1991).  In May to June the northward/westward migration of the north 

Pacific high and westward migration/expansion of the Bermuda high trigger the onset of 

the North American Monsoon resulting in a rapid increase in precipitation that begins in 

southern Mexico in June, and advances northward along the Sierra Madre mountains 

arriving into the southwest United States by early July (Adams and Comrie, 1997, Vera et 

al., 2006) (Adams and Comrie, 1997, Vera et al., 2006).  Surges of maritime tropical air 

move northward along the Gulf and are linked to bursts and breaks of the monsoon rains 

over the deserts of Arizona and California (Stensrud et al., 1997).  

 

The vertical structure of the circulation in the Gulf can be broadly divided into; the top 50 

m which reverses direction according to the seasonal winds - inflowing in summer and 

out-flowing in winter, an outflow of Gulf waters between 50-250 m and an inflow of oxygen 

depleted/nutrient-rich NPIW between ~500-1000 m with Pacific Deep Water inflow below 

(Bray and Robles, 1991).  The inflow of NPIW and the bacterial oxidation of organic 

matter from high productivity levels results in an oxygen minimum zone (OMZ) between 

~500-900 m depth (Alvarez-Borrego and Lara-Lara, 1991, Bray and Robles, 1991).  

Preservation of annual laminations occurs where the OMZ intersects the Gulf floor, 

inhibiting bioturbation (Calvert, 1966a).   



Chapter 1  Introduction 
!

! &!

 

4.2. Nutrient supply 

 

Strong NW winter winds drive coastal upwelling along the mainland which, together with 

tidal mixing form the most important processes for nutrient supply to Gulf surface waters 

(Santamaría-del-Angel et al., 1994).  From satellite observations and historical 

hydrographic data, large numbers of transient mesoscale features such as gyres or 

eddies have been reported, and are thought to play an important role in the re-distribution 

of suspended material (nutrients and phytoplankton) along and across the Gulf (Figueroa 

et al., 2003, Lopez-Calderon et al., 2008).  The amount of Chlorophyll a in cyclonic and 

anticyclonic eddies in the Northern Gulf depends on the characteristics of the water mass 

in which eddies originate rather than their hydrographic structure Lopez-Calderon et al. 

(2008).   

 

4.3. Interannual variability 

ENSO provides the principal source of interannual variability within the Gulf (Baumgartner 

et al., 1985, Bray and Robles, 1991).  ENSO is a mode of coupled climate variability 

where anomalous SST events (termed La Niña and El Niño) correspond to oscillations in 

sea level pressure across the equatorial Pacific (Figs 1 and 2).  The oscillations in sea 

level pressure are measured using the southern oscillation index, which is calculated from 

the difference in sea level pressure (SLP) between Darwin, Australia (in the western 

Pacific) and Tahiti (in the eastern Pacific).  The “Bjerknes” feed back explains the ocean 

atmosphere coupling associated with the ENSO phenomenon (Bjerknes, 1969).  In 

general the Equatorial Pacific is ~4 - 10 oC colder in the east than in the west due to 

equatorial upwelling driven by the easterly trade winds (Cane, 2005).  The easterly trade 

winds are in turn due in part to the temperature contrast in the ocean, which results in 

higher atmospheric pressure in the east than in the west creating a gradient that the 

surface air flows along.  If warming occurs in the eastern Pacific, for example due to a 

depression of the thermocline, the trade winds weaken leading to the spread of warm 

water from west to east further raising eastern SSTs which will further weaken the trade 

winds and result in an El Niño event.  In contrast, a La Niña event is marked by the 

westwards extension and further cooling of eastern equatorial Pacific SSTs and a 

strengthening of the easterly trade winds.  The system varies between the two states due 
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to wind driven ocean dynamics including a lag in the mean depth of the tropical 

thermocline/upper ocean heat content behind the tightly coupled sea level pressure and 

SST changes (Wang, 2001, Cane, 2005).   

 

There is no standard definition for what constitutes a La Niña or an El Niño event, though 

events are generally identified from the persistence of anomalies in, for example, SST 

and/or SLP, above a certain threshold for a set period of time.  La Niña and El Niño 

events are identified on Fig. 2 according to the commonly used Oceanic Nino Index (ONI).  

For the ONI, an event is identified if the 3-month running mean of SST anomalies in the 

Niño 3.4 region (5oN-5oS, 120o-170oW) is above (for warm/El Niño events) or below (for 

cold/La Niña events) the 0.5oC anomaly for five consecutive months (NOAA, 2013c).  The 

SST anomaly is calculated using centered 30-year base periods updated every five years 

to avoid the incorporation of any longer-term trends that do not reflect ENSO variability.  
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                                          a) 

 

                                           b) 

 

                                         c) 

Figure 1 Schematic representation of the changes in sea surface temperature, 
atmospheric circulation and structure of the thermocline for the equatorial Pacific for a) 
Normal, b) El Niño and c) La Niña conditions (modified from NOAA, 2013b). 
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Figure 2 a) The grey line shows the southern oscillation index which is calculated from the 
difference in sea level pressure (SLP) between Darwin, Australia (in the western Pacific) 
and Tahiti (in the eastern Pacific), the black line shows the four month running average b) 
shows the SST anomaly for the Niño 3.4 region (5oN-5oS, 120o-170oW), both data sets 
were obtained from the National Oceanic and Atmospheric Administration Earth System 
Research Laboratory (NOAA, 2013a).  Red shaded bars indicate warm/El Niño events 
and blue shaded bars indicate cold/La Niña events as identified by the Oceanic Niño 
Index. 

 

Anomalous conditions associated with El Niño reported from the Guaymas Basin include 

a 3o to 5oC increase in SST, a lowering of sea surface salinity by up to 0.4 ‰, monthly sea 

level anomalies of up to +30 cm and a deepening of the winter pycnocline from <100 m to 

~200 m (Robles and Marinone, 1987).  Similar anomalies are reported across the Gulf 

(Soto-Mardones et al., 1999, Lavín et al., 2003, Castro et al., 2006).  The El Niño 
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anomalies may be explained by coastal-trapped Kelvin waves which propagate poleward 

along the eastern tropical Pacific coast, most commonly during boreal winter, bringing 

increased penetration of tropical surface waters to the mouth of the Gulf (Baumgartner et 

al., 1985, Strub and James, 2002b, Strub and James, 2002a, Lavín et al., 2003).  

Negative SST anomalies in the Gulf can be associated with La Niña events (Soto-

Mardones et al., 1999, Lavín et al., 2003, Herrera-Cervantes et al., 2007).  For example, 

Lavín et al (2003), using satellite infrared images from 1984-2000 averaged over the 

entire Gulf of California, find that the largest negative SST anomaly, of ~ - 4oC was 

associated with the La Niña of 1988-89.  It is not clear whether an increase in upwelling 

due to strengthened NE winds or an increase in the influence of the cool California 

Current on the mouth of the Gulf is responsible for the negative SST anomalies 

associated with La Niña events.  

 

4.4. Primary productivity and El Niño 

 

The response to El Niño shows spatial variability in the Gulf.  Kahru et al. (2004) and 

Santamaría-del-Angel et al. (1994) using satellite-derived chlorophyll a concentration, 

phytoplankton net primary production, and coastal zone colour scanner time series 

observed no El Niño effect for the northern and central Gulf but found a decrease in 

productivity in the southern Gulf, whereas Hidalgo-Gonzalez and Alvarez-Borrego (2004) 

using SeaWIFs data show a decrease in primary productivity in the central Gulf for the 

1997-1999 El Niño event, and a much weaker decrease for the entrance.  From spatial 

variations in satellite-derived SST and chlorophyll a data, Herrera-Cervantes et al. (2007) 

and Herrera-Cervantes et al. (2010) found that El Niño in the Gulf is associated with 

increased SST and decreased primary productivity though the strength of the association 

varies geographically, being strongest on the eastern side of the Gulf and around the 

midriff islands.  It should be noted that the penetration depth of light in the sea (defined for 

remote sensing purposes as the depth above which 90% of diffusely reflected irradiance 

originates (Gordon and McCluney, 1975) is less than 25% of the thickness of the euphotic 

depth (Hyde et al., 2007).  Therefore, satellite-derived pigment concentration estimates 

only the concentration within the penetration depth and not the entire euphotic zone, 

hence during the summer season a deep chlorophyll maximum may be partially or 

completely invisible to remote sensing.  This renders sediment trap time series as 

particularly valuable.  A decrease in productivity (opal fluxes) for El Niño years is noted in 
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a six year sediment trap record (1991 – 1996) from the Guaymas Basin (Thunell, 1998).  

La Niña events are associated with positive chlorophyll a anomalies, for example, in a 

satellite record (Sea WiFS) spanning 1998-2007, higher concentrations of chlorophyll a 

were recorded along both coasts (though stronger along the mainland) during the peak of 

the 1999-2000 La Niña (Herrera-Cervantes et al., 2010). 

 

4.5. Guaymas Basin laminated sediments  

 

Laminated sediments from the Guaymas Basin consist of an alternation between clay and 

silt-rich laminae with biogenic opal-rich laminae (Calvert, 1966b, Thunell et al., 1993, Pike 

and Kemp, 1996).  The lithogenic input to the Gulf is suggested to originate from re-

suspended shelf sediments and/or aeolian sediment from the Sonoran Desert driven by 

convective thunderstorms which occur during the summer (Baumgartner, 1991, Sancetta, 

1995).  Guaymas Basin sediment trap data confirm high lithogenic fluxes through summer 

(Thunell et al., 1993, Sancetta, 1995). 

 

Coastal zone colour scanner satellite images together with sediment trap data shows that 

the deposition of the opal lamina spans the period from November through to May 

(Thunell et al., 1993).  The opal lamina may be dissected into a succession of seasonal 

fluxes (Sancetta, 1995, Pike and Kemp, 1996).  A Guaymas Basin sediment trap record 

spanning 1990–1992, shows an annual winter bloom of diverse taxa, followed by a spring 

bloom of Chaetoceros spp. resulting from the upwelling-inducing winter/spring strong 

northwesterly winds (Sancetta, 1995).  Through summer low diatom flux is recorded and 

during late autumn/early winter, deposition of large genera, such as, Coscinodiscus and 

Rhizosolenia forms an annual maximum in cell volume flux (Sancetta, 1995).  Comparison 

of early Holocene varved sediments with sediment trap data shows seasonal diatom 

fluxes may be preserved in the sediment record (Pike and Kemp, 1996).  Each varve may 

contain several depositional events per year, including a lithogenic ‘summer/early autumn’, 

a mixed-flora ‘winter’ and a Chaetoceros spp. ‘spring’ laminae (Pike and Kemp, 1996, 

Pike and Kemp, 1997).  A fourth laminae type is found within the top of, or just above the 

summer lithogenic lamina, comprising of large diatoms and comparable to the late 

autumn/early winter flux recorded in the Guaymas Basin sediment trap data (Sancetta, 

1995, Pike and Kemp, 1996, Pike and Kemp, 1997).  This lamina consists of large 



Chapter 1  Introduction 
!

! ""!

oceanic taxa that have grown under summer stratified/oligotrophic conditions or that have 

been advected in from the Pacific, and are subsequently deposited in autumn when the 

thermocline decays representing a fall dump flux (Pike and Kemp, 1996, Kemp et al., 

2000).  Diatoms that are considered part of the fall dump assemblage namely; 

Rhizosolenia spp. (mostly R. bergonii), Stephanopyxis palmeriana, various large 

Coscinodiscus species (C. asteromphalus, C. granii and C. oculus-iridis) and 

Thalassiothrix longissima are adapted to oligotrophic conditions.  Possible adaptations 

include; the ability to regulate their own buoyancy, the ability to grow under low light 

conditions and symbiosis with nitrogen-fixing bacteria (Kemp et al., 2000).  The large size 

of these diatoms may also be an important adaptation as large vacuoles allow nutrients 

(nitrate in particular) to be stored between nutrient pulses (Stolte and Riegman, 1996).   

 

4.6. Deglacial climate variability and the Guaymas Basin sediment core record 

!

Deglacial records from the Guaymas Basin generally follow a North Atlantic mode of 

variability (Sancetta, 1995, Pride et al., 1999, Barron et al., 2004, Barron et al., 2005).  

Greenland ice-core !18O records show that 24 times during the last glacial, events 

consisting of abrupt warmings that took place within decades and that were followed by 

more gradual coolings occurred (Dansgaard et al., 1993).  These abrupt warmings and 

gradual coolings are termed Dansgaard-Oeschger (D-O) events and are attributed to 

changes in the hydrological cycle that result in re-organisations of the Atlantic meridional 

overturning circulation (e.g. Clark et al., 2002).  Some D-O stadials (identified by lower 

ice-core !18O values indicating cooler Greenland temperatures) were noted to coincide 

with peaks in ice-rafted debris (IRD) flux in North Atlantic sediment cores thought to result 

from ice-berg surges into the North Atlantic, for example see Fig. 3 (Bond and Lotti, 1995).  

In particular, six strong D-O stadials are correlated with major episodes of ice-rafting 

indicated by layers of IRD in the North Atlantic and termed Heinrich events (Heinrich, 

1988, Bond et al., 1993, Bond and Lotti, 1995). D-O events tend to progress towards 

cooler conditions that may culminate in a massive ice-rafting event (a Heinrich event) 

followed by an abrupt return to warmer conditions (Fig. 4).  These longer term cooling 

cycles (e.g. ~5 kyr in length) may be referred to as Bond cycles, see Fig. 4 (Bond et al., 

1993).   
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Delivery of fresh water to the North Atlantic from iceberg surges and/or changes in the 

hydrological cycle results in reduced salinity in the North Atlantic and the weakening or 

shut-down of the meridional overturning circulation, resulting in climatic cooling (a D-O 

stadial e.g. Clark et al., 2002).  For the smaller D-O stadials the meridional overturning 

circulation is only weaker resulting in the signal being confined to the northern hemisphere, 

however for the longer D-O interstadials the meridional overturning circulation shuts down 

and heat normally carried from the south Atlantic to the north Atlantic becomes available 

to warm the southern hemisphere resulting in Antarctic warming (Stocker, 2000).  Abrupt 

climate change resembling the North Atlantic signal is seen in records from the tropical 

Atlantic (Hughen et al., 1996), and from a 60 kyr record of annually laminated sediments 

from the Santa Barbara Basin on the northwest American margin (Behl and Kennett, 

1996). 
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Figure 3.  Comparison of the oxygen isotope record from the Greenland Ice-core Project 
(GRIP) (Dansgaard et al., 1993) with measurements in lithic concentrations and the 
percentage of the planktic foraminifera Neogloboquadrina pachyderma (left coiling) from 
the North Atlantic core VM23-81 (54oN, 16oW).  Heinrich events are labeled YD (Younger 
Dryas/H0) to H4 and peaks in IRD flux between Heinrich events are given letters to aid 
description.  There is a notable correlation between D-O stadials, indicated by lower 
oxygen isotope values, and peaks in IRD flux which result from iceberg surges into the 
North Atlantic.  The relationship between peaks in IRD flux and the concentration of N. 
pachyderma, a proxy for sea surface temperature is less clear.  The GRIP and Greenland 
Ice-core Project (GISP) chronologies and the radiocarbon-based age model for the 
sediment core are shown for comparison.  From Bond and Lotti (1995). 
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Figure 4.  An idealised representation of millennial-scale variability in the North Atlantic.  
Short cooling cycles ~1500 yrs in length gradually drift towards cooler conditions and may 
culminate in a major ice-rafting event followed by an abrupt return to warmer conditions. 

 

The North Atlantic signal is expressed in deglacial Guaymas Basin sediment core records 

through the occurrence of bioturbated sediments and a decrease in opal (%) in both 

Heinrich event 1 and the Younger Dryas, and the occurrence of laminated sediments and 

an increase in opal (%) occur during the Bølling-Allerød and the Holocene (Sancetta, 

1995, Pride et al., 1999, Barron et al., 2004, Barron et al., 2005, McClymont et al., 2012).  

The decrease in opal (%) during the Younger Dryas is accompanied by an increase in 

calcium carbonate concentration and a significant increase in the tropical-subtropical 

diatom A. nodulifera and a tropical grouping of the silicoflagellate, Dictyocha (Barron et al., 

2004, Barron et al., 2005).  Sancetta (1995) also notes a decrease in winter diatom bloom 

indicators and an increase in A. nodulifera during the Younger Dryas.  During the Younger 

Dryas and mid to late Holocene a decrease in !15Norg is associated with the bioturbated 

sediments suggesting enhanced ventilation of intermediate waters (Pride et al., 1999).  

The occurrence of bioturbated sediments, decreased opal (%) and decreased !15Norg 

values therefore indicate that productivity decreased and/or NPIW became better 

ventilated during Greenland stadial/Heinrich events over the deglacial (Sancetta, 1995, 

Pride et al., 1999, Barron et al., 2004, Barron et al., 2005).  In addition the increase in 
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tropical diatoms and silicoflagellates suggest an increase in the influence of tropical 

Pacific waters on the Gulf resulting in a warmer and more stratified water column during 

stadial events (Sancetta, 1995, Barron et al., 2005).  

 

In contrast to the deglacial studies discussed above McClymont et al. (2012) present two 

organic geochemistry records, the UK’
37 index and the TEXH

86 index, from the Guaymas 

Basin spanning ~6 – 26 kyr BP which do not follow a North Atlantic mode of variability.  

Instead the records show a ~ 4oC increase between 17 and 13 kyr, followed by a dip in 

temperature of ~ 2oC at 10 ka before a 3oC rise at ~ 8.3 ka (McClymont et al., 2012).  

McClymont et al. (2012) use the record to argue show that neither the modern seasonal 

cycle or ENSO patterns provide valid analogues for the trends observed in comparison 

with other regional records. 

 

5. Dating of intervals studied 

 

5.1. Box core MD02-2517  

 

One interval (0.6 – 0.88 m depth from core section III) was studied from box core MD 02-

2517C (27o29.10 N, 112o04.46 W, 5.6 m long, 887 m water depth).  The age for this 

interval was estimated from varve counts taken from grey-scale images as there are 

currently no radiocarbon dates for this core.  Based on varve counts on gray-scale images 

an average sedimentation rate of 1.8 mm yr-1 was taken for the core (S. Nederbragt pers. 

comm.).  If the top of the core is taken as zero age and core sections I and II together are 

2.5 m, then the age for the interval studied here can be estimated as 250 cm (core 

sections I and II) plus 74 cm (mid point of interval studied) = (250+74)/0.18 = 1800. 

Therefore the estimated age for the interval is taken as ~2 kyr B.P. 

5.2. Piston core MD02-2515 

The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

is well dated with an age model based on 20 AMS 14C dates measured on bulk organic 

matter and 2 AMS 14C dates measured on foraminifera (Table 1) interpolated with varve 

counts from grey-scale images (S. Nederbragt, pers. comm.).  For radiocarbon ages less 

than 21 kyr, calibration to calendar ages B.P. was done using the MARINE04 calibration 
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and a reservoir age of 600 years (see http://calib.qub.ac.uk/calib/) (Reimer et al., 2004) 

and for ages greater than 21 kyr the equation of Bard et al. (2004).  Bulk organic matter 

was used for the radiocarbon dates due to the poor preservation of foraminifera carbonate.  

Biomarker analysis and !13Corg (~19-21 ‰) indicate that bulk organic matter at this site is 

of marine origin with negligible inputs of terrestrial carbon indicating that the age model is 

unlikely to be affected by presence of fossil carbon (McClymont et al., 2012).  The two 

dates measured on planktonic foraminifers agree well with the bulk organic matter ages 

(Table 1).   

Material Depth 
(cm) 

AMS 14C 
Ages 

Error,           
1 sigma (yrs) 

Calendar age  
(yr BP) 

Organic Carbon 192 6571 45 6840 
Organic Carbon 426 7990 37 8256 
Organic Carbon 631 9438 40 10077 
Organic Carbon 846 10517 42 11293 
Organic Carbon 1119 12589 97 13854 
Organic Carbon 1445 14767 62 16894 
Organic Carbon 2006 16306 164 18932 

Foraminifera 2520 18397 60 21007 
Organic Carbon 2520 18383 60 20988 
Organic Carbon 2753 19471 67 22391 
Organic Carbon 2974 20972 78 24365 
Organic Carbon 3071 22219 431 25553 
Organic Carbon 3099 21994 404 25303 

Foraminifera 3665 25254 264 28866 
Organic Carbon 3666 25943 211 29602 
Organic Carbon 3901 27425 572 31165 
Organic Carbon 4319 28556 869 32339 
Organic Carbon 4674 31519 1463 35669 
Organic Carbon 4927 37484 624 41045 
Organic Carbon 5138 43585 2330 46418 
Organic Carbon 5506 43940 2484 46717 
Organic Carbon 6045 43940 >2500 49000 (tie point) 

 

Table 1.  Radiocarbon 14C Dates and Calibrated Ages for Core MD02-2515. 
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5.3. Assigning ages to intervals studied in MD02-2515 
 

Core (core section) Depth Downcore (m) Age (kyr BP) 

 

Interval (segment) as referred 
to in text  

MD02-2515 (02) 4.03 – 4.41 8.3 – 8.6 Early Holocene  
MD02-2515 (10) 11.84 – 12.11 14.5 – 14.7 Bølling-Allerød  
MD02-2515 (26) 29.38 – 29.79 24.2 – 24.4 Last Glacial Maximum  

 MD02-2515 (45) 51.16 – 52.46 

 

45 – 45.4 *D-O 12 (top) 
D-O12 (middle) 

MD02-2515 (46) 52.46 - 53.23 45.4 – 45.6 D-O12 (base) 

 

Table 2.   Estimated ages in calendar years BP for intervals studied from core MD02-2515. 
*The interval referred to as the transition into Dansgaard-Oeschger (D-O) interstadial 12 
contains three varved segments, the top, middle and base. 

The ages assigned to the intervals from core MD02-2515 used in this study are taken 

directly from the age model (see Table 2).  The intervals are placed within the context of 

Northern Hemisphere climate variability through comparison of the MD02-2515 !15Norg 

and (%) opal records with the GISP2 !18O ice-core record (see Figs 5 and 6).  Errors 

associated with the radiocarbon dates increase as the age of sample increases (see 

Table 1), hence the most difficult interval to place was that spanning core section MD02-

2515 45 and some of the adjacent core section 46.  In this study this interval is placed on 

the transition into Dansgaard-Oeschger (D-O) interstadial 12.  The timing of the interval 

fits well with the timing of the stadial preceding D-O interstadial 12 (which is co-incident 

with Heinrich event 5) given in other studies (e.g. stadial end at ~45.5 kyr BP in Rohling et 

al., 2003) and the MD02-2515 !15Norg shows a marked transition over this interval.  In 

addition the varve preservation index shows better preservation at top of interval than at 

base (see Chapter 5, Fig. 4).  Increased lamina preservation at this site generally occurs 

during interstadial/interglacial conditions (Fig. 6), hence better preservation at the top of 

core section 45 so supports the case that top of the interval is closer to or within 

interstadial conditions and that the base of the interval is closer to stadial conditions.  
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Figure 5.  The GISP2 !18O record (Grootes and Stuvier, 1997) and the MD02-2515 
records for !15Norg (Ganeshram pers. comm.) and (%) opal (Pichevin et al., 2012), 
focusing on a) the intervals studied from the early Holocene (EH) and the Bølling-Allerød 
(BA), b) the interval studied from the Last Glacial Maximum (LGM) and c) the interval 
assigned to the transition into Dansgaard-Oeschger (D-O) interstadial 12.  Red lines 
indicate position and length of the interval studied, gray lines indicate correlation of 
Heinrich events.  Black triangles on the time axis show the position of 14C dates (see 
Table 1).  
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Figure 6.  The GISP2 !18O record (Grootes and Stuvier, 1997) and the MD02-2515 
records for !15Norg (Ganeshram pers. comm.), (%) opal (Pichevin et al., 2012), and 
sediment texture (Nederbragt, pers. comm.).  Red lines indicate position and length of 
interval studied in the Late Holocene (LH), Early Holocene (EH), the Bølling-Allerød (B-A), 
the Last Glacial Maximum (LGM) and the transition into Dansgaard-Oeschger (D-O) 
interstadial 12, gray lines indicate correlation of Heinrich events between the GISP2 and 
MD02-2515 records.  Dotted lines indicate marine isotope stage boundaries and 
Dansgaard-Oeschger cycles are numbered (Dansgaard et al., 1993).  Black triangles on 
the time axis show the position of 14C dates for MD02-2515 (see Table 1). 
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Chapter 2 

Diatom ecology and occurrence of common species 

preserved in the late Quaternary sediment record, from 

the Guaymas Basin, Gulf of California 
 

 

1. Introduction 
 

 

Diatom taxa that commonly occur in the five intervals investigated from cores MD02-

2517 and MD02-2515 (see Table 1) are illustrated and their ecology and known 

environmental associations are briefly discussed.  The intervals studied are referred to 

in the text by their approximate age (Table 1).  The occurrence of near-monospecific 

laminae, that is, diatom ooze laminae that are predominantly composed of a single 

species or genus, is discussed and the occurrence and thickness ranges of the most 

common near-monospecific laminae are reported.  Interpretations of the origin and 

nature of the laminae presented in chapters 3 to 6 are based on the ecological 

information discussed here.  Diatoms were identified to genus/subgenus level 

principally from Hasle and Syvertsen (1996) and Round et al. (1990).  Observations are 

made from scanning electron microscope-based analysis of polished thin sections and 

stub samples.  (Stub samples are sediment counterparts of the embedded 

material that have been split parallel to the laminae allowing topographic 

images.) 
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Core (core section) Depth Downcore (m) Age (kyr BP) Referred to in text 
MD02-2517 (C-III) 0.6 - 0.88 ~2 Late Holocene 
MD02-2515 (02) 4.03 – 4.41 8.3 – 8.6 Early Holocene 
MD02-2515 (10) 11.84 – 12.11 14.5 – 14.7 Bølling-Allerød 
MD02-2515 (26) 29.38 – 29.79 24.2 – 24.4 Last Glacial Maximum 
MD02-2515 (45) 51.16 – 52.46* 

 

45 – 45.4 D-O 12** top 
D-O12 middle 

MD02-2515 (46) 52.46 - 53.23* 45.4 – 45.6 D-O12 base 

 

Table 1. Intervals studied from cores MD 02-2515 (27o29.01 N, 112o04.46 W) and MD 
02-2517C (27o29.10 N, 112o04.46 W).  *Contain homogenous segments. **The 
transition into Dansgaard-Oeschger interstadial 12.  
 

2. Class Coscinodiscophyceae (centric diatoms) Round and 

Crawford 

2.1. Genus Actinoptychus Ehrenberg 

2.1.1. General ecology 

 

Actinoptychus is a neritic genus with a primarily benthic epilithic or epiphytic mode of 

life (Round et al., 1990, Hasle and Syvertsen, 1996).  Valves are typically robust and 

heavily silicified.   

 

2.1.2. Gulf of California 

 

Actinoptychus senarius (recorded as undulatus) is noted in central Gulf of California 

(hereafter referred to as the ‘Gulf’) plankton tows collected during spring 1959 and 

spring 1960 but recorded as ‘absent or scarce’ in plankton tows collected during 

autumn 1959 (Round, 1967).  It is recorded in surface sediments from the central Gulf 

but absent in surface sediments from the far north or south of the Gulf (Round, 1967).  

In central Gulf sediment trap data Actinoptychus spp. forms a secondary contribution to 

a factor representing late winter/spring production (Sancetta, 1995).  In sediment 

records from the eastern and western Guaymas Basin spanning the past 15 kyr, 

Actinoptychus spp. is found to be relatively common during the Bølling-Allerød and 

earliest Holocene (~30 – 60 % of the assemblage, which excludes Chaetoceros spores 

and Thalassionema nitzschioides) but drops to <20 % during the Younger Dryas 
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(Barron et al., 2005).  An abrupt decrease in the abundance of Actinoptychus spp., of 

~20 % at 10 ka coincides with a sharp decline in sedimentation rate, this is suggested 

to result from decreased downslope transport due to rising sea level (Barron et al., 

2005).  Actinoptychus spp. abundance is similar in magnitude and trend for both sides 

of the Guaymas Basin (Barron et al., 2005).  In records spanning the past 2 kyr, from 

three cores from the north central, south central and southern Gulf low values of 

Actinoptychus spp. generally occur with higher percentages of Azpeitia nodulifera 

(Barron et al., 2005).  

 

Actinoptychus (Fig. 1) is commonly observed at low concentrations across all intervals 

studied from cores MD02-2517 and MD02-2515.  A single near-monospecific lamina of 

Actinoptychus is present in the early Holocene (EH) interval and seven near-

monospecific laminae are observed in the Bølling-Allerød (B-A) interval (Table 2). 

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene - - - 
Early Holocene 1 (0.1) - 551 
Bølling-Allerød 7 (2) 949 (376) 805 - 1445 
Last Glacial 
Maximum - - - 

D-O12 (top) - - - 
D-O12 (middle) - - - 
D-O12 (base) - - - 

 

Table 2.  Occurrence and thickness data with standard deviations (s.d.) for near-
monospecific laminae of Actinoptychus in cores MD02-2517 and MD02-2515.  
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Figures 1 and 2. Fig. 1 shows Acintoptychus and Fig. 2 shows Azpeitia nodulifera.  On 
the left hand side are backscattered electron (BSE) images of stub samples, images on 
the right hand side are BSE images of polished thin sections. 
 

2.2. Species Azpeitia nodulifera (A. Schmidt)  

 

2.2.1. General ecology  

 

Azpeitia nodulifera is a planktonic, highly silicified, warm water species (Fryxell et al., 

1986, Hasle and Syvertsen, 1996).  It is generally found in warm, offshore subtropical 

and equatorial waters, for example, Fryxell et al. (1986), Kobayashi and Takahashi 

(2002).  Azpeitia nodulifera may form a disproportionately large contribution to surface 

sediment/sediment assemblages due to its heavily silicified frustule (Jouse et al., 1971, 

Seeberg-Elverfeldt et al., 2004).  
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2.2.2. Gulf of California  

 

Azpeitia nodulifera is found in low abundances in both water column samples (Schrader 

et al., 1986) and sediment trap samples (0 – 5 %) (Sancetta, 1995).  In central Gulf 

sediment trap data A. nodulifera is the dominant component of a factor which has 

generally higher loadings during an El Niño event (Sancetta, 1995).  El Niño events are 

marked in the Gulf by the incursion of tropical Pacific waters, resulting in warm, 

stratified conditions (Baumgartner and Christensen, 1985).   

 

Azpeitia nodulifera (Fig. 2) commonly occurs at low concentrations throughout all 

intervals studied in cores MD02-2517 and MD02-2515.  Near-monospecific laminae of 

A. nodulifera occur infrequently in the B-A and Last Glacial Maximum (LGM) intervals 

(Table 3).  Thick, near-monospecific laminae of A. nodulifera occur throughout the 

interval spanning the transition into Dansgaard-Oeschger interstadial 12 (D-O 12), see 

Table 3.   

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

Thickness 
ranges (µm) 

Late Holocene - - - 
Early Holocene - - - 
Bølling-Allerød 9 (2) 751 (283) 472 - 1134 
Last Glacial 
Maximum 5 (1) 792 (371) 394 - 1397 

D-O12 (top) 132 (19) 933 (574) 276 – 3077 
D-O12 (middle) 51 (21) 1871 (809) 731 – 4561 
D-O12 (base) 59 (10) 1501 (834) 266 - 4035 

 

Table 3.  Occurrence and thickness data for near-monospecific laminae of A. nodulifera in 
cores MD02-2517 and MD02-2515.  

!
2.3. Sub-genus Hyalochaete Chaetoceros  

 

2.3.1. General ecology 

 

Hyalochaete Chaetoceros is a sub-genus within Chaetoceros that commonly forms 

resting spores capable of reseeding populations once environmental conditions are 

favourable.  Hyalochaete Chaetoceros are common neritic diatoms and are generally 
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indicative of high nutrient/upwelling conditions, for example, Sancetta (1992), Sancetta  

(1995), Lopes et al. (2006). 

 

2.3.2. Gulf of California 

 

Chaetoceros spp. vegetative cells dominate the modern Gulf diatom assemblage 

(Calvert, 1966, Round, 1967) but are rarely observed in deep water samples, or 

sediments (Calvert, 1966, Round, 1968).  Resting spores are more robust and form a 

major constituent of deep water and sediment samples (Calvert, 1966, Round, 1968, 

Sancetta, 1995, Barron et al., 2004, Barron et al., 2005). 

 

In sediment trap data covering a two year period in the central Gulf, Hyalochaete 

Chaetoceros vegetative cells and resting spores show a flux maximum in late winter 

and spring, attributed to upwelling caused by northwesterly winds (Sancetta, 1995). 

Together with Thalassionema nitzschioides, Chaetoceros spp. form at least 70 % of the 

diatom assemblage throughout a record covering the past 15 kyr (Sancetta, 1995).  In 

an early Holocene record from the Guaymas Basin, Chaetoceros spp. forms near 

monospecific laminae, consisting of either setae-rich (from the vegetative stage) or 

resting spore-rich horizons interpreted to record the deposition of the spring coastal 

upwelling bloom (Pike and Kemp, 1996). 

 

In cores MD02-2517 and 2515 near-monospecific laminae of Chaetoceros resting 

spores are rare or absent throughout the intervals studied (Table 4).  Near-

monospecific laminae of Chaetoceros setae ooze (Fig. 3) are common in the EH, the B-

A and the D-O12 top intervals/segment and relatively common in the LGM interval, see 

Table 5.  
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Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

Absolute 
ranges (µm) 

Late Holocene - - - 
Early Holocene 4 (0.4) 317 (187) 216 – 597  
Bølling-Allerød 1 (0.2) - 375 
Last Glacial 
Maximum 8 (2) 545 (497) 285 - 1663 

D-O12 (top) 5 (1) 683 (292) 174 - 876 
D-O12 (middle) - - - 
D-O12 (base) 3 (1) 704 (85) 641 - 800 

!
!
Table 4.  Occurrence and thickness data for near-monospecific laminae of Chaetoceros 
resting spores in cores MD02-2517 and MD02-2515.  

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

Absolute 
ranges (µm) 

Late Holocene 1 (0.3) - 470 
Early Holocene 42 (4) 336 (204) 108 - 1102 
Bølling-Allerød 49 (11) 349 (269) 115 - 1761 
Last Glacial 
Maximum 16 (3) 595 (363) 207 - 1640 

D-O12 (top) 132 (19) 630 (383) 98 - 1827 
D-O12 (middle) 3 (1) 1037 (455) 626 - 1527 
D-O12 (base) 9 (2) 677 (512) 156 - 1432 

 

Table 5.  Occurrence and thickness data for near-monospecific laminae of Chaetoceros 
setae ooze in cores MD02-2517 and MD02-2515.  

 
!
!
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Figures 3 and 4. Fig. 3 shows Chaetoceros setae ooze and Fig. 4 shows large 
Coscinodiscus.  On the left hand side are BSE images of stub samples, images on the 
right hand side are BSE images of polished thin sections. 
 

2.4. Genus Coscinodiscus Ehrenberg 

 

2.4.1. General ecology 

 

The genus Coscinodiscus contains a large number of planktonic, free living, marine 

species (Hasle and Syvertsen, 1996) that span a range of ecological preferences 

including  taxa that may be widespread and cosmopolitan.  A number of species are 

associated with warm, stratified conditions, for example, Lange et al. (1987) note an 

increase in Coscinodiscus oculus-iridis and Coscinodiscus plicatoides in Santa Barbara 

Basin sediments deposited during an El Niño event where a deepening of the 

thermocline and pronounced increase in the temperature of the mixed layer are 

observed.  Coscinodiscus asteromphalus, Coscinodiscus granii and C. oculus-iridis 

form part of the fall dump assemblage, which consists of species that may grow at 

depth in a stratified water column and are then deposited in the sediment when 
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stratification breaks down, for example, with the onset of cooler temperatures and 

higher winds in autumn and early winter (Kemp et al., 2000).  Diatoms that are part of 

the fall dump assemblage have up to three adaptations: 1) the ability to regulate their 

own buoyancy, 2) the ability to grow under low light conditions and 3) symbiosis with 

nitrogen-fixing bacteria (Kemp et al., 2000).  

 

2.4.2. Gulf of California 

 

Coscinodiscus is reported as prevalent in Gulf sediment and deep water samples 

despite being of little numerical importance in the plankton (according to cell counts 

from six collections of plankton tows from 1921 to 1940, Calvert, 1966 and refs. therein).  

In central Gulf sediment trap data, large Coscinodiscus are present in the late autumn 

and winter assemblages along with Rhizosolenia (Sancetta, 1995).  The coincident 

maximum in cell volume flux is attributed to the presence of these large genera 

(Sancetta, 1995). Coscinodiscus spp. (including C. argus, C. gigas and C. radiatus) are 

also associated with the winter period of maximum production (Sancetta, 1995).    

 

Monospecific laminae of large Coscinodiscus spp. (e.g. C. granii and C. 

asteromphalus) from early Holocene Guaymas Basin laminated sediments tend to be 

found directly above lithogenic laminae considered to represent the summer season, 

supporting a late autumn and winter fall dump flux (following summer growth in a 

stratified water column) for these large Coscinodiscus (Pike, 1996, Pike and Kemp, 

1996, Kemp et al., 2000).  

 

Near-monospecific laminae of large Coscinodiscus (Fig.4) are relatively common (in 

terms of the number of laminae) in both the late Holocene (LH) and EH intervals and in 

the D-O12 base segment (Table 6).  Near-monospecific laminae of large Coscinodiscus 

may consist of intact or fragmented frustules. 
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Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene 24 (7) 937 (366) 328 - 1818 
Early Holocene 32 (3) 387 (145) 190 - 764 
Bølling-Allerød 4 (1) 460 (288) 266 - 889 
Last Glacial 
Maximum 9 (2) 702 (392) 394 - 1246 

D-O12 (top) 4 (1) 817 (381) 478 – 1307 
D-O12 (middle) 9 (4) 1255 (586) 646 – 2378 
D-O12 (base) 40 (7) 774 (458) 165 – 2017 

 

Table 6.  Occurrence and thickness data for near-monospecific laminae of large 
Coscinodiscus in cores MD02-2517 and MD02-2515. 

 

2.5. Genera Rhizosolenia, Proboscia and Pseudosolenia 

 

2.5.1. General ecology 

 

Rhizosolenia diatoms form part of a group along with Proboscia and Pseudosolenia 

which may be referred to as the ‘rhizosolenids’ (Sancetta et al., 1991).   These are 

often poorly preserved due to the weakly silicified nature of their frustules.  

Rhizosolenids may be oceanic or neritic.  Many species form chains which may 

intertwine to form ‘mats’ capable of regulating their own buoyancy and enabling mass 

sinking and efficient carbon export from the mixed layer (Sancetta et al., 1991, Villareal 

et al., 1993, Villareal et al., 1996).  Rhizosolenia bergonii, Rhizosolenia styliformis and 

R.  setgitera form part of the fall dump assemblage (Kemp et al., 2000). 

 

2.5.2. Gulf of California  

 

Samples from two spring cruises record an abundance of Rhizosolenia and 

Chaetoceros in the southern Gulf and the dominance of R. styliformis, and Proboscia 

alata in the mouth of the Gulf (Round, 1967).  Rhizosolenia styliformis and R. 

styliformia var. latissima were recorded in spring plankton tow samples from the 

eastern Guaymas Basin where samples were characterized by large growths of a 

single or a few species including Stephanopyxis palmeriana and C. asteromphalus 

(Round, 1967).  Rhizosolenia is also reported as common in autumn plankton tows 

though its range extends ‘further north than in the spring period’ (Round, 1967).  In Gulf 
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sediment trap data, Sancetta (1995) found R. imbricata to be part of the late spring to 

summer assemblage and R. setigera together with Rhizosolenia spp. to be most 

abundant in summer and autumn.  Both periods are times of low opal flux in the central 

Gulf (Thunell et al., 1993).  Rhizosolenia spp., including R. bergonii, a warm water 

diatom (Hasle and Syvertsen, 1996), is shown to be a significant component of the flux 

maximum in late autumn and winter, forming part of the fall dump assemblage along 

with S. palmeriana and Coscinodiscus spp. (Sancetta, 1995, Pike and Kemp, 1996).   

 

In cores MD02-2517 and 2515 near-monospecific laminae of Rhizosolenia are common 

in the EH interval and rare or absent elsewhere (Table 7).  Near-monospecific laminae 

of Rhizosolenia generally comprise of girdle bands.  

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene 4 (1) 571 (168) 330 - 714 
Early Holocene 121 (12) 234 (121) 84 - 653 
Bølling-Allerød 5 (1) 521 (489) 177 - 1322 
Last Glacial 
Maximum 3 (1) 744 (271) 472 - 1015 

D-O12 (top) - - - 
D-O12 (middle) 1 (0.4) - 425 
D-O12 (base) 1 (0.2) - 394 

 

Table 7.  Occurrence and thickness data for near-monospecific laminae of Rhizosolenia in 
cores MD02-2517 and MD02-2515. 

!
2.6. Genus Stephanopyxis (Ehrenberg) Ehrenberg 

2.6.1. General ecology 

 

Stephanopyxis is a planktonic, heavily silicified genus, capable of forming chain-like 

colonies which may form mats (Round et al., 1990, Goldman, 1993).  Stephanopyxis 

palmeriana and S. turris have a temperate to warm water distribution (Hasle and 

Syvertsen, 1996).  Stephanopyxis palmeriana formed the focus of two experiments 

where growth was simulated at light levels equivalent to 100 - 50 m water depth during 

spring-summer in the Sargasso Sea, in order to test the effect of episodic injections of 

new nutrients across the nutricline to the base of the euphotic zone by mesoscale 

eddies (Goldman, 1993, Goldman and McGillicuddy, 2003).  It was found that S. 
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palmeriana is able to utilize nutrients upwelled into the lower euphotic zone and 

suggested that that eddy-driven blooms can contribute to a significant fraction (35 - 

50 % in the Sargasso Sea) of the annual new production (Goldman, 1993, Goldman 

and McGillicuddy, 2003).  Stephanopyxis palmeriana was also found to form ‘giant 

flocculent masses’ which could sink rapidly out of the photic zone (Goldman, 1993).  

Stephanopyxis palmeriana is sedimented during winter in the Santa Barbara Basin (C.B. 

Lange personal observations – see Kemp et al., 2000) and in autumn in the Guaymas 

Basin (Pike, 1996) and is regarded as a key species in the fall dump group (Kemp et al., 

2000).  

 

2.6.2. Gulf of California 

 

Stephanopyxis turris is reported as ‘almost confined’ to the southern Gulf in spring 

plankton hauls (Round, 1967).  Stephanopyxis palmeriana was found in eastern 

Guaymas Basin plankton samples along with R. styliformis (Round, 1967).  In late 

Holocene central Gulf laminated sediments S. palmeriana forms near-monospecific 

layers, occasionally up to a millimeter thick, above or at the top of the summer silt 

lamina (Pike, 1996).  

 

Near-monospecific laminae of S. palmeriana in cores MD02-2517 and MD02-2515 (Fig. 

5) are observed in the EH interval, the B-A interval, and the D-O 12 middle segment 

(Table 8).  Thick (up to 1.8 mm) laminae with a diatom assemblage containing only S. 

palmeriana and A. nodulifera are recorded in the D-O 12 middle segment.   
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Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene - - - 
Early Holocene 10 (1) 256 (66) 123 - 359 
Bølling-Allerød 1 (0.2) - 1960 
Last Glacial 
Maximum - - - 

D-O12 (top) - - - 
D-O12 (middle) 1 (0.4) - 1015 
D-O12 (base) - - - 

 

Table 8.  Occurrence and thickness data for near-monospecific laminae of S. palmeriana 
in cores MD02-2517 and MD02-2515. 

 

2.7. Genus Thalassiosira Cleve 1873 emend. Hasle 1973 

2.7.1. General ecology 

 

Thalassiosira is a marine planktonic genus, encompassing more than 100 species that 

form chain-like colonies (Round et al., 1990, Hasle and Syvertsen, 1996).  

Thalassiosira oestrupii has been widely reported from plankton tows collected in the 

Pacific and North Atlantic oceans (Fryxell and Hasle, 1980).  Thalassiosira oestrupii 

has two varieties, var. oestruppii and var. venrickae (Fryxell and Hasle, 1980).  

Thalassiosira oestrupii var. oestruppii is cosmopolitan and oceanic, where as T. 

oestrupii var. venrickae is more often noted on continental shelves and in tropical and 

subtropical waters (Fryxell and Hasle, 1980).  The two varieties of T. oestrupii are often 

combined e.g., Romero et al. (2005).   

 

In cluster analysis of annual trap and sediment data from the Northeast Pacific, T. 

oestrupii forms part of an assemblage present at a low-nutrient site under the North 

Pacific gyre, whereas Thalassiosira pacifica, a cosmopolitan species (Hasle and 

Syvertsen, 1996) forms part of a nearshore, high-nutrient assemblage (Sancetta, 1992).  

In surface sediments of the eastern equatorial Pacific, T. oestrupii is reported to be 

most common (>10 %) north of 5oN (Schrader et al., 1993).  Thalassiosira frustules are 

often small and delicate leading to poor preservation, (see Barron et al., 2003), 

however, Thalassiosira lineata, T. oestrupii and T. pacifica are robust enough to be 

commonly reported in sediment samples (Sancetta, 1992).  For example, the trace 
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occurrence of T. oestrupii south of the Polar Front may be explained by its selective 

preservation in sediments due to its highly silicified valves (Romero et al., 2005).   

 

2.7.2. Gulf of California 

 

Thalassiosira oestrupii and T. pacifica form part of the late spring to summer 

assemblage in central Gulf sediment trap data (Sancetta, 1995) corresponding to low 

terrigenous and opal flux and moderately low levels of production (Thunell et al., 1993, 

Sancetta, 1995).  Thalassiosira oestrupii also forms part of the summer and autumn 

assemblage in the sediment trap record (Sancetta, 1995), a time of low productivity 

with high terrigenous and low opal flux (Thunell et al., 1993, Sancetta, 1995).  

Thalassiosira lineata contributes significantly to a factor from the sediment trap data 

associated with high diatom production in late winter and spring, resulting from coastal 

upwelling (Thunell et al., 1993, Sancetta, 1995).  In a study of early Holocene laminated 

sediments, Thalassiosira spp. forms part of the ‘mixed-flora’ lamina type, which 

comprises of a diverse diatom flora and is though to represent early winter production 

and deposition (Pike, 1996).   

 

Thalassiosira does not have a distinctive cross-section, hence it is difficult to single out 

from other centrics such as Roperia tesselata in thin section, see Fig. 6.  In cores 

MD02-2515 and MD02-2517 laminae in the LH and EH intervals that are likely to be 

near-monospecific laminae of Thalassiosira are recorded (Table 9). 

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene 3 (1) 686 (125) 544 - 784 
Early Holocene 22 (2) 471 (191) 271 - 995 
Bølling-Allerød - - - 
Last Glacial 
Maximum - - - 

D-O12 (top) - - - 
D-O12 (middle) - - - 
D-O12 (base) - - - 

 

Table 9.  Occurrence and thickness data for laminae that are likely to be near-
monospecific laminae of Thalassiosira in cores MD02-2517 and MD02-2515. 
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Figures 5 and 6. Fig. 5 shows Stephanopyxis palmeriana and Fig. 6a shows 
Thalassiosira and Roperia tesselata, Fig. 6b shows an assemblage thought to 
correspond to Thalassiosira.  On the left hand side are BSE images of stub samples, 
images on the right hand side are BSE images of polished thin sections. 
 

3. Class Fragilariophyceae (araphid pennate diatoms) 
 

3.1. Species Thalassionema nitzschioides (Grunow) Mereschkowsky 

3.1.1. General ecology  

 

Thalassionema nitzschioides is reported as planktonic, cosmopolitan and widespread 

except in the high Arctic and Antarctic (Hasle and Syvertsen, 1996), cosmopolitan and 

neritic (Hallegraeff, 1986) and subtropical and part of a low productivity assemblage 

(Lopes et al., 2006).  Based on the increase in T. nitzschioides in a sediment trap 

midway between a gyre and a coastal site off of southern Oregon during early spring 

(Sancetta, 1992), Barron et al. (2002) considered T. nitzschioides to be an open ocean 

upwelling indicator.  Discrepancies in the description of the ecology of T. nitzschioides 
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may be due to the existence of several varieties, each with contrasting ecological 

preferences.   Sediment traps off of southern Java in the tropical southeastern Indian 

Ocean record high abundances of T. nitzschioides var. nitzschioides and Chaetoceros 

resting spores during times of nutrient enriched conditions and record the dominance of 

T. nitzschioides var. parva and T. nitzschioides var. inflata together with several warm-

water species of the genus Nitzschia during periods of strong stratification with high sea 

surface temperatures and low surface productivity (Romero et al., 2009).  In surface 

sediment studies T. nitzschioides var. nitzschioides shows highest abundances in 

coastal, high nutrient areas, for example off the coast of Peru (Schrader et al., 1993) 

and along the west African coast between the Niger Delta and ~ 7o S and between ~25o 

S – 29o S, with abundances decreasing away from shore, supporting an adaptation to a 

neritic environment (Pokras and Molfino, 1986).  In summary, T. nitzschioides var. 

nitzschioides is neritic, cosmopolitan and adapted to high nutrient conditions and T. 

nitzschioides var. parva is a pelagic, warm water diatom.   

 

3.1.2. Gulf of California 

 

Round (1967) found Thalassionema to be a dominant component of the Gulf plankton 

assemblage, though Calvert (1966)  found Thalassionema to be of minor numerical 

importance in the plankton but dominant in sediment and deep-water samples. 

Thalassionema bacillaris and T. nitzschioides formed the most abundant group in a 2 

year, central Gulf sediment trap record, averaging ~30 % of the flora, though exhibiting 

no seasonal trend (Sancetta, 1995).  Thalassionema spp. form ~30 % of Thalassiothrix 

mats found in Holocene laminated sediments (Pike, 1996).  Thalassionema 

nitzschioides along with Chaetoceros resting spores dominate sediment samples 

spanning the past 15 kyr from the central Gulf (Sancetta, 1995, Barron et al., 2005). 

 

Thalassionema nitzschioides and T. longissima have similar cross-sections. Fig. 7 

shows how these differ, allowing the species to be separated in BSE imagery of 

polished thin sections. In cores MD02-2517 and MD02-2515 near-monospecific 

laminae of T. nitzschioides (Fig. 8) are relatively common in the EH interval, rare in LH, 

B-A and LGM intervals and absent in the transition into D-O 12 (Table 10).  
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Figure 7.  Thalassiothrix longissima (top left) and T. nitzschioides (top right) can be 
distinguished in thin section by their cross sections.  Thalassiothrix longissima is 
distinguished by angular corners with a slight gap at each corner, see bottom left for an 
image taken from a stub sample and bottom middle for a cartoon of the cross section.  
Thalassionema nitzschioides is distinguished through the rounded corners and the 
absence of a gap in the corners. 
 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene 7 (2) 511 (206) 286-838  
Early Holocene 45 (4) 329 (155) 128 - 735 
Bølling-Allerød 3 (1) 358 (191) 202 - 571 
Last Glacial 
Maximum 1 (0.2) - 172 

D-O12 (top) - - - 
D-O12 (middle) - - - 
D-O12 (base) - - - 

 

Table 10. Occurrence and thickness data for near-monospecific laminae of T. 
nitzschioides in cores MD02-2517 and MD02-2515. 

!
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Figures 8 and 9. Fig. 8 shows T. nitzschioides and Fig. 9 shows T. longissima.  On the 
left hand side are BSE images of stub samples, images on the right hand side are BSE 
images of polished thin sections. 
 

3.2. Species Thalassiothrix longissima Cleve and Grunow 

3.2.1. General ecology 

 

Thalassiothrix longissima is an open ocean, planktonic, pennate species where cells 

may be solitary or occur as tangled mats.  Hasle and Syvertsen (1996) report a 

northern cold water to temperate distribution.  Certain species of Thalassiothrix 

(including T. longissima) together with various members of Rhizosolenia and 

Ethmodiscus rex form a group of diatoms which may become concentrated at oceanic 

frontal zones before sinking, resulting in episodes of massive flux to the sediment 

(Kemp and Baldauf, 1993, Kemp et al., 2006, Shimada et al., 2008).  For example, in 

mid-late Pleistocene northern North Atlantic sediments T. longissima mats form the 

greatest contributor to intermittent sections of laminated diatom ooze (Shimada et al., 

2008).  Deposition is thought to occur due to the concentration of T. longissima along 
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the Subarctic Convergence, hence may form a record of the movements of the front 

(Shimada et al., 2008).  

 

3.2.2. Gulf of California 

 

Round (1967) found an abundance of Thalassiothrix in the water column assemblage 

though Calvert (1966) found it to be not important in the water column, but a common 

genus in sediment and deep water samples.  

 

Interval 
(segment) 

No. of laminae 
(% of total 
laminae) 

Average 
thickness (s.d.) 

(µm) 

absolute 
ranges (µm) 

Late Holocene 18 (5) 568 (304) 242 - 1432 
Early Holocene 67 (6) 344 (261) 118 - 1886 
Bølling-Allerød 2 (0.4) 172 (34) 148 - 196 
Last Glacial 
Maximum 2 (0.4) 337 (175) 213 - 461 

D-O12 (top) 6 (1) 672 (554) 312 - 1751 
D-O12 (middle) 3 (1) 997 (172) 820 - 1163 
D-O12 (base) 3 (1) 478 (272) 164 - 638 

 

Table 11.  Occurrence and thickness data for near-monospecific laminae of T. longissima 
in cores MD02-2517 and MD02-2515. 

 

In Holocene laminated sediments from the Guaymas Basin, mats consisting of 60 – 

70 %   T. longissma are commonly deposited in early winter (Pike, 1996, Pike and 

Kemp, 1997).  It is suggested that the mats are brought into the Gulf by Pacific surface 

waters during the summer and are either concentrated at the surface by internal waves 

and low wind speeds, or sink and accumulate at the pycnocline.  When wind-driven 

mixing then breaks down the pycnocline, rapid sinking takes place (Pike and Kemp, 

1997).  This observation has led to the inclusion of T. longissima in the fall dump 

assemblage (Kemp et al., 2000).  Further support for the incorporation of T. longissima 

into the fall dump assemblage comes from measurements of diatom-bound !15N, from a 

western Guaymas Basin kasten core (MD-2517), where diatoms were separated into 

two size fractions <63 µm and >63 µm, (Kalansky et al., 2011).  In laminated core s T. 

longissima was estimated to contribute between 30 and 95 % of the >63 µm diatoms, in 

the homogenous sections C. asteromphalus and C. oculus-iridis, which are also 

members of the fall dump assemblage account for 10 – 25 % of the >63 µm diatoms 
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(Kalansky et al., 2011).  In all but the oldest core section, the larger diatoms were found 

to have lower !15N values of ~ 1 – 7 ‰ as compared to 7 – 13 ‰ for the smaller 

diatoms (Kalansky et al., 2011).  Lower !15N values for the larger diatoms are attributed 

to growth at depth where nitrate is abundant and light levels are low, indicating that the 

diatoms grew within a deep chlorophyll maximum during the summer stratified 

conditions in the Gulf (Kalansky et al., 2011).  A significant correlation was found 

between large diatom and bulk sediment !15N values, indicating that large diatoms, 

fueled by a non-upwelling source of nitrogen, form a significant contribution to export 

production (Kalansky et al., 2011).  In cores MD02-2517 and MD02-2515 near-

monospecific laminae of T. longissima (Fig. 9) are relatively common in the LH and EH 

intervals and rare elsewhere (Table 11).  
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Chapter 3 

Palaeoecological and palaeoceanographic significance of 

exceptional laminae of Azpeitia nodulifera in late 

Quaternary sediments, Gulf of California 
 

1. Introduction 
 

Diatom blooms are episodic, typically seasonal events, which often form pulses of rapidly 

sinking export flux after aggregation and rapid sinking (e.g. Billett et al., 1983, Alldredge 

and Gotschalk, 1989).  Laminated diatomaceous sediments may record sequential flux 

events, which can be identified using scanning electron microscope (SEM) techniques 

(Brodie and Kemp, 1994, Grimm et al., 1996).  This allows the construction of time-series 

with intra-annual resolution for periods long enough to capture variation in interannual 

modes of climate variability, for example, the El Niño-Southern Oscillation (ENSO) (Bull, 

1996, Pike and Kemp, 1997, Dean et al., 2001, Chang et al., 2003, Davies et al., 2012).  

Laminated sediments from the central Gulf of California (hereafter the ‘Gulf’) have been 

shown to contain annual sediment couplets (varves) comprising of a clay-rich and a 

diatom-rich component (Calvert, 1966, Baumgartner et al., 1985, Thunell et al., 1993, 

Sancetta, 1995, Pike and Kemp, 1996b).  Comparison of central Gulf varved sediments 

from the early Holocene with central Gulf sediment trap data reveals preservation of the 

seasonal cycle of diatom production and flux in the sediment record (Thunell et al., 1993, 

Sancetta, 1995, Pike and Kemp, 1996b, Thunell, 1998). 

 

The seasonal flux recorded in sediment traps and laminated sediments is tightly coupled 

to the climate (e.g. Douglas et al., 2007).  The Gulf has a monsoonal climate where strong 

northwesterly winds drive upwelling along the mainland coast through winter and spring 

(Badan-Dangon et al., 1991, Bray and Robles, 1991).  High pigment concentrations are 

observed across the Gulf due to the distribution of nutrients by transient mesoscale 
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features such as eddies and jets (Badan-Dangon et al., 1985, Badan-Dangon et al., 1991, 

Santamaría-del-Angel et al., 1994).  Stratified conditions prevail through June - October 

when weak southeasterly winds are coincident with the influx of tropical Pacific surface 

waters into the Gulf (Badan-Dangon et al., 1991, Bray and Robles, 1991, Godinez et al., 

2010).  ENSO provides the principal source of interannual variability within the Gulf 

(Baumgartner and Christensen, 1985, Bray and Robles, 1991).  Anomalous conditions 

associated with El Niño events in the Gulf include an increase in sea surface 

temperatures (SSTs) and a deepening of the winter pycnocline (Robles and Marinone, 

1987, Soto-Mardones et al., 1999, Lavín et al., 2003, Castro et al., 2006).  The El Niño 

anomalies may be explained by coastal-trapped Kelvin waves which propagate poleward 

along the eastern tropical Pacific coast, most commonly during boreal winter, bringing 

increased penetration of tropical surface waters to the Gulf (Baumgartner and Christensen, 

1985, Strub and James, 2002b, Strub and James, 2002a, Lavín et al., 2003).  

 

Diatoms are the dominant plankton group in the Gulf, forming the principal component 

of export fluxes as recorded in sediment traps from late autumn through to spring 

(Sancetta, 1995, Thunell et al., 1996, Thunell, 1998).  Seasonal variation in diatom 

production in the central Gulf includes a mixed diatom assemblage flux resulting from 

winter upwelling, followed by a spring bloom flux consisting primarily of Chaetoceros 

spp., and in late autumn/early winter a maximum in cell volume flux comprising of large 

oceanic species such as Coscinodiscus spp. and Rhizosolenia spp. (Sancetta, 1995). 

Large oceanic diatoms are also recorded in early Holocene varved sediments from the 

central Gulf where near-monospecific laminae (that is, diatom ooze laminae which are 

predominantly composed of a single species or genus) of large Coscinodiscus spp., 

Rhizosolenia spp., Stephanopyxis palmeriana or Thalassiothrix longissima are found 

just above the summer lithogenic laminae of clay and silt, implying an autumn/early 

winter period of deposition (Pike and Kemp, 1997).  These laminae are thought to result 

from production at depth during summer stratified conditions and subsequent 

deposition when the thermocline breaks down in autumn/early winter (Sancetta, 1995, 

Pike and Kemp, 1997, Kemp et al., 2000).  Evidence from the comparison of the !15N 

signature of diatom-bound organic matter between diatom size fractions (< 63 µm/> 63 

µm) in Holocene Gulf sediments provides further evidence that these large diatoms (in 

this case principally T. longissima and large Coscinodiscus spp.) grew under stratified 
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conditions at the base of the euphotic zone, under low light levels and in excess nitrate 

(Kalansky et al., 2011).  

 

New SEM analysis of Late Pleistocene laminated sediments from the central Gulf has 

revealed abundant and thick (1.27 mm on average) near-monospecific laminae of the 

tropical diatom Azpeitia nodulifera, which has not previously been identified as a lamina-

forming constituent in Holocene sediments.  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.  In order to 

place the laminae into context we present a review of the ecology and distribution of A. 

nodulifera with emphasis on the significance of A. nodulifera within the Gulf.  Lamina 

production and deposition mechanisms are then 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 then allows the place of near-

monospecific A. nodulifera laminae in the context of the seasonal cycle of diatom 

production and deposition to be examined.  Lastly, we consider the palaeoceanographic 

implications of near-monospecific A. nodulifera laminae in the Gulf, including the potential 

of near-monospecific A. nodulifera laminae for the reconstruction of past El Niño events. 
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Figure 1. Location of core MD02-2515 and log of Azpeitia nodulifera-rich interval showing 

the top (130 varve years), middle (98 varve years) and base (207 varve years) laminated 

segments.  Scale on left hand side of log shows distance down core.  

 

2. Materials and Methods 
 

The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

was retrieved by the Marion Dufresne in 2002 from the Guaymas Basin (Fig. 1).  

Sediments consist of mm-scale laminated diatomaceous muds with few intervening 

homogenous intervals.  This study focuses on sediment from 51.16 – 53.23 m core depth 

(Fig. 1).  The age model (see Chapter 1, section 5) has been compiled from varve counts 

taken from grey-scale images and 22 radiocarbon dates (S. Nederbragt, pers. comm., R 

Ganeshram, pers. comm.) The interval investigated is dated to ~45 – 45.6 kyr 

corresponding to the transition into Dansgaard-Oeschger (D-O) interstadial 12 

(Dansgaard et al., 1993).  Samples were embedded with Spurr low-viscosity epoxy resin 

to make polished thin sections (PTSs) for backscattered electron (BSE) imagery analysis 

using the methods of Pike and Kemp (1996a) and Kemp et al. (1998).  Samples were 
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examined at high magnifications using the SEM (e.g. Fig. 5) and were logged lamina-by-

lamina using a x73 magnification BSE photomosaic as a basemap noting the occurrence 

of lithogenic and biogenic components.  Thickness measurements of laminae were 

obtained using the method of Francus et al. (2002), taking the average of three thickness 

measurements per lamina.  Laminae were correlated across grey scale, X-radiograph and 

BSE images to aid in varve identification and PTS correlation.  Stub samples were 

prepared from sediment counterparts of the embedded material, split parallel to the 

laminae, then dried and gold coated in order to produce topographic images for diatom 

species identification.   

 

Previous studies have proposed that variations in the diameter of A. nodulifera may be 

climatically controlled (Burckle and McLaughlin, 1977, Burckle et al., 1981, Bromble and 

Burckle, 1983, Lange and Berger, 1993).  As such a preliminary investigation into size 

variations of A. nodulifera within the near mono-specific laminae was undertaken.  Strew 

slides were made of three near-monospecific A. nodulifera laminae taken from the top, 

middle and base of the top segment only (51.25, 51.35, 51.53 m 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 

cells were measured using a calibrated reticule at x400 magnification.  

                         

3. Results 

3.1. Annual lamina sequences and varve identification 

 

The interval investigated comprises of three near consecutive laminated segments 

containing regular alternations between clay and silt-rich laminae with diatomaceous 

laminae and two intervening segments of homogenous diatomaceous mud (Fig. 1).  The 

base, middle and top laminated segments comprise of 207, 98 and 130 varves 

respectively (Fig. 1).  Identification of repeated sequences allows the typical varve 

structures to be described.  Here we focus on varves that contain abundant A. nodulifera.  
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The base and middle varved segments of 207 and 98 varve years include 52 and 46 

varves (respectively) that are 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. 2a).  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 3-4 laminae comprising of clay/silt followed by one or more near-

monospecific A. nodulifera lamina and a Chaetoceros setae ooze top (Fig. 2b).  

 

 

Figure 2. The typical varve deposition structure for A. nodulifera-dominated varves, a) the 
base and middle laminated segments, comprising of laminae couplets of a mixed 
assemblage lamina and a near-monospecific A. nodulifera lamina, b) the top laminated 
segment where A. nodulifera varves comprise of a lithogenic lamina followed by one or 
more A. nodulifera lamina and may include a Chaetoceros setae ooze lamina. 

 

3.2.  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 1 for individual segments).  Sequential, distinct 

near-monospecific A. nodulifera laminae are differentiated by A. nodulifera abundance 
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and matrix content (Fig. 2b) and may occur in groups of up to 5.  The matrix surrounding 

the A. nodulifera frustules may consist predominantly of clay and silt, or may consist of 

centric fragments and Chaetoceros setae ooze with a minor clay and silt component, 

hence, when there is a clear and abrupt change in matrix composition, adjacent near-

monospecific laminae of A. nodulifera are classified as separate events.  Near-

monospecific A. nodulifera laminae are considerably thinner in the top varved segment 

than in the middle or base segments, this may be partly accounted for by the increase in 

the number of laminae that are distinguished as sequential laminae (Table 1).  The near-

monospecific A. nodulifera laminae, contain minor amounts of Actinoptychus, 

Coscinodiscus, and occasional Asteromphalus, Fragilariopsis doliolus, Hemidiscus 

cuneiformis and S. palmeriana.  Three laminae in the middle segment that are dominated 

by both A. nodulifera and S. palmeriana, and ten laminae in the base segment that are 

dominated by both A. nodulifera and large Coscinodiscus have been recorded.  The 

number of near-monospecific A. nodulifera laminae and near-monospecific Chaetoceros 

setae ooze laminae per varved segment increase from the base to the top of the interval 

whereas the number of near-monospecific large Coscinodiscus laminae decreases (Table 

2).  

 

Segment 
Average 
thickness 
(s.d.) (µm) 

Absolute 
ranges (µm) 

% of A. nodulifera laminae that 
occur as two sequential 

laminae 

Top                
(130 varve years) 

933 (574) 276 – 3077 27 

Middle               
(98 varve years) 

1871 (809) 731 – 4561 8 

Base               
(207 varve years) 

1501 (834) 266 - 4035 14 

 

Table 1. The average thickness of A. nodulifera laminae for each varved segment with 
standard deviation and absolute ranges.   
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Segment A. nodulifera 
laminae 

Chaetoceros setae 
ooze laminae 

Large Coscinodiscus 
laminae 

Top                      
(130 varve years) 132 (19) 142 (20) 4 (1) 

Middle  
(98 varve years) 51 (21) 3 (1) 9 (4) 

Base   
(207 varve years) 59 (10) 12 (2) 40 (7) 

    
Table 2.  Number of near-monospecific laminae per varved segment, numbers in brackets 
show the percentage of near monospecific laminae of the total number of laminae per 
segment.  

 

Azpeitia nodulifera frustules appear to be heavily silicified and well preserved.  Warnock et 

al. (2007) devised a preservation index in which individual cells of A. nodulifera can be 

placed into one of four categories based on the state of the vellum, a uniform mesh-like 

silica microstructure that covers the areolae.  Cells with a fully intact vellum are placed 

into state one (indicating the least dissolution), cells where the vellum and all pegs around 

the areolae are completely dissolved are placed into state four (indicating high dissolution 

levels) (Warnock et al., 2007).  Topographic images indicate that the A. nodulifera cells 

documented here generally have an intact vellum indicating they fit into ‘state one’ and 

are in the highest state of preservation (Fig. 3).  

 

BSE imagery shows that A. nodulifera commonly occurs in stacks of ~ 2 – 7 frustules 

(Figs 4 and 5c).  Stacks occur at various orientations (Figs 4 and 5c) suggesting they do 

not simply form as a result of cells settling but 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. 4d), indicating cells may be the product of vegetative division 

where half of each valve previously belonged to the parent valve and which leads to a 

successive decrease in frustule size.  
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Figure 3.  Valve areolae and fully intact vellum demonstrating good preservation. 

Figure 4. BSE images of A. nodulifera in stub samples, note ‘stacks’ of frustules. 

 

BSE imagery reveals dividing cells (diatom cells which are undergoing mitotic division) are 

common within near-monospecific A. nodulifera laminae (Fig. 5).  Dividing cells are noted 
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within stacks and as solitary occurrences, and are observed throughout the interval.  In 

order to investigate variations in cell diameters, 300 A. nodulifera cells were counted from 

three samples selected from near-monospecific A. nodulifera laminae.  All three samples 

contained A. nodulifera with a mean cell diameter > 60 µm, see Table 3. 

 

d)    

 

Figure 5. a, c & d BSE images of A. nodulifera, note dividing cells (indicated by white 
arrows in a), and ‘stacks’ of adjacent diatoms in c.  4b shows a schematic of vegetative 
cell division. 
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Core depth (m) Average A. nodulifera 
cell diameter (µm) 

Standard deviation 
(µm) 

51.25 70 8 

51.35 66 9 

51.53 71 6 

 

Table 3.  Average cell diameter for A. nodulifera from three near-monospecific laminae.   

                     

4. Review of the ecology and distribution of Azpeitia nodulifera 

(A. Schmidt)  
 

Near-monospecific laminae of A. nodulifera were briefly noted based on the 

macroscopic subsampling of laminae from DSDP Site 480 in the eastern Guaymas 

Basin (Schrader et al., 1980, Donegan and Schrader, 1982, Schrader, 1982) and from 

microscope and BSEI examination of plankton tows and sediments from the northern 

Red Sea (Seeberg-Elverfeldt et al., 2004a).  Based on the warm water affinity of A. 

nodulifera and the absence of the upwelling indicator Octatis pulchra from the near-

monospecific A. nodulifera laminae, these laminae of A. nodulifera have been 

interpreted to represent non-upwelling conditions in the Gulf (Donegan and Schrader, 

1982, Schrader, 1982).  Further studies identified the relative abundance of A. 

nodulifera in the sediment record as a key indicator of the incursion of tropical waters 

into the Gulf, which is associated with El Niño events (Baumgartner et al., 1985, 

Sancetta, 1995, Barron et al., 2004, Barron et al., 2005, Barron and Bukry, 2007).  As a 

context for the interpretation of the palaeoceanographic/ palaeoecological implications 

of the near-monospecific laminae we have conducted a review of the ecology and 

global distribution of A. nodulifera, and its ecology and distribution within the Gulf. 

 

Azpeitia nodulifera (basionym Coscinodiscus nodulifer) is a heavily silicified, planktonic 

diatom which has not been reported to occur in colonies (Fryxell et al., 1986).  It has not 

been found in high concentrations or blooms in plankton tow or sediment trap studies, 

rather occurring as a minor part of warm water assemblages (Table 4).  Increases in the 
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relative abundance of A. nodulifera in the sediment record have been interpreted as an 

indication of warm waters/low nutrient conditions (Table 5).  The occurrence of A. 

nodulifera in plankton tows, sediment traps and surface sediments is summarized in Table 

4, the occurrence in Quaternary sediment cores is summarized in Table 5.  Case studies, 

including the occurrence of A. nodulifera in the Gulf, will then be discussed.  
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Table 4.  Summary of A. nodulifera occurrence in plankton tows, sediment traps and surface sediments, excluding examples discussed in 
sections 4.1-4.3. 

Reference Location Azpeitia nodulifera abundance Interpretation in reference 

Plankton tows    

Kobayashi and Takahashi 
(2002) 

Pacific equator (170o E to 140o W) 10, 20, 31 cells l -1 at 170o E, 180o W, 176oW 
respectively 

equatorial 

Iriate and Fryxell (1995) Pacific equator, 140o W ! 100 cells liter -1 equatorial 

Hallegraeff and Jeffrey 
(1984) 

continental shelf waters of North and 
North-West Australia 

up to 1 % of phytoplankton biomass Warm water species 

Sediment traps    

Treppke et al. (1996) Guinea Basin (01o N, 11o W) included within Azpeitia spp., 0.5 % at 853 
m and 0.7 % at 3921 m,  

Warm water, low productivity 

Takahashi et al. (2009) Pacific equator (145o E – 160o W) mean rel. abundance increases from 1.2 % 
in the west to 2 % in the east 

equatorial 

Surface sediments    

Schuette and Schrader 
(1981) 

Off SW African coast, 19o S – 24o S 0–65 % offshore, 0–1.7 % inner shelf Low productivity 

Treppke et al. (1996) (01o N, 11o W) Guinea Basin Relative abundance 8.1 % dissolution resistant 

Maynard, (1976) Pacific equator, off SE coast of Africa, 
offshore western Africa  

Not given – A. nodulifera has high factor 
loadings 

warm water species, equatorial 

Pokras and Molfino, (1986) Pacific equator, off of SW Africa Relative abundance 5 – 25 %, nearly absent 
close to shore 

modest productivity, moderate to 
high salinity, warm water 

Jiang et al. (2004) South China Sea 0.4 – 11.6 % of the assemblage Warm water species 

Schrader et al. (1993) Eastern Equatorial Pacific, offshore north of 
~5o N and west of ~95o W 

> 35 % of the total diatom flora  tropical surface water, dissolution 
resistant 

Abrantes et al. (2007) western coast of south America, off-shore 
central America (50oS– 15oN) 

Azpeitia spp. (incl. A. nodulifera) gen <1%. 
~5%, ~5o either side of equator 

Warm water species/ equatorial 

Schrader and Sorknes (1991) Off the coast of Peru (~4oS–22oS) Not given, high factor loadings offshore Low productivity 
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Reference Location Time period Azpeitia nodulifera abundance Interpretation in 
reference 

Shimada et al. 
(2008) 

northern North Atlantic 
(53o N, 13o E) 

Past 1.4 Myr Minor constituent Warm water indicator 

Romero et al. 
(2003) 

off of Namibia  

(25o S, 33o W) 

7 - 55 ka Azpeitia nodulifera and Thalassionema nitzschioides var. 
inflata (warm water species) dominate a tropical/ 
subtropical assemblage, ~ 30 % in Holocene, near absent 
through LGM, ~ 2 – 5 % in marine isotope stage (MIS) 3 

tropical/ subtropical 
species 

Sancetta et al. 
(1992) 

Walvis ridge                   
(19o N, 10o E) 

2.25 - 2.6 Ma 0 - ~ 20 % occasional increase to ~55 % Tropical/ warm water 
indicator 

Barron et al. 
(2010) 

Santa Barbara Basin, NE 
Pac (34o N, 120o W) 

Past 2.2 kyr ~ 1 %, intermittent Warm water indicator 

Romero et al. 
(2011) 

Panama Basin          
(08oN, 84o W) 

18 – 98 ka BP minor part of a warm water assemblage dominated by 
Fragilariopsis doliolus which shows a dramatic increase 
between 18 - 26 ka BP 

Warm water indicator 

Warnock et al. 
(2007) 

EEP (3o S, 91o W)   
(0o,111o W) 

Past 25 kyr Relative abundance between 5 – 22 % Warm water/ dissolution 
resistant 

DeVries and 
Schrader 
(1981) 

Central Peruvian coast 
(11 o S - 13o S) 

~0.1 – 16 ka BP generally low abundances, < 10 %, but large peaks, > 
50 %, in the Late Holocene 

Tropical/ oceanic/  Warm 
water indicator 

Fenner and Di 
Stefano (2004) 

Chatham rise, east of 
New Zealand (39o S-50o 

S, 178o W-173o E) 

Past 130 kyr minor part of a subtropical assemblage, northwards 
contraction in range for the LGM compared to MIS 1 

Subtropical/ warm water 
indicator 

Ikeda et al. 
(1999) 

Off Southern Java, 
tropical southeastern 
Indian Ocean 

Past 130 kyr Generally ~ 5%, two peaks of ~40 % near the beginning of 
stage 3 and at stage 2/1 boundary 

intensity of the 
Equatorial Counter 
Current, subtropical 

Lange and 
Berger (1993) 

NE margin of the Ontong 
Java Plateau 

Past 1.8 Myr Dominates assemblage, ~5 – 150 valves x1000 per g Dissolution resistant 

 

Table 5.  Summary of A. nodulifera occurrence in Quaternary sediment cores, excluding examples discussed in sections 4.1-3. 
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4.1. Case Studies 

 

4.1.1. The Red Sea 

 

In plankton tow samples from the northern Red Sea A. nodulifera shows an increase in 

relative abundance with depth, from 0.6 % between 20 - 120 m to 1.5 % between 120 - 

200 m (Seeberg-Elverfeldt et al., 2004b).  This increase in abundance is reported to 

occur from the dissolution of fragile diatoms with depth, but may also occur due to the 

lateral transportation of A. nodulifera or a habitat preference for the lower euphotic zone 

(Seeberg-Elverfeldt et al., 2004b).  Due to the dissolution of weakly silicified species 

found in the upper water column assemblage, such as the Nitzschia bicapitata group, 

assemblage counts from surface sediments (water depth range 529 to 1474 m) are 

dominated by the heavily silicified species, Alveus marinus, Azpeitia neocrenulata, 

Roperia tesselata and A. nodulifera, where A. nodulifera forms 34.5 – 41.5 % of the 

assemblage (Seeberg-Elverfeldt et al., 2004b).  SEM analysis by Seeberg-Elverfeldt et 

al. (2004a) of intermittently laminated sediments spanning the past 22 kyr revealed the 

occurrence of Azpeitia nodulifera in both homogenous and laminated segments in 

which A. nodulifera may form near-monospecific laminae.  Poor preservation in the Red 

Sea sediment record has been reported to be associated with homogenous sections 

(which may be dominated by broken valves of A. nodulifera) and good preservation 

with laminated sections (rich in Chaetoceros resting spores), indicating that high silica 

fluxes and/or the rapid sinking of episodic production associated with the formation of 

near mono-specific laminae aids preservation (Seeberg-Elverfeldt et al., 2004a).   

 

4.1.2. Peruvian Coast 

 

In a Late Quaternary sediment record from the Peru Shelf, A. nodulifera forms part of a 

warm water assemblage which is associated with episodes of low productivity, in 

contrast to periods of high productivity marked by high abundances of Skeletonema 

costatum and Delphineis karstenii (Schrader and Sorknes, 1991).  Episodes of low 

productivity associated with A. nodulifera are reported to have occurred when the 

upwelling process along the central Peruvian coast was diminished and warm/nutrient 
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depleted surface water replaced the cooler/nutrient rich waters (Schrader and Sorknes, 

1991). 

 

4.1.3. Baja California 

 

In a study close to the Gulf, A. nodulifera was identified (using both smear slides and 

SEM analysis) in intermittently laminated sediments, which spanned the past 120 ka 

from the continental slope of Baja California (Murdmaa et al., 2011).  Azpeitia 

nodulifera is the dominant species in a multispecies oceanic assemblage found in dark-

coloured organic-rich laminae which occur alongside light coloured near-monospecific 

laminae of Chaetoceros spp. or Skeletonema costatum (Murdmaa et al., 2011).  Near-

monospecific laminae are reported to form as a result of coastal upwelling whereas the 

dark sapropelic laminae which are enriched in clots of organic matter and contain 

multispecies assemblages of oceanic-neritic diatoms (including A. nodulifera), 

radiolarians, coccoliths, and planktonic and benthic foraminifera, assumed to have 

been deposited during periods of high productivity over the upper continental slope that 

are unrelated to coastal upwelling (Murdmaa et al., 2011).  In an additional study off 

Baja spanning the past 100 years sampled at 1 – 2 mm, giving approximately yearly 

resolution, A. nodulifera dominates the diatom assemblage from the 1950s to the late 

1970s, this is interpreted to represent an increase in the influence of warm 

tropical/subtropical waters (Esparza-Alvarez et al., 2007).   

 

4.2. Azpeitia nodulifera in the Gulf of California 

 

4.2.1. Water Column 

 

Azpeitia nodulifera was found in plankton tow samples from the Gulf collected between 

May - June 1982, where it was reported to occur in low abundances in all samples, but 

showed a steady increase in abundance from north to south (Schrader et al., 1986).  In 

central Gulf sediment trap data A. nodulifera forms between 0 – 5 % of the assemblage 

(Sancetta, 1995).  Factor analysis on sediment trap samples (counts exclude the major 
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taxa, Thalassionema nitzschioides and Chaetoceros resting spores) gives a group 

dominated by A. nodulifera, which has generally higher loadings coinciding with an El 

Niño event, suggesting an association with the incursion of tropical waters into the Gulf 

(Sancetta, 1995).   

 

4.2.2. Laminated Sediments 
 

In a 20 year, 20th century varve sequence from the eastern Guaymas Basin, a positive 

correlation was found between a warm water diatom assemblage containing A. 

nodulifera (which varies between 7 - 20 %) (Baumgartner et al., 1985), and interannual 

sea level anomalies in the Gulf, the dominant control on which is ENSO (Robles and 

Marinone, 1987, Bray and Robles, 1991).  However, when treated as an individual 

taxon, no significant relationship is reported between A. nodulifera abundance and 

interannual sea level anomalies (Baumgartner et al., 1985).  Laminae with a diatom 

assemblage that is dominated by A. nodulifera have been briefly noted from eastern 

Guaymas Basin sediments (Schrader et al., 1980, Donegan and Schrader, 1982, 

Schrader, 1982).  

 

4.2.3. Bulk Sediments 
 

In sediment cores spanning the last 2 kyr from the north central and the southern Gulf, 

A. nodulifera generally forms <20 % of the assemblage (counts omit dominant or 

weakly silicified species) with two notable peaks during the medieval climate anomaly 

(MCA) ~A.D. 880 – 1000 and ~A.D. 1100 – 1150 of >27 %, which in the north central 

Gulf are coincident with peaks in the D ‘aculeata’ silicoflagellate group, thought to be an 

indicator of tropical/sub-tropical open Pacific waters (Barron and Bukry, 2007).  It has 

been suggested that the MCA is characterised by higher SSTs and reduced diatom 

productivity at these two core sites (Barron and Bukry, 2007).  Between ~ A.D. 400 – 

1700, high amplitude cycles of ~ 100 years are observed in the relative abundance of A. 

nodulifera (between ~10 – 75 %) and the silicoflagellate upwelling indicator Octatis 

pulchra (between ~10 – 70 %) and are suggested to represent a possible solar 

influence on coastal upwelling (Barron and Bukry, 2007). 
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In two central Gulf cores spanning the past ~15 kyr, A. nodulifera dominates the 

assemblage (counts exclude the dominant taxa, Chaetoceros resting spores and               

T. nitzschioides and weakly silicified species), during the Younger Dryas (e.g. forming 

up to 30 % of the assemblage (Sancetta, 1995) then drops significantly between 11 - 

6.2 ka before recovering importance (Sancetta, 1995, Barron et al., 2004, Barron et al., 

2005). Increases in the relative abundance of A. nodulifera are suggested to be linked 

to the onset of periodic northward extensions of El Niño events (Sancetta, 1995, Barron 

et al., 2004, Barron et al., 2005).  Increases in A. nodulifera abundance coincide with 

increases in calcium carbonate and decreases in opal concentration and in the 

abundance of the upwelling indicator O. pulchra, supporting an association with warm, 

stratified conditions typical of El Niño events in the Gulf (Barron et al., 2004, Barron et 

al., 2005). 

   

4.3. Size variation in Azpeitia nodulifera 

 

It has been proposed that variations in the ratio of valve diameters of A. nodulifera (< 

60 µm/> 60 µm) may be climatically controlled (Burckle and McLaughlin, 1977, Burckle 

et al., 1981, Murray and Schrader, 1982, Bromble and Burckle, 1983, Lange and 

Berger, 1993).  In a north-south traverse of surface sediment across the equator 

between 14o N – 9o S and 132o W - 140o W, Burckle and McLaughlin (1977) found the 

mean valve diameter of A. nodulifera was highest (> 60 µm) within ~ 3o of the equator 

and lower (< 60 µm) away from the equator with a strong unimodal distribution at about 

40 µm developing north of ~4o N.  In Quaternary sediment records from the equatorial 

Pacific and the central Gulf, high ratios of A. nodulifera valve diameter (< 60 µm 

dominant) are associated with glacial sediments and low ratios (> 60 µm dominant) with 

interglacial sediments (Burckle et al., 1981, Murray and Schrader, 1982, Bromble and 

Burckle, 1983, Lange and Berger, 1993).  In the western equatorial Pacific the 

dominance of small (< 60 µm) A. nodulifera occurs with low diatom abundance and 

species diversity, poor preservation and high productivity (deduced from benthic foram 

accumulation rates) (Herguera and Berger, 1991, Lange and Berger, 1993).  
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Two principal explanations are postulated for the size variations in A. nodulifera. The 

first is that two genetically different populations of A. nodulifera exist with different 

ranges for cell diameter, either 10 – 70 µm or 50 – 110 µm, with the larger sized 

population thriving during times of increased nutrient supply (Burckle and McLaughlin, 

1977, Murray and Schrader, 1982).  In the second explanation, variation in the diatom 

reproductive cycle is suggested.  Diatoms undergo repeated asexual fission, leading to 

decreasing cell size in successive generations.  Once a critical size, the ‘permissive 

threshold’, has been attained sexual reproduction may take place (depending on 

environmental conditions) resulting in the restoration of the initial, larger cell size 

(Round et al., 1990).  It is suggested that, during favourable conditions (higher nutrient 

concentrations), the cell size at which sexual production takes place is larger and 

therefore a population of larger individuals is maintained (Burckle and McLaughlin, 

1977, Murray and Schrader, 1982).  In both explanations the larger cell size is 

associated with higher nutrient concentrations.   

 

There is no consensus on the controls of size distribution in A. nodulifera, though an 

interglacial/glacial association in the Pacific is apparent.  The occurrence of large A. 

nodulifera over the equator and in laminated sediments from the Gulf may be 

consistent with higher nutrient levels (Burckle and McLaughlin, 1977, Murray and 

Schrader, 1982), whereas the occurrence of large A. nodulifera in apparently less 

productive intervals (interglacials) in the western equatorial Pacific is attributed to lower 

nutrient levels (Lange and Berger, 1993).   

 

4.4. Summary of Ecology and Distribution  

 

Azpeitia nodulifera is a robust warm water species. The modern distribution is generally 

restricted to low – mid latitude, warm offshore and equatorial waters. In Gulf sediments, 

increases in the abundance of A. nodulifera have been associated with poor diatom 

preservation, increased carbonate and decreased opal content and with the absence of 

upwelling indicators such as, O. pulchra, indicating a preference for warm, stratified 

conditions associated with El Niño events in the Gulf.  An El Niño association is further 
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supported by central Gulf sediment trap data and preliminary studies of central Gulf 

laminated sediments. 

 

5. Discussion 
 

5.1. Ecology of near-monospecific laminae of Azpeitia nodulifera 

 

Near-monospecific diatomaceous laminae in the sediment record tend to be associated 

with either flux from high productivity spring bloom or upwelling events, such as 

laminae of Chaetoceros, or with fall dump events which involve the rapid sedimentation 

of diatoms that have grown or accumulated at the base of the euphotic zone under 

stratified conditions (Kemp et al., 2000).  Azpeitia nodulifera is a warm-water species 

associated with stratified conditions in the Gulf (see Section 4), hence the production 

and deposition of large diameter (> 60 µm) A. nodulifera laminae may occur in a similar 

manner to that of the fall dump diatoms.  Evidence for this includes the occurrence of 

several laminae that are dominated by A. nodulifera and a single other stratified-

adapted taxa, that is, S. palmeriana or large Coscinodiscus (Section 3.2), suggesting a 

shared mode of production and deposition.  Taxa included in the fall dump group are 

large oceanic diatoms, which may form blooms during stratified conditions due to the 

episodic injection of new nutrients across the nutricline at the base of the euphotic zone, 

e.g. from eddy-related doming of isopycnals (Brzezinski et al., 1998, Goldman and 

McGillicuddy, 2003).  These taxa may have one or more adaptations that enable them 

to grow slowly in the lower part of the euphotic zone.  Adaptations include the ability to 

regulate their own buoyancy (Villareal et al., 1993), the ability to grow at depth under 

low light conditions in a deep chlorophyll maximum (Goldman, 1993, Goldman and 

McGillicuddy, 2003) and symbiosis with nitrogen-fixing bacteria (e.g. White et al., 2007).  

The large size of these diatoms may also be an important adaptation as large vacuoles 

allow nutrients (nitrate in particular) to be stored between nutrient pulses (Stolte and 

Riegman, 1996).  In this study, three laminae were sampled and were found to contain 

populations of A. nodulifera that have a mean frustule diameter > 60 µm.  Here, we 

suggest that the larger size is an adaptation to cope with a pulsed nutrient supply 

during growth at depth within a stratified water column (Stolte and Riegman, 1996).   
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5.2. Azpeitia nodulifera laminae record ‘bloom’ conditions 

 

SEM analysis of early Holocene central Gulf laminated sediments has shown 

stratification-adapted diatoms in the Gulf either grew (e.g. S. palmeriana) or were 

concentrated (T. longissima) at the pycnocline before deposition due to the seasonal 

breakdown of water column stratification (Pike and Kemp, 1997, Kemp et al., 2000).  

The excellent preservation and exceptional thickness indicates that A. nodulifera 

laminae result from mass flux events, but does not resolve the question of whether the 

A. nodulifera laminae result from a genuine bloom or from an accumulation of cells at 

the thermocline.  However, BSE imagery shows the common occurrence of dividing 

cells within near-monospecific A. nodulifera laminae (Fig. 5) indicating that the diatoms 

were actively reproducing through vegetative cell division when mass sinking and 

sedimentation occurred. This is notable as abundant dividing cells have not been 

recorded in previous studies of laminated sediments.  The occurrence of dividing cells 

within near-monospecific A. nodulifera laminae throughout the record implies that the A. 

nodulifera laminae record genuine bloom events.   

 

5.3.  Position of Azpeitia nodulifera laminae in the annual productivity 

cycle 

 

Due to the high resolution afforded by laminated sediments it is possible to examine the 

position of near-monospecific A. nodulifera laminae within the depositional flux cycle, 

and compare this to previous sediment trap and laminated sediment studies.  Near-

monospecific A. nodulifera laminae may occur as one half of a couplet with a lithogenic 

lamina, or between a lithogenic lamina and a spring bloom Chaetoceros setae ooze 

lamina (Fig. 2).  Near-monospecific A. nodulifera laminae may also occur in groups of 

two or more where separate laminae are distinguished by changes in A. nodulifera 

abundance or matrix content (Fig. 2b).  The deposition of A. nodulifera laminae 

following the summer lithogenic laminae could result from production during summer 

and deposition when the thermocline breaks down in autumn, indicating a fall dump 

mode of deposition, as suggested for near-monospecific laminae of stratified-adapted 
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diatoms in early Holocene central Gulf sediments (Pike and Kemp, 1997, Kemp et al., 

2000).  However, in the early Holocene record, the fall dump lamina is generally 

followed by a winter upwelling lamina and then a spring upwelling lamina, representing 

a seasonal cycle close to the modern Gulf (Sancetta, 1995, Pike and Kemp, 1997, 

Kemp et al., 2000).  The absence of a winter and/or a spring upwelling lamina indicates 

that varves dominated by A. nodulifera may represent periods of prolonged stratification 

in the Gulf, for example, the water column may have remained stratified through 

summer/autumn and into winter. 

  

Azpeitia nodulifera laminae are thought to be deposited due to disruption of the water 

column and the break-down of the thermocline, see Fig. 6.  Diatom blooms which occur 

at the base of the euphotic zone are highly sensitive to water column agitation (T.L. 

Richardson, pers. comm., 1997 in Kemp et al., 2000), this disruption of the water 

column may have been due to summer storms or the seasonal break down of the 

thermocline.  Where a single lamina occurs it is reasonable to suggest that the 

seasonal breakdown of the thermocline at the end of the period of stratification is 

responsible.  Where two or more adjacent A. nodulifera laminae are recorded, other 

mechanisms, such as the disruption of the water column due to successive storms may 

have occurred.  Dividing cells occur in isolated and sequential grouped laminae, 

indicating either mechanism may cause mid-bloom sinking and deposition.  
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Figure 6. Production within a deep chlorophyll maximum followed by deposition when 
stratification breaks down due to the seasonal breakdown of the thermocline (the fall 
dump) and/or the effects of passing storms. 

 

                                           

5.4.  Azpeitia nodulifera laminae as a past El Niño indicator and 

associated climatic implications 

 

Near-monospecific laminae of A. nodulifera may reflect prolonged stratification of the 

water column through summer and into winter.  A stratified water column in the Gulf 

may occur due to the weakening or absence of the northwesterly winter winds, and 

could also result in the failure of the winds to upwell any nutrient-rich water due to a 

deepened thermocline.  In the modern central Gulf stratification of the water column 

and deepening of the thermocline occurs during summer (June-October) and during El 

Niño events where there is increased penetration of tropical surface waters to the Gulf 

(Baumgartner and Christensen, 1985, Robles and Marinone, 1987, Strub and James, 

2002b, Strub and James, 2002a, Lavín et al., 2003).  Anomalous conditions associated 

with El Niño reported from the Guaymas Basin have been shown to persist for up to 
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two years and include a 3o to 5oC increase in SST, monthly sea level anomalies of up to 

+30 cm and a deepening of the winter pycnocline from <100 m to ~150 m (Robles and 

Marinone, 1987).  Azpeitia nodulifera has previously been suggested as an El Niño 

indicator in the Gulf, see Section 4.2, (Baumgartner et al., 1985, Sancetta, 1995, 

Barron et al., 2005, Barron and Bukry, 2007).  Here it is suggested that the prolonged 

stratification of the water column in the central Gulf indicated by the near-monospecific 

A. nodulifera laminae, may record strong and persistent El Niño events throughout the 

stadial-interstadial transition. It is suggested that during these El Niño events, seed 

populations of A. nodulifera may be advected into the Gulf from the eastern tropical 

Pacific and then develop into blooms due to optimal (warm, stratified) environmental 

conditions in the Gulf.  

 

The number of varves dominated by A. nodulifera laminae remain reasonably constant 

through the transition at 32 % and 40 % of total varves for the base and middle, and top 

segments respectively, implying that El Niño variability may not be affected by a rapid 

climate switch, such as the transition into a D-O interstadial.  Potential associations 

between El Niño variability and the long-term mean climate state remain controversial, 

for example, Turney et al. (2004) report a correlation between El Niño conditions and 

D-O interstadials, where as Stott et al. (2002) argue for a correlation between El Niño 

conditions and D-O stadials.  The controversy has been attributed to two main 

problems, firstly the extrapolation of Pacific-wide conditions from often just a single site 

where regional effects may be important (Rosenthal and Broccoli, 2004). Secondly, 

millennial-scale changes in climate are often explained in terms of known modes of 

interannual/decadal variability, however interactions between interannual and long-term 

climate variability are not yet well enough understood to justify this comparison 

(Rosenthal and Broccoli, 2004, von der Heydt and Dijkstra, 2012).  High resolution 

proxies, e.g. laminated sediments (this study), and corals, e.g. Tudhope et al., (2001) 

circumvent the second problem but records may be short and restricted to specific 

intervals in time.  Alternatively, Leduc et al. (2009) and Koutavas et al. (2006) have 

pioneered a technique in which ENSO variability is determined by assessing eastern 

equatorial Pacific (EEP) thermocline variability from the spread in !18O values of 

individual planktic foraminifera within a given time slice.  Using this technique for time 

slices over the past 55 kyr, Leduc et al. (2009) suggest that ENSO variability was 

highest in early Marine Isotope Stage (MIS) 3 (~ 52.1 ka, D-O 14), i.e. the time slice 
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closest to the record presented here. In addition Leduc et al. (2009) found no significant 

difference between ENSO variability at Heinrich event 4 and the adjacent D-O 

interstadial (D-O 8) and interpret this to signify that ENSO variability (i.e. ENSO 

strength and frequency) has not been affected by rapid climate changes over the last 

glacial period.  This preliminary evidence for high ENSO variability in early MIS 3 and a 

lack of ENSO response to rapid millennial-scale climate variability (Leduc et al., 2009) 

corresponds to the A. nodulifera record presented here, which is suggested to 

represent strong El Niño events throughout a D-O stadial-interstadial transition (i.e. 

suggests high ENSO variability and a lack of response to millennial scale climate 

variability).  It is hoped that further investigation of the A. nodulifera record using time-

series analysis with further elucidate El Niño variability over the transition (see Chapter 

6).  

 

5.5. Stadial-interstadial productivity regime and opal deposition  

 

A change in the productivity regime in the central Gulf through the stadial-interstadial 

transition is indicated by changes in the structure of varves dominated by A. nodulifera 

(Fig. 2) and by variations in the number and type of near-monospecific laminae (Table 

2, Section 3.2).  In the base and middle segments a typical A. nodulifera varve does not 

include an upwelling lamina, whereas in the top segment (near interstadial) a typical A. 

nodulifera varve may include a Chaetoceros setae ooze lamina (an upwelling indicator) 

(Fig. 2), and there is an increase in the number of both A. nodulifera and Chaetoceros 

setae ooze laminae (Table 2).  In addition the base segment (near stadial) contains the 

highest number of near-monospecific laminae of large Coscinodiscus (Table 2), which 

also indicate stratified conditions (e.g. Sancetta, 1995).  This suggests that towards the 

interstadial there was increased seasonality in the Gulf with production under both 

stratified and upwelling conditions occurring within an annual cycle.  The stadial-

interstadial transition into D-O 12 examined here coincides with a ~10 % increase in the 

biogenic opal record for MD02-2515 (Pichevin et al., 2012).  We have shown that 

biogenic opal deposition may record production under stratified and/or upwelling 

conditions, implying care should be taken when interpreting the biogenic opal record 

from this core.  
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6. Conclusions 
 

SEM analysis of annually laminated sediments has revealed thick (1.27 mm on average), 

near-monospecific laminae of the diatom A. nodulifera.  This study focuses on three near 

consecutive segments of annually laminated sediments, totaling 435 years, that include 

abundant A. nodulifera-dominated laminae and span the transition into D-O interstadial 12 

(~45–45.6 kyr BP).  Evidence from the laminated sediment record and a review of the 

ecology and distribution of A. nodulifera, indicates that large (mean diameter > 60 µm) A. 

nodulifera form one of a number of giant diatoms adapted to grow at depth in a shade 

flora.  We suggest that the large size of the A. nodulifera cells (> 60 µm), is an adaptation 

to a pulsed nutrient supply.  BSE imagery shows abundant dividing cells of A. nodulifera 

indicating bloom conditions prevailed and were interrupted when disruption of the water 

column triggered mass sinking and deposition.  Disruption may have occurred due to the 

seasonal break down of the thermocline or the effects of storms.  In the modern Gulf, 

increases in the abundance of A. nodulifera are associated with El Niño conditions, which 

include a stratified water column associated with incursions of tropical water.  We interpret 

the A. nodulifera dominated laminae to record past El Niño events.  The extent and 

thickness of these laminae suggest periods of strong and persistent El Niño occurrence 

throughout this climate transition.  During the transition from stadial to interstadial the 

productivity regime in the central Gulf progressed from production and flux under 

predominantly stratified conditions to a seasonal cycle which encompassed production 

resulting from both spring upwelling and prolonged stratification of the water column.  
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Chapter 4 
 

Variation in the seasonal cycle of production and flux in 

late Quaternary sediments from the Guaymas Basin, Gulf 

of California 
 

1. Introduction 
 

High-resolution climate records are essential to further our understanding of variations in 

interannual/ decadal modes of climate variability under different background climate states 

and during transitions such as stadial to interstadial.  The application of scanning electron 

microscope (SEM)-based techniques such as backscattered electron imagery (BSEI) 

analysis to annually laminated sediments enables the reconstruction of the seasonal cycle 

of diatom production and flux (Kemp, 1996, Pike and Kemp, 1996b).  In the Gulf of 

California (hereafter the ‘Gulf’) seasonal diatom flux is tightly coupled to climate (Sancetta, 

1995, Thunell et al., 1996, Pike and Kemp, 1997, Thunell, 1998, Douglas et al., 2007), 

hence the reconstruction of the diatom production and flux cycle has the potential to 

provide a sub-annual resolution record of past climate.  In this study SEM-based analysis 

is presented from five intervals spanning the past 45.5 kyr BP from central Gulf sediment 

cores MD02-2517 and MD02-2515 (Fig. 1).   

 

The Gulf has a monsoonal climate with strong, upwelling-inducing northwesterly winds 

during winter and stratified conditions resulting from weak southeasterly winds and the 

influx of tropical Pacific waters during summer (Badan-Dangon et al., 1991, Bray and 

Robles, 1991, Godinez et al., 2010).  The El Niño-Southern Oscillation (ENSO) forms the 

principal source of interannual variability in the Gulf (Baumgartner and Christensen, 1985, 

Bray and Robles, 1991).  Anomalies in the central Gulf that are associated with an El Niño 

event include an increase in sea surface temperatures (SSTs) and a deepening of the 

winter pycnocline (Robles and Marinone, 1987, Soto-Mardones et al., 1999, Castro et al., 
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2006).  The anomalies associated with El Niño events are transmitted by coastally trapped 

waves which propagate poleward along the eastern tropical Pacific, most commonly 

during boreal winter, bringing increased penetration of tropical surface waters to the Gulf 

(Baumgartner and Christensen, 1985, Strub and James, 2002b, Strub and James, 2002a, 

Lavín et al., 2003). 

 

Figure 1.  Location of the piston core MD 02-2515 (27o29.01 N, 112o04.46 W) and 
complimentary box core MD 02-2517C (27o29.10 N, 112o04.46 W) Guaymas Basin, Gulf 
of California. 

Diatoms form the dominant phytoplankton group in the Gulf and show a peak in 

productivity corresponding to the upwelling of nutrient-rich water in winter and spring 

(Sancetta, 1995, Thunell et al., 1996, Thunell, 1998).  ENSO may also form the dominant 

control on interannual variation in primary productivity (e.g. Kahru et al., 2004).  

Laminated sediments from the central Gulf contain annual sediment couplets (varves) 

which consist of a clay and silt-rich component and a diatom-rich component (e.g. Calvert, 

1966).  Various mechanisms for varve formation have been proposed, see Table 1 for a 

summary.   

In this study five intervals are examined using BSEI (Table 2) and interpreted in 

conjunction with geochemical and sediment texture data, see Fig 2.  !15N reflects 

subsurface water denitrification and is shown for improved correlation between the 
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Greenland Ice Sheet Project 2 (GISP2) !18O record and (%) opal record.  Variation in 

varve content, structure and thickness are described and are then discussed in terms of 

climate variability. 

 

 

Figure 2. !15N (denitrification shallow subsurface water) (Ganeshram pers. comm.), (%) 
opal (Pichevin et al., 2012) and sediment texture (Nederbragt, pers. comm.) for MD02-
2515 against GISP2 !18O (Grootes and Stuvier, 1997).  Red lines indicate the position 
and length of interval studied in the Late Holocene (LH), Early Holocene (EH), the Bølling-
Allerød (B-A), the Last Glacial Maximum (LGM) and the transition into Dansgaard-
Oeschger (D-O) interstadial 12, gray lines indicate correlation of Heinrich events between 
the GISP2 and MD02-2515 records.  Dotted lines indicate marine isotope stage 
boundaries and Dansgaard-Oeschger cycles are numbered (Dansgaard et al., 1993).  
Black triangles along the time axis show the position of the 14C dates for MD02-2515. 
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Reference Method Light Laminae Dark Laminae 

Byrne (1957) Surface 
sediments 

Spring bloom of siliceous 
plankton 

Input of terrigenous material 
constant through the year 

Calvert 
(1966) 

Surface 
sediments 

Biogenic sediment constant 
throughout the year 

High lithogenic input during 
the summer rainy season 
associated with high river 
discharge 

Schrader et 
al. (1980) 

Central Gulf 
sediment core  

Diatoms associated with 
coastal upwelling triggered by 
northwesterly winds Jan 
through to May 

Terrigenous material washed 
into the area from the 
Sonoran rivers 

Donegan and 
Schrader 
(1982) 

Central Gulf 
laminated 
sediments 

High opal production 
associated with the dry winter 
season of northerly winds 

Pulse of terrigenous input 
through summer 

Baumgartner 
et al. (1991) 

Central Gulf 
laminated 
sediments 

High opal production and flux 
associated with the winter-
spring upwelling period – sub-
laminae within the lighter 
layers noted 

High terrigenous input during 
summer-fall associated with 
dust storms 

Thunell et al. 
(1993), 
Thunell 
(1998) 

Central Gulf 
sediment traps 

Late fall-spring when total flux 
tends to be low but dominated 
by opal 

High terrigenous input during 
summer-early fall, some 
material of aeolian origin, but 
note precipitation increase in 
summer hence suggest 
riverine contribution 

Sancetta 
(1995) 

Central Gulf 
sediment traps 

Seasonal succession, 
November through to ~May 

High terrigenous input during 
summer-early fall, probably 
aeolian transported, re-
suspension of shelf sediments 
due to coastally trapped 
waves also possible 

Pike and 
Kemp 
(1996b) 

Central Gulf 
laminated 
sediments 

Three-component varve with 
up to 5 sub-lamina per year 

 

High terrigenous input during 
summer-early fall, probably 
aeolian transported, some 
laminae may be due to re-
suspended sediments from 
coastally trapped waves 

 

Table 1.  Previously suggested mechanisms for the deposition of dark and light laminae.  
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Core          
(core section) 

Depth 
downcore 

(m) 

Age      
(kyr BP) 

Referred to 
in text 

Varve 
years 

Mean varve 
thickness  

(mm) (s.d.) 

Mean ooze  
component 
thickness 

(mm) (s.d.) 

Mean 
lithogenic 

component 
thickness 

(mm) (s.d.) 

Mean lamina 
thickness 

(mm) (s.d.) 

Mean no. of 
laminae per 
varve (s.d.) 

Modal no. of 
laminae per 

varve (Absolute 
range) 

MD02-2517 
(C-III) (0.6 - 0.88) ~2 Late 

Holocene 154 1.81 (0.70) 0.96 (0.49) 0.85 (0.49) 0.78 (0.47) 2.30 (0.65) 2 (1 – 5) 

MD02-2515 
(02) 4.03 – 4.41 8.3 – 8.6 Early 

Holocene 309 1.23 (0.55) 0.77 (0.44) 0.47 (0.28) 0.37 (0.20) 3.37 (1.19) 3 (2 – 8) 

MD02-2515 
(10) 

11.84 – 
12.11 

14.5 – 
14.7 

Bølling-
Allerød 202 1.39 (0.83) 0.67 (0.52) 0.72 (0.67) 0.60 (0.43) 2.28 (0.70) 2 (1 – 5) 

MD02-2515 
(26) 

29.38 – 
29.79 

24.2 – 
24.4 

Last Glacial 
Maximum 220 1.84 (0.93) 0.92 (0.54) 0.93 (0.68) 0.87 (0.64) 2.14 (0.59) 2 (1 – 5) 

MD02-2515 
(45) 

51.16 – 
52.46* 

 

45 – 
45.4 

D-O 12* top 130 3.74 (1.48) 2.13 (1.14) 1.61 (0.84) 0.70 (0.45) 5.38 (2.54) 4 (1 – 14) 

D-O12* 
middle 98 3.78 (1.26) 2.12 (0.10) 1.66 (0.83) 1.53 (0.82) 2.47 (0.90) 2 (1 – 6) 

MD02-2515 
(46) 

52.46 - 
53.23* 

45.4 – 
45.6 

D-O12* 
base 207 3.03 (0.96) 1.68 (0.79) 1.35 (0.68) 1.00 (0.62) 3.04 (1.39) 2 (1 – 9) 

 

Table 2. Varve and lamina properties for intervals studied, * includes homogenous sections.  D-O 12 corresponds to the interval spanning 
the transition into Dansgaard-Oeschger interstadial 12. 

 



Chapter 4 Seasonal Cycle 

 

 85 

2. Materials and Methods 
 

The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

and complimentary box core MD 02-2517C (27o29.10 N, 112o04.46 W, 5.6 m long, 887 m 

water depth) were retrieved by the Marion Dufresne in 2002 from the Guaymas Basin (Fig. 

1).  Sediments consist of mm-scale laminated diatomaceous muds with few intervening 

homogenous intervals. The age model (see Chapter 1, section 5) has been compiled from 

varve counts taken from grey-scale images and 22 radiocarbon dates (S. Nederbragt, 

pers. comm., R. Ganeshram, pers. comm.). Samples were embedded with Spurr low-

viscosity epoxy resin to make polished thin sections (PTSs) for BSEI analysis (Pike and 

Kemp, 1996a).  Samples were examined at high magnifications on the SEM and were 

logged lamina-by-lamina using a x73 magnification BSEI photomosaic as a basemap, 

noting the lithogenic and biogenic components.  Thickness measurements of laminae 

were obtained 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 in order to produce topographic images for diatom species identification.   

 

In order to aid varve identification and ensure correct correlation between PTSs, BSEI 

photomosaics of each PTS in core sections 45 and 46 were aligned to grey-scale images 

and X-radiographs of the sediment, see Fig. 3.  Figure 3 also allows the comparison of 

different media.  Grey-scale allows rapid identification of potential varves through counting 

of light and dark couplets.  The X-radiographs reveal sharp lamina boundaries and some 

sub-laminae.  X-radiographs are taken through ~1 cm depth of sediment, hence because 

of the greater depth of penetration than BSEI increases the confidence that the laminae 

are accurately recorded.  BSEI analysis allows the identification of individual flux events, 

resolving intra-annual to seasonal-scale flux events together with the addition of 

ecological and structural information into the varve chronology through the classification of 

laminae (far right of Fig. 3).  The comparison in Fig. 3 shows that individual laminae can 

be traced across the different media. 
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Figure 3.  Correlation shown between grey scale image of core surface (a), X-radiograph 
(b), and BSEI photomosaics (c) for core section 45, 24 – 35 cm.  Laminae classification 
and varves (indicated by numbered rectangles) from BSEI analysis shown on far right.  
Grey bands correlate dark laminae on grey scale and X-ray and light to dark on 
photomosaic to X-ray.  The tick marks on the grey scale image show independently 
counted varves, the numbers correspond to varves from BSEI analysis.   
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3. Results 
The segments studied span from 98 to 220 varve years and are described in Table 2.  

Based on BSEI analysis, in all intervals varves are defined by a lithogenic component that 

is dominated by clay and silt, followed by a biogenic component that is dominated by 

diatom frustules.  SEM analysis reveals that varves generally contain 2 – 4 laminae 

though this may extend up to 14 laminae per varve (Table 2).  When examining the 

laminae on the SEM an effort was made to record the larger grain sizes, in order to make 

a preliminary assessment of grain size ranges.  Conventional grain size analysis is not 

possible on this material due to the overwhelming numbers of silt-sized diatoms within the 

sediment. 

 

3.1. Diatomaceous laminae 

 

3.1.1. Mixed assemblage laminae 
 

Diatomaceous laminae are classified into either mixed assemblage or near-monospecific 

laminae.  Mixed assemblage laminae consist of intact centric diatoms that are 

interspersed with minor amounts of Chaetoceros setae ooze, pennates and fragmented 

diatom frustules with a minor lithogenic component comprising of clay and silt. From BSEI 

observations silt is mostly fine to coarse (8 – 63 !m).  The lithogenic content may vary 

between intervals, for example, the clay and silt component appears to be relatively high 

in the Last Glacial Maximum (LGM) interval.  Diatom taxa that commonly occur in mixed 

assemblage laminae include: Actinoptychus, Asteromphalus, Azpeitia nodulifera, 

Chaetoceros setae and resting spores, Fragilariopsis doliolus, Hemidiscus cuneiformis, 

large Coscinodiscus, Rhizosolenia, Stephanopyxis palmeriana, Thalassionema 

nitzschioides, and Thalassiothrix longissima, see Figs 4, 5 and 6.  Thalassiosira oestrupii 

and Roperia tesselata also occur but are indistinguishable in thin section.  These taxa are 

present across the intervals investigated, though the relative abundance of individual 

species varies between laminae and between intervals.  General observations made from 

stub samples indicate that in comparison to near-monospecific laminae (see section 3.1.2) 

the preservation in mixed assemblage laminae is generally good to moderate. Fine 

features of diatom valves (girdle bands, areolae) are generally intact, although signs of 

dissolution such as etching and the loss of areolae are observed. 
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Figure 4.  BSEI of lamina forming taxa/assemblages.  The left hand side are thin section 
images, the right hand side are stub sample images.  a) and b) A. nodulifera, c) and d) 
large Coscinodiscus, e) and f) mixed assemblage lamina, Actin – Actinoptychus, Az – A. 
nodulifera, Cosc – large Coscinodiscus, Hemi – H. cuneiformis. 
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3.1.2. Near-monospecific laminae 

 

Near-monospecific laminae are dominated by a single diatom species or in certain cases 

a single genus.  Diatom taxa that commonly form near-monospecific laminae are 

illustrated in Figs 4, 5 and 6 and all taxa that form near-monospecific laminae are listed in 

Table 3.  Near-monospecific laminae of centric diatoms consist of either tightly packed 

frustules or frustules within a matrix of clay and silt, except for the top segment of the 

transition into Dansgaard-Oeschger interstadial 12 (D-O 12) where near-monospecific 

laminae of A. nodulifera may also occur with a matrix rich in Chaetoceros setae.  Near-

monospecific laminae of A. nodulifera generally contain intact frustules whereas laminae 

of large Coscinodiscus may contain intact frustules and/or frustule fragments.  Laminae of 

Chaetoceros setae ooze may occur in mat-like laminae that are continuous across the 

PTS or as near-consecutive lenses of Chaetoceros setae ooze in a matrix of clay/silt and 

diatom debris.  Preservation of frustules within near-monospecific laminae is largely good, 

with fine features generally intact.  

 

3.2. Lithogenic laminae 

 

Lithogenic laminae principally comprise of clay and silt with a minor diatomaceous 

component present throughout the lamina. The diatomaceous component may consist of 

intact centrics, centric frustule debris, pennates and Chaeotceros setae and resting 

spores.  From BSEI analysis, silt is mostly fine to coarse (8 – 63 !m) though very fine 

sand (63 – 125 !m) is recorded in the early Holocene (EH), LGM and D-O 12 intervals.  

No grading/sorting of the silt content was observed.  An increase in silt content and in the 

relative proportion of large grains (within the size range of very fine sand) is observed 

from BSEI in the LGM interval.  
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Figure 5.  BSEI of lamina forming taxa.  The left hand side are thin section images, the 
right hand side are stub sample images.  a) and b) Chaetoceros setae ooze, Sk – 
Skeletonema costatum, cocco – coccoliths, c) and d) T. longissima, e) and f) T. 
nitzschioides. 
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Interval Actin Asterom Az Chaet Cosc Frag Hemi Rhizo Steph T’nema T’sira* Thrix Total 

LH - 1 - 1 24 (7) - - 4 (1) - 7 (2) 3 (1) 18 (5) 58 (16) 

EH 1 1 - 46 (4) 32 (3) 4 2 121 (12) 10 (1) 45 (4) 22 (2) 67 (6) 351 (34) 

B-A 7 (2) - 9 (2) 50 (11) 4 (1) - - 5 (1) 1 3 (1) - 2 81 (18) 

LGM - - 5 (1) 24 (5) 9 (2) - - 3 (1) - 1 - 2 44 (9) 

D-O 12 

top 
- - 132 (19) 142 (20) 4 (1) - - - - - - 6 (1) 284 (41) 

D-O 12 

middle 
- - 51 (21) 3 (1) 9 (4) - - 1 1 - - 3 (1) 68 (28) 

D-O 12 

base 
- - 59 (10) 12 (2) 40 (7) - - 1 - - - 3 (1) 115 (20) 

 

Table 3.  The number of near mono-specific laminae per interval, numbers in brackets indicate the % of total laminae per interval. Top row: 
Actin - Actinoptychus spp., Asterom – Asteromphalus spp., Az – A. nodulifera, Chaet – Chaetoceros spp. resting spores and setae, Cosc – 
large Coscinodiscus spp., Frag – F. doliolus, Hemi – H. cuneiformis, Rhizo – Rhizosolenia spp., Steph – S. palmeriana, T’nema – T. 
nitzschioides, T’sira – Thalassiosira spp., Thrix – T. longissima.  *Suggested species - Thalassiosira spp. is indistinguishable from Roperia 
tesselata in thin section. 
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Figure 6.  BSEI of Rhizosolenia a) is a thin section image showing girdle bands and 
frustule fragments, b) is a stub sample image showing a possible Rhizosolenia cell 
fragment.  

 

3.3. Varve structure 
  

3.3.1. Late Holocene 
 

Varves are on average 1.81 mm thick and generally comprise of two laminae (Table 2).  

Varves consisting of a lithogenic lamina followed by a mixed diatom assemblage lamina 

(Fig. 7a) are the most common (116 varves).  The second most common varve type 

consists of a lithogenic lamina followed by a diatom ooze component comprising of a 

near-monospecific lamina of large Coscinodiscus and occasionally an additional mixed 

assemblage lamina (23 varves) (Fig 8a).  The remaining varves comprise of a lithogenic 

lamina followed by a near-monospecific T. longissima lamina (8 varves) or both a T. 

longissima laminae and a mixed assemblage lamina (7 varves).  Large Coscinodiscus and 

T. longissima are the most common near-monospecific laminae in this interval, followed 

by Rhizosolenia and T. nitzschioides, see Table 3.           
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Figure 7.  Annual cycle of production and flux for studied intervals of cores MD02-2517 
and MD02-2515.          
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3.3.2. Early Holocene 
 

Varves have a mean thickness of 1.23 mm and contain on average 3 laminae, see Table 

2.  This interval is finely laminated with an average lamina thickness of 0.37 mm.  The full 

sequence of laminae as illustrated in Fig. 7b, occurs in 25 of the 309 varves (8 %).  This 

comprises of a lithogenic lamina, followed by one or more near-monospecific laminae (S. 

palmeriana, T. longissima, Rhizosolenia or large Coscinodiscus), a mixed diatom 

assemblage lamina, and a Chaetoceros setae ooze lamina.  A further 86 varves (28 %) 

contain the first three lamina types without the Chaetoceros setae ooze lamina.  Thirty-

seven varves (12 %) contain a lithogenic lamina and a near-monospecific lamina 

(excluding Chaetoceros setae ooze) only, 20 varves (6 %) contain a lithogenic lamina with 

a Chaetoceros setae ooze lamina and potentially also a mixed assemblage lamina.  The 

remaining varves contain a lithogenic lamina with one or more mixed assemblage laminae 

(141 varves, 46 %).  Near-monospecific laminae are common in this interval, including 

near-monospecific Chaetoceros setae ooze, large Coscinodiscus, Rhizosolenia, T. 

nitzschioides and T. longissima laminae (Table 3).   

 

3.3.3. Bølling-Allerød 
 

Varves have a mean of thickness 1.39 mm and commonly comprise of 2 laminae (Table 

2).  A lithogenic lamina is generally followed by either a mixed assemblage lamina (144 

varves), a near-monospecific lamina (12 varves) or a near-monospecific Chaetoceros 

setae ooze lamina (41 varves) (Fig. 7c).  Chaetoceros setae ooze form by far the most 

common near-monospecific laminae in this interval (Table 3). 

 

3.3.4. Last Glacial Maximum 
 

Varves have a mean thickness of 1.84 mm and generally consist of a lithogenic lamina 

followed by a mixed assemblage lamina (182 varves, Fig. 7d, Table 2).  Two other varve 

types are recorded, comprising of a lithogenic lamina followed by a Chaetoceros setae 

ooze lamina with a mixed assemblage laminae occasionally preceding the setae ooze 
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laminae (18 varves), or comprising of a lithogenic lamina followed by an ooze component 

containing a near-monospecific lamina (20 varves) including A. nodulifera, large 

Coscinodiscus, Rhizosolenia, T. nitzschioides (short) and T. longissima.   Near-

monospecific laminae are relatively rare in this interval with near-monospecific 

Chaetoceros setae ooze occurring the most frequently (Table 3). 

 

3.3.5. Transition into Dansgaard-Oeschger interstadial 12 
 

This interval spans 2.07 m of sediment encompassing three near consecutive laminated 

segments referred to as the top, middle and base segments, which are thought to span 

the transition from stadial conditions towards D-O interstadial 12 (Table 2).  Mean varve 

thickness increases from 3.03 mm in the base interval to 3.78 mm and 3.74 mm, in the 

middle and top segments respectively (Table 2).  The average number of laminae per 

varve also increases from 2 in the base and middle segments to 4 per varve in the top 

segment.  In the top segment there is an alternation between Chaetoceros setae ooze 

dominated varves (55 varves) and A. nodulifera dominated varves (52 varves).  

Chaetoceros setae ooze dominated varves consist of a lithogenic lamina followed by an 

alternation between near-monospecific Chaetoceros setae ooze and fine lithogenic 

laminae (Fig. 7e).  Azpeitia nodulifera dominated varves comprise of a lithogenic base 

followed by one or more near-monospecific A. nodulifera laminae which may be followed 

by a Chaetoceros setae ooze lamina (Fig. 7e).  Adjacent near-monospecific A. nodulifera 

laminae are differentiated by variations in matrix composition, i.e., the matrix may consist 

predominantly of clay and silt or of setae and frustule fragments.  Varves in the middle 

and base segments generally contain two laminae, and comprise of a lithogenic lamina 

followed by either a near-monospecific A. nodulifera lamina (98 varves) or a mixed 

assemblage lamina (191 varves) (Fig. 4f).  Near-monospecific A. nodulifera laminae are 

common throughout the three segments, whereas near-monospecific laminae of large 

Coscinodiscus are common only in the base segment and Chaetoceros setae ooze 

laminae are common only in the top segment (Table 3).  Near-monospecific laminae of A. 

nodulifera are notable for their thickness of 1.27 mm on average. 
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Figure 8.  Mean thickness and standard deviation of the lithogenic and biogenic varve 
components, the varve thickness and the laminae thickness for each interval studied. 

 

3.4.  Lamina and varve component thickness variation 

 

Varve and lamina thickness varies widely both within and between intervals (Table 2).  

Lamina thickness is lowest relative to varve size in the EH and D-O12 top intervals, 

reflecting the multiple laminae per varve found in these intervals (Table 2, Fig. 8).  In order 

to identify the relative dominance of the diatomaceous or the clay and silt components 

varves were divided into their lithogenic component and their biogenic component.  In all 

intervals aside from the   B-A and LGM the mean thickness of the biogenic component is 

larger than the lithogenic.  
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4. Discussion 
 

4.1. Diatomaceous laminae and the seasonal cycle of production and flux 

 

In the modern Gulf coastal upwelling occurs along the eastern coast during winter and 

spring due to strong northwesterly winds (Badan-Dangon et al., 1991, Santamaría-del-

Angel et al., 1994).  Nutrient-rich waters are then distributed across the Gulf by eddy 

circulation (Lopez-Calderon et al., 2008). Satellite data for the central Gulf 

correspondingly shows an annual maximum in surface chlorophyll a concentrations for 

winter and spring and a minimum in summer (Santamaría-del-Angel et al., 1994, Kahru et 

al., 2004).  The surface chlorophyll winter/spring maximum is shown to be coincident with 

a maximum in opal flux in central Gulf sediment trap data (Sancetta, 1995, Thunell, 1998).  

Sancetta, (1995) showed the modern annual cycle of diatom production and flux occurs in 

four main stages, firstly, winter upwelling results in relatively high diatom fluxes and a 

diverse diatom assemblage including F. doliolus, Thalassiosira lineata, Actinoptychus spp., 

R. tesselata, and Coscinodiscus spp..  Hyalochaete Chaetoceros vegetative cells and 

resting spores then dominate the assemblage in spring, followed by low diatom fluxes 

through summer and then a peak in cell volume flux from large taxa such as Rhizosolenia 

spp. and Coscinodiscus spp. in autumn/early winter, see Table 4 (Sancetta, 1995).  This 

structure to the annual cycle of diatom production and flux was observed by Pike and 

Kemp (1996b, 1997) in early Holocene laminated sediments from the Guaymas Basin. 

Pike and Kemp (1996b, 1997) identify a depositional sequence in which a lithogenic 

lamina is followed by one or more near-monospecific laminae of large diatoms, such as 

Rhizosolenia spp., a mixed diatom assemblage lamina and a near-monospecific lamina of 

Chaetoceros spp. resting spores or S. costatum, thereby following the annual cycle 

identified in sediment trap data of summer, late autumn, winter and spring deposition 

respectively.  
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Season Taxa 
year-round Thalassionema bacillaris and Thalassionema nitzschioides 

spring Chaetoceros spp. (hyalochaete), Skeletonema costatum 

late spring to 
summer 

hyalochaete Chaetoceros spp. vegetative cells, Guinardia flaccida, 
Nitzschia bicapitata, Pseudonitzschia pungens, Rhizosolenia imbricata, 
Thalassiosira pacifica, Thalassiosira oestrupii 

summer  Neodelphineis spp., Minidiscus spp. 

summer and 
autumn 

Cyclotella littoralis, Dactyliosolen spp., Minidiscus spp., Neodelphineis 
indica, Planktoniella dol, Rhizosolenia setigera, Thalassiosira oestrupii,  

autumn/winter Rhizosolenia spp., Coscinodiscus spp. 

winter  

Actinocyclus curvatulus, Actinoptychus spp., Bacteriastrum spp., 
Coscinodiscus spp., Coscinodiscus argus, Coscinodiscus gigas, 
Coscinodiscus radiatus, Fragilariopsis doliolus, Nitzschia bicapitata, 
Pseudonitzschia pungens, Rhizosolenia spp., Roperia tesselata, 
Thalassiosira spp. 

El Niño Azpeitia nodulifera 

 

Table 4. Seasonal association of taxa derived from Guaymas Basin and Carmen Basin 
sediment traps collected from summer 1990 to summer 1992 (Sancetta, 1995).  Species 
commonly identified in SEM-analysis of intervals from cores MD02-2517 and MD02-2515 
are highlighted in bold. 

 

The large diatoms that form near-monospecific laminae representative of autumn/early 

winter flux have since been identified as part of a fall dump group (Kemp et al., 2000).  

The fall dump group incorporates diatoms that grow or accumulate at the base of the 

euphotic zone in a stratified water column before deposition when the water column 

stratification breaks down, for example, with the onset of winter northwesterly winds in the 

Gulf, see Fig. 9 (Kemp et al., 2000).  Therefore, in the Gulf near-monospecific laminae of 

large Coscinodiscus, Rhizosolenia, S. palmeriana, and T. longissima are considered to be 

the product of growth in stratified waters (Kemp et al., 2000).  In this study large A. 

nodulifera are also considered to be the product of growth in stratified waters.  Stratified 

conditions occur during summer and are prolonged/exaggerated during an El Niño event, 

for example the Guaymas Basin pycnocline deepens during winter from its normal 

position of <100 m to ~ 100 - 200 m during an El Niño event (Robles and Marinone, 1987). 

                                     

The results presented here show the occurrence of a varve structure in the early 

Holocene that is near-identical to that identified by Pike and Kemp (1996b, 1997) (see Fig. 
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4b, section 3.3.2).  This shows a general consistency between two intervals that are close 

in terms of distance and age, core JPC 56 (27o28.16’, 112o06.26’) (Pike and Kemp, 

1996b) is within a few kilometers of MD02-2515, and the section investigated in JPC 56 

was dated to 9.2 – 9.5 kyr BP (Pike and Kemp, 1996b), whereas the early Holocene 

interval studied here is dated to 8.3 – 8.6 kyr BP.   The early Holocene varve deposition 

sequence provides a useful analogue as it clearly reflects the modern annual cycle of 

diatom production and flux ascertained from sediment trap data.  The modern/early 

Holocene cycle production and flux is therefore used in conjunction with diatom ecology to 

aid in the interpretation of other depositional sequences that do not follow the sediment 

trap model. 

 

Table 5 shows that varves consisting of a lithogenic component and one or more mixed 

assemblage laminae are the most common in all intervals except the top segment of the 

transition into D-O 12.  This indicates winter upwelling was prevalent in all of these 

intervals and that interannual variability may be indicated through deviations from the 

mixed assemblage varve type. 

                                                

Figure 9. Production within a deep chlorophyll maximum followed by deposition when 
stratification breaks down due to the seasonal breakdown of the thermocline (the fall 
dump) and/or the effects of passing storms. 
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Constituent laminae in 
diatom ooze 
component 

No. of occurrences of depositional sequence 
(% occurrences in brackets) 

Late 
Holocene 

Early 
Holocene B-A LGM D-O 12 

top 

D-O 12 
middle 

and base 

Mixed assemblage 116 (75) 141 (46) 144 
(73) 182 (83) 23 (18) 191 (66) 

Stratified and may 
also include mixed 
assemblage 

38 (25) 123 (40) 12 (6) 20 (9)  98 (34) 

Chaetoceros and may 
also include mixed 
assemblage 

 20 (6) 41 (21) 18 (8) 55 (42)  

Stratified, mixed 
assemblage and 
Chaetoceros  

 25 (8)     

Stratified and may 
also include 
Chaetoceros  

    52 (40)  

 

Table 5.  Varve deposition types and the number of occurrences.  Chaetoceros indicates 
spring upwelling, mixed assemblage indicates winter upwelling.  Stratified laminae include 
large A. nodulifera, large Coscinodiscus, Rhizosolenia, S. palmeriana, T. longissima.  

 

The late Holocene interval contrasts markedly with the early Holocene interval discussed 

above.  The laminae are on average twice as thick, there are generally two rather than 

three laminae per varve and there are comparatively few near-monospecific laminae (see 

Tables 2 and 3).  In the late Holocene a quarter of the varves have a diatomaceous 

component that contain one or more laminae that are representative of stratified 

conditions as opposed to 40 % of the varves in the early Holocene (Table 6).  Of the 

stratified laminae T. longissima laminae are relatively common in both of the Holocene 

intervals, however Rhizosolenia laminae are much more common in the early Holocene 

and large Coscinodiscus laminae are more common in the late Holocene where near-

monospecific Chaetoceros laminae (which are representative of spring upwelling 

conditions) are near absent (Table 3).  This decrease in abundance of near-monospecific 

large Coscinodiscus when near-monospecific Chaetoceros laminae increase also occurs 

in the intervals spanning the transition into D-O 12 (Table 3).  The diatomaceous laminae 

in the late Holocene may therefore indicate an interval of lower productivity in which a 

spring upwelling flux does not, or rarely occurs.  
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Both the B-A and LGM intervals generally contain a single diatomaceous lamina per varve 

(Table 2).  In the B-A interval near-monospecific laminae of Chaetoceros are relatively 

common in comparison to the LGM interval  (Table 3).  This is reflected in the no. of 

occurrences of varves that contain an upwelling laminae (21 %  in the B-A verses 8 % in 

the LGM, see Table 5), indicating spring upwelling occurred more frequently in the B-A 

interval.  

 

The transition from near-stadial to the D-O 12 interstadial is marked by several 

progressions in the structure and content of the diatomaceous component.  The number 

of diatomaceous laminae per varve increases from one in the base and middle segments 

(nearer stadial) to three in the top segment (near interstadial).  In the base and middle 

segment varves dominated by near-monospecific laminae of large A. nodulifera, which are 

thought to indicate stratified conditions, alternate with varves containing a mixed 

assemblage laminae.  In the top segment varves dominated by large A. nodulifera 

laminae may also contain a near-monospecific Chaetoceros setae ooze lamina, 

potentially indicating prolonged stratification of the water column through autumn and 

winter before spring upwelling occurs.  Varves dominated by near-monospecific laminae 

of large A. nodulifera in the top segment alternate with varves where the diatomaceous 

component comprises of an alternation between fine lithogenic laminae and near-

monospecific Chaetoceros setae ooze laminae (Fig 7e, Table 6).  As previously discussed, 

there is a progression in near-monospecific laminae where the abundance of large 

Coscinodiscus laminae decreases and the number of Chaetoceros setae ooze laminae 

increases from the base to the top segment (Table 3).  The diatomaceous laminae 

indicate that the transition into D-O 12 is characterized by a progression from an 

alternation between winter upwelling and stratified production regimes to an alternation 

between spring upwelling and stratified production regimes.  Stratified production regimes 

may record the occurrence of past strong El Niño events in the Gulf.  

 

As discussed in section 3.1, preservation is generally good in the near-monospecific 

laminae and generally good/moderate in mixed assemblage laminae. Hence, it is 

assumed that though some dissolution may have taken place the seasonal cycle of 

production and flux may be accurately recorded across the intervals investigated. 
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4.2. Lithogenic laminae 

 

There are competing arguments for the provenance and mechanism by which the clay 

and silt laminae are formed, see Table 1.  Calvert (1966) argued for the formation of the 

lithogenic laminae from sediment transported into the Gulf with the summer increase in 

discharge from local mainland rivers.  An aeolian source was then suggested by 

Baumgartner et al. (1991) due to the consistent mass accumulation rate of lithogenic 

material through the 20th century despite the mid-century damming of the local rivers, the 

Yaqui, Sonoran and Mayo.  Sediment supply was attributed to summer convective 

thunderstorms, e.g. chubascos (Idso, 1976) and dust storms (Baumgartner et al., 1991).  

The re-suspension of shelf sediments is also suggested as a possible source by 

Baumgartner et al. (1991) and re-iterated by Sancetta (1995) due to a summer maxima in 

benthic diatoms Cyclotella littoralis and Actinoptychus spp. in central Gulf sediment trap 

data.   

 

Preliminary observations of grains from the > 63 !m fraction (see Table 6) suggests a 

riverine  source for the lithogenic component of MD02-2517 and MD02-2515.  Indicators 

of a riverine provenance include the presence of heavy minerals (e.g. biotite mica) and 

the angular appearance of quartz grains, which have only moderate sphericity (see Table 

6).  The presence of epidote may indicate some material originates from the Baja province 

(Carriquiry and Sanchez, 1999).  A riverine source for central Gulf sediments has also 

been suggested in a recent geochemical study of two central Gulf box cores which 

indicates that elements such as titanium, manganese and iron enter the Gulf as a result of 

riverine influx of volcanic rock debris from the Sierra Madre occidental (Dean et al., 2004). 

 

A riverine source conflicts with evidence presented in Baumgartner et al. (1991) which 

centers on the lack of effect on sedimentation rates after the damming of the main rivers 

of the central and northern Gulf.  However, if re-suspended shelf sediments from storm 

generated turbulence or coastal-trapped waves are suggested as the principal mechanism 

for the delivery of clay and silt to the central Gulf this potential conflict may be resolved.  

Re-suspended shelf sediments may be riverine in origin and turbulence and/or coastal-

trapped waves would likely be generated by strong summer storms or hurricanes/tropical 
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storms that generally enter the Gulf from August through to October (Roden, 1964).  This 

mechanism would supply clay and silt to the central Gulf in summer/autumn independently 

of river discharge.  Carriquiry et al. (2001) propose a similar mechanism for the northern 

Gulf where despite the damming of the Colorado river, sediments from the delta still form 

the principal source of sediments for the northern Gulf.  There is some SEM evidence to 

supports this, Fig. 10 shows examples from 8 lithogenic laminae which contain high 

numbers of the benthic diatom Acintoptychus, the increased presence of which is 

suggested to result from re-suspended sediments (Sancetta, 1995). Shelf sediments of 

riverine origin that are then re-suspended due to summer storms provides a possible 

explanation for the deposition of the summer lithogenic lamina.  

 

Core and core 
section 

Referred to in 
text 

Depth in core 
section          

(cm) 

Grain description/shape                      
> 63 !m fraction  

MD02-2517 CIII Late Holocene 71 – 76 Grains rare, rare biotite mica, rare 
feldspar 

MD02-2515 02 Early Holocene 94.5 - 99.5 Grains rare 

MD02-2515 10 B-A 53 - 58 

Grains rare, biotite mica, some grains 
of epidote, feldspars with rough 

surface, minor amounts of quartz - 
moderate sphericity, unidentified black 

grains 

MD02-2515 26 LGM 25.5 – 30.5 
Quartz - moderate sphericity, 

sandstone lithics, dark opaque 
minerals 

MD02-2515 45 D-O 12 (top and 
middle) 48.5 – 53.5 Quartz - moderate sphericity, dark 

opaque minerals 

MD02-2515 46 D-O 12 (base) 60.5 – 67.5 Some small sandstone lithics 

 

Table 6. Preliminary grain descriptions for intervals studied. 

 

The dominant control on supply to the shelf sediments of the Gulf may therefore be 

variations in regional aridity and the dominant control on interannual variation in lithogenic 

laminae thickness in the Gulf may be the number and intensity of summer storms over the 

Gulf.  Precipitation in northwest Mexico occurs principally in summer due to the 
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occurrence of the North American Monsoon (NAM) (e.g. Adams and Comrie, 1997).  

Summer storms deliver most of the Gulf’s rainfall in short intense bursts (e.g. Markham, 

1972), therefore summer precipitation effectively forms a record of the number and 

intensity of summer storms.  

 

 

 

Figure 10. BSEI of high abundances of Actinoptychus within a lithogenic lamina. 

 

Interannual variation in precipitation may be linked to ENSO.  Several studies suggest 

summer precipitation is higher during an El Niño event resulting in an increase in 

lithogenic flux during an El Niño event (Thunell et al., 1993, Thunell, 1998, Minnich et al., 

2000, Díaz et al., 2001), however other studies suggest that the precipitation is lower due 

to a less intense NAM in northwest Mexico (Douglas et al., 1998, Higgins et al., 1999, 

Higgins and Shi, 2001).  In addition Brito-Castillo et al. (2003) suggest that rainfall in the 

Gulf of California continental watershed in northwest Mexico experiences dry summers for 

an El Niño event during the warm phase of the Pacific decadal oscillation (PDO) and 

depends on more localized events during the cool phase of the PDO.   

 

The typical southwards displacement of the ITCZ during an El Niño may lead to an 

environment that is unfavourable for the development of tropical storms (Reyes and 

Mefia-Trejo, 1991, Engelhart and Douglas, 2001), hence storms associated with the NAM 

and the occurrence of tropical storms may both decrease during an El Niño event.  A 

decrease in precipitation and hence in the number and/or severity of summer storms 
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could lead to a decrease in the lithogenic flux to the central Gulf, and may potentially form 

the dominant control on interannual variation in the thickness of the lithogenic laminae.  

This is not observed in central Gulf sediment trap data, which shows a peak in the 

lithogenic flux during the strong 1991-1992 El Niño, although the following four years of 

sediment trap data span two further El Niño events (1992-1993 and 1994-1995) and do 

not show peaks in lithogenic flux of the same magnitude (Thunell, 1998).  Further data is 

necessary to clearly establish a link between the lithogenic flux recorded by central Gulf 

sediment traps and interannual climate variability. 

 

Long-term changes in varve thickness may be related to variation in regional aridity. The 

average thickness of the lithogenic component shows large variation between the 

intervals studied, see Fig. 8 and Table 2.  The early Holocene and B-A have on average 

the thinnest laminae indicating the most arid climate, the late Holocene and the LGM have 

slightly thicker laminae potentially indicating a wetter climate.  The thickest laminae are 

found in the D-O 12 interval indicating the wettest conditions.  Wetter conditions during the 

glacial are shown in other records affected by the NAM, including speleothem records 

from Arizona and New Mexico (Brook et al., 2006, Asmerom et al., 2010), lake levels In 

New Mexico (Menking et al., 2004) and a record of the ground water discharge from 

southern Arizona (Pigati et al., 2009).  Pigati et al. (2009) show that ground water levels 

are high during the LGM before dropping during the B-A, corresponding with lower aridity 

levels indicated by the thinner average lithogenic lamina thickness for the B-A interval.  

Speleothem records form Arizona and New Mexico indicate that aridity varied within the 

glacial with wetter periods corresponding to D-O stadials and drier periods corresponding 

to D-O interstadials (Asmerom et al., 2010, Wagner et al., 2010).  The average lithogenic 

lamina thickness over the transition into D-O stadial 12 does not reflect this as lamina 

thickness increases slightly towards the interstadial.  Pollen and packrat midden records 

from the Sonoran and Mojave deserts indicate a drying and warming of the regional 

climate through the Holocene (Spaulding and Graumlich, 1986, Anderson and Van 

Devender, 1995).  This conflicts with the wetter conditions indicated by the increased 

average lithogenic lamina thickness in the late Holocene and the suggestion of a mid-

Holocene onset of the NAM indicated by the increase in abundance of tropical diatoms 

and silicoflagellates in the central Gulf (Barron et al., 2005).   
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4.3.   Laminated sediments and palaeoclimate records of the Gulf of 

California 

 

The diatomaceous component of the intervals studied indicates that winter upwelling, and 

therefore the winter northwesterly winds, occurred in all intervals.  All of the intervals 

studied here correspond to relatively high opal (%) (Fig. 11), therefore in general the 

presence of laminations forms a proxy for winter upwelling in the Gulf, which currently 

occurs due to strong northwesterly winds that are linked to the winter position of the North 

Pacific High (e.g. Badan-Dangon et al., 1991).  However, SEM analysis reveals that within 

the intervals studied there is substantial opal deposition recorded during times when 

production predominantly derives from stratified or spring upwelling conditions.  For 

example, near-monospecific laminae of Cheatoceros setae ooze tend to commonly occur 

in places with high opal (%) (in the EH, the B-A and the top of D-O 12, see Fig. 11), which 

correspond to northern hemisphere warm periods, potentially indicating that at these times 

the northeasterly winds are more likely to persist into spring (Sancetta, 1995).  Near-

monospecific laminae that are thought to indicate stratified conditions may occur in places 

with both low and high opal (%) (e.g. see transition into D-O 12) but tend occur alongside 

near-monospecific laminae of Chaetoceros setae ooze when found in places with high 

opal (%) (see Fig. 11).  Summer stratification in the modern Gulf occurs due to weak 

southeasterly winds and the influx of warm tropical Pacific waters (Bray and Robles, 1991).  

Varves containing laminae indicative of prolonged stratification of the water column (which 

principally occur in the transition into D-O 12) may be recording the absence or a delay in 

onset of the winter winds or they may be recording an increased influence of tropical 

waters which in the modern Gulf is indicative of an El Niño event.  
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Figure 11.  Opal concentration (Pichevin et al., 2012), and mass accumulation rate 
(Nederbragt pers. comm.) for MD02-2515 against GISP !18O (Grootes and Stuvier, 1997).  
Red lines indicate SEM sample locations, light grey lines indicate Heinrich events, dotted 
lines indicate marine isotope stage boundaries and Dansgaard-Oeschger cycles are 
numbered (Dansgaard et al., 1993).  Schematics on the right hand side portray common 
varve deposition types.  

 

Figure 11 shows that the opal accumulation rate for MD02-2515 differs in trend and 

variability to the opal (%) record.  This may be due to the effect of other sediment 

components (e.g. the lithogenic component) on the opal (%) record and/or the lower 

resolution of the opal accumulation record will also affect the comparison.  The opal mass 

accumulation rate is highest for the whole of the interval spanning the transition into D-O 
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12, moderate for the LGM interval and lowest for the B-A and EH intervals (Fig.11), 

mirroring the average varve and biogenic composition for each interval (Table 2, Fig. 8).   

 

Previous studies from the central Gulf that span the deglaciation suggest that stadials (e.g. 

the Younger Dryas) are characterised by the increased influence of warm stratified waters 

(Sancetta, 1995, Pride et al., 1999, Barron et al., 2004, Barron et al., 2005).  This is 

demonstrated by an increase in CaCO3 (%) and decrease in opal (%) which indicate 

increased coccolithophore production and decreased diatom production respectively, 

together with a greater influence of tropical diatoms and silicoflagellates such as A. 

nodulifera and Dichtyocha spp. (Sancetta, 1995, Pride et al., 1999, Barron et al., 2004, 

Barron et al., 2005).  By enabling the reconstruction of the seasonal cycle of diatom 

production and flux, SEM analysis allows aspects of the interannual climate variability to 

be resolved and linked to the millennial-scale climate records.  For example, the onset of 

stratified conditions during stadials is suggested to indicate El Niño-like conditions 

(Sancetta, 1995, Barron et al., 2005).  However, in the stadial-interstadial transition to D-O 

12 the El Niño conditions suggested by varves dominated by large A. nodulifera persist 

towards the top of the interval (Table 3, Fig. 7e and f) indicating strong El Niño events 

were expressed in the Gulf into the interstadial interval of high opal (%).  This supports the 

argument of McClymont et al. (2012), who suggest that interannual or seasonal scale 

analogues cannot be used to explain millennial-scale variability in the north east Pacific 

and the Gulf in a consistent manner.  

 

5. Conclusions 
 

SEM analysis of five intervals spanning the past 45.5 kyr has enabled the reconstruction 

of the annual cycle of diatom production and flux.  The EH interval incorporates a varve 

structure that is similar to the modern cycle of diatom production and flux and that is 

similar to that identified by Pike and Kemp (1996b) from SEM analysis of an early 

Holocene interval in central Gulf sediment core JPC 56.  The modern cycle of diatom 

production and flux and the EH varve structure together with the diatom ecology are 

therefore used to interpret other varve structures.  Varves with a diatomaceous 

component reflecting only the winter upwelling season are common in all intervals, 
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indicating that laminated sediments generally reflect the occurrence of the northwesterly 

winter winds which are due to the seasonal movement of the North Pacific High.  However, 

there are large contrasts between the interannual variability in each interval.  For example, 

near-monospecific laminae of Chaetoceros setae ooze, which are indicative of spring 

upwelling, are only common in the EH interval, the B-A interval and the top segment of the 

transition into D-O 12.  In addition, near-monospecific laminae of large A. nodulifera, 

which are thought to be indicative of strong El Niño events, persist throughout the interval 

spanning the transition from near stadial to near-interstadial conditions, despite the 

suggestion (e.g. Barron et al., 2005) that stadials in the Gulf are associated with El Niño-

like conditions.  The results presented here support the idea that using 

seasonal/interannual analogues to explain millennial variability may not be appropriate 

(McClymont et al., 2012) and correspondingly that interannual variability cannot be 

inferred from millennial scale variability.  

 

It is suggested that the lithogenic laminae result from re-suspension of shelf sediments 

that are riverine in origin.  The average thickness of lithogenic component for a given 

interval is suggested to represent regional aridity whereas thickness variation within a 

given interval is suggested to reflect the number and intensity of summer storms in Gulf. 
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Bioturbation and Lamina Preservation in the central Gulf 

of California 

 

1. Introduction 
 

Laminated sediments in the central Gulf of California (hereafter referred to as the ‘Gulf’) 

are currently found on the basin slopes where the sea floor intercepts the oxygen 

minimum zone (OMZ) in the water column (Calvert, 1964, Alvarez-Borrego and Lara-Lara, 

1991).  Laminae in the central Gulf form annual couplets consisting of a diatom-rich 

component and a clay and silt-rich component, due to high levels of upwelling-induced 

diatom production and flux in late autumn/winter through to spring and high lithogenic 

fluxes through summer (Thunell, 1998).   

 

The preservation of laminated sediments is generally used as a proxy for bottom water 

oxygen concentrations, with homogenous sediments representing more oxic conditions 

(Anderson et al., 1990, Behl and Kennett, 1996, van Geen et al., 2003, Davies et al., 

2012).  Laminated sediments on the northwest American margin generally co-occur with 

increases in productivity indicators such as organic carbon (OC) content, biogenic Ba and 

benthic foraminifera accumulation rates, and elevated concentrations of elements that are 

indicative of anoxic conditions (e.g. Mo, Ni, Zn, Cd and Cu) (Dean et al., 1997, Crusius et 

al., 2004, Ortiz et al., 2004, Dean et al., 2006, You, 2010). However, in the central Gulf no 

consistent relationship is observed between the occurrence of laminated sediments and 

OC, the productivity indicator Cd or the redox-sensitive trace metal Mo leading to the 

speculation that productivity and bottom water oxygen concentrations are not the only 

control on lamina preservation in the Gulf (Dean, 2006).  Scanning electron microscope 

(SEM)-based analysis has previously revealed an alternate mechanism for lamina 

preservation that involves the physical inhibition of bioturbation by dense mats of the 
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diatom Thalassiothrix longissima resulting in lamina preservation at various locations 

including the central Gulf (King et al., 1998, Pike and Kemp, 1999).   

 

An adaption of the bioturbation index of Behl and Kennett (1996) was successfully used 

by Davies et al. (2012) to examine microscopic changes in lamina preservation from 

backscattered electron images.  A further adaptation of the bioturbation index is presented 

here in order to assess changes in lamina disturbance by bioturbation over five discrete 

intervals spanning the last ~45.6 kyr from a central Gulf sediment core.  The bioturbation 

index is then examined in conjunction with further SEM-based analysis and geochemical 

data in order to investigate controls on lamina preservation.  The mechanisms responsible 

for lamina preservation at interannual and at millennial timescales are then discussed.  

 

2. Materials and Methods 
The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

and complimentary box core MD 02-2517C (27o29.10 N, 112o04.46 W, 5.6 m long, 887 m 

water depth) were retrieved by the Marion Dufresne in 2002 from the Guaymas Basin.  

Sediments consist of mm-scale laminated diatomaceous muds with few intervening 

homogenous intervals. The age model (see Chapter 1, section 5)!has been compiled from 

varve counts taken from grey-scale images and 22 radiocarbon dates (R. Ganeshram 

pers. comm., S. Nederbragt, pers. comm.). Samples were embedded with Spurr low-

viscosity epoxy resin to make polished thin sections for backscattered electron (BSE) 

imagery analysis (Pike and Kemp, 1996a). Samples were examined at high 

magnifications on the SEM and were logged lamina-by-lamina using a x73 magnification 

BSE photomosaic as a basemap, noting the occurrence of terrigenous sediment and 

biogenic components.  Thickness measurements of laminae were obtained using the 

method of Francus et al. (2002), taking the average of three thickness measurements per 

lamina.  Laminae in intervals from core sections 45 and 46 were correlated across grey 

scale, X-radiograph and BSE images to aid in varve identification and correlation between 

polished thin sections.  
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Figure 1. !15N (denitrification subsurface waters) (Ganeshram pers. comm.), opal and organic carbon concentrations (Pichevin et al., 2012), 
sediment texture, opal and carbon mass accumulation rates and sedimentation rate (Nederbragt, pers. comm. following the methods of Gardner et 
al. (1997) for MD02-2515 against GISP2 !18O (Grootes and Stuvier, 1997).  Red lines indicate the position and length of!SEM sample locations 
(abbreviations used to refer to intervals in text on right hand side), light grey lines indicate Heinrich events, dotted lines indicates marine isotope 
stage boundaries and Daansgard-Oeschger cycles are numbered (Dansgaard et al., 1993).  
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Five intervals from the sediment core were logged on the SEM (Fig. 1) these are referred 

to in the text as the Late Holocene interval (LH), the Early Holocene interval (EH), the 

Bølling-Allerød!interval (B-A), the Last Glacial Maximum interval (LGM) and the transition 

into Dansgaard-Oeschger!interstadial 12 (D-O 12).  The latter interval is divided into top, 

middle and base sections.  When logged on the SEM laminae are classified into three 

main types; lithogenic, mixed assemblage and near-monospecific laminae.  Lithogenic 

laminae comprise principally of clay with minor amounts of silt and a minor diatomaceous 

component, mixed assemblage laminae comprise of a mixed diatom assemblage with a 

minor clay and silt component and near-monospecific laminae are dominated by a single 

diatom species or genus and may or may not contain a minor clay and silt component.  

 

In order to differentiate between levels of bioturbation an index was devised following the 

schemes of Behl and Kennett (1996) and Davies et al. (2012).  Values are assigned from 

visual inspection of low resolution (x 73) BSEI photomosaics and are ranked on a scale 

from one to five, where one represents well-defined laminae and five represents 

homogenous sediments (Fig. 2).  A value of two denotes entrainment of material at the 

lamina boundaries, a value of three is assigned to laminae where burrows are visible and 

four is assigned to laminae that are discontinuous across the polished thin sections (~ 10 

mm across).  Bioturbation may be restricted to a single lamina, hence a heavily 

bioturbated lamina may occur above or below an undisturbed lamina.  In order to account 

for the potential variation in bioturbation within a varve, an index value was given to each 

lamina and then an average was taken to give a final value for each varve. 
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Figure 2.  The bioturbation index (BI) adapted for cores MD02-2517 and 2515.  
Backscattered electron images show increasing disruption of the sediment fabric by 
benthic fauna. 
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Figure 3.  Graphs showing variation in the bioturbation index for each interval, an index of 
one indicates well laminated sediment, an index of five indicates homogenous sediment.  
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3. Results 
 

3.1. Bioturbation Index 

Bioturbation index values generally range between two and three (Fig. 3), indicating that 

bioturbation occurs through all intervals.  Interannual variability in bioturbation levels is 

apparent (Fig. 3), and preliminary inspection of the time series indicates the interannual 

variability may be cyclic in nature.  The mean values for each interval also fall between 

two and three (Fig. 4), however, the EH and D-O12 top intervals have lower means (and 

have 95 % confidence levels that do not overlap with any other of the core intervals 

investigated), indicating that there is less bioturbation in these intervals.   

 

Following Davies (2006) plots of mean diatomaceous and lithogenic laminae thickness for 

each bioturbation index (omitting values which correspond to homogenous sections) are 

presented, see Figs 5a and b).   The mean diatomaceous lamina thickness decreases 

with increasing levels of bioturbation (Fig. 5a) whereas the mean lithogenic laminae 

thickness shows no trend with increases in the bioturbation index (Fig. 5b).                 

                     

 

Figure 4.  Graph showing the mean bioturbation index for each interval (omitting index 
values of 5 where the sediment is homogenous.)  Error bars show the estimated 95% 
confidence interval (given by 2*standard error). 
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Figure 5.  Graphs showing the average lamina thickness for each interval at each 
bioturbation index value (except index 5 where the sediment is homogenous) for a) the 
diatomaceous varve component and b) the lithogenic varve component.  a) shows a 
decrease in component thickness with increased bioturbation whereas b) shows no 
obvious trend. 
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3.2. Near-monospecific laminae 

The EH and D-O 12 top intervals contain the highest numbers of near-monospecific 

laminae, see Fig. 6, and the lowest bioturbation levels as indicated by the bioturbation 

index (Fig. 4).  There are strong positive correlations between the average opal (%) for an 

interval and the % near-monospecific laminae of total laminae (r2 = 0.92, where r2 is the 

Pearson product moment correlation coefficient) or between the average opal (%) for an 

interval and the % thickness of near-monospecific laminae of total laminae thickness for 

each interval (r2 = 0.95), see Fig.6a and b.       

                                 

Figure 6.  a) and b) show the average opal (%) (Pichevin et al., 2012) for each interval 
plotted against a) the % near-monospecific laminae of total laminae for each interval, b) 
the combined thickness of near-monospecific laminae for each interval.  
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Figure 7. The relative number and type of the most common near-monospecific laminae 
for each interval. 

 

Near-monospecific laminae are indicative of a single depositional event, potentially 

providing a rapid increase in opal and organic carbon at the sediment surface.  A near-

instantaneous increase in supply and oxidation of organic carbon may deplete adjacent 

pore-water and bottom water oxygen concentrations to such a level as to inhibit 

bioturbation.  In addition a near-instantaneous increase in opal concentration may act to 

aid lamina preservation due to a localised increased in pore water silicic acid 

concentrations.  These mechanisms may contribute towards the observed decrease in 

bioturbation and increase in lamina preservation with the increase in the number/thickness 

of near-monospecific laminae (Fig. 6).  Near-monospecific laminae consisting of multiple 

mats of T. longissima have been shown to aid in lamina preservation as they are thought 

to form a physical barrier to the benthos due to the impenetrability of the mats (King et al., 

1998, Pike and Kemp, 1999).  Near-monospecific laminae of T. longissima are common in 

the LH and EH intervals (Fig. 7), hence in these intervals bioturbation may have been 
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reduced by near-monospecific laminae due to the physical inhibition of benthic fauna in 

addition to the suppression of benthic fauna through the reduction in oxygen 

concentrations.   

 

3.3. Benthic foraminifera 

 

Benthic foraminifera, including agglutinated foraminifera are observed in all intervals, see 

Figs 8 and 9.  The size of benthic foraminifera varies with interval, for example, Fig. 8a 

shows benthic foraminifera ~100 !m long, which, judged from BSE imagery, are typical of 

all intervals except the Late Holocene and the D-O 12 intervals where a mixture of small 

and large benthic foraminifera, ~800 – 1000 !m long (Fig. 8b) are observed.  Benthic 

foraminifera occur in localized areas and may be confined to a single lamina (Fig. 8e) as 

previously noted in the Gulf by Pike (1996).  Silt aggregates (Fig. 9) are either the 

remnants of agglutinated foraminifera tests or of the detritic covers built by agglutinated 

foraminifera around a new chamber (Pike and Kemp, 1996b).  The infill of agglutinating 

foraminifera with diatom frustules (mostly Chaetoceros resting spores) is observed, see 

Fig. 9 a – c. 
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Figure 8.  a) Small benthic foraminifera (<100 !m) from the early Holocene interval, b) 
larger benthic foraminifera (>100 !m) from the D-O 12 intervals, c and d) bioturbation of 
centric diatom laminae with burrows attributable to benthic foraminifera, e) benthic 
foraminifera localized to a single lamina. 
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Figure 9.  a) Partially structured silt aggregate with 3 to 4 small chambers and one large 
chamber containing clay, silt and Chaetoceros resting spores, b) Detail of the large 
chamber in (a) showing clay, silt and Chaetoceros resting spores, c) Silt aggregate with 
one large chamber containing Chaetoceros resting spores, d) Partially structured silt 
aggregate composed of well sorted grains, e) Aggregate comprising of silt with planktonic 
and benthic foraminifera tests, f) Silt aggregate observed in stub sample. 
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4. Discussion 
 

The bioturbation index (Figs 2-4) represents the degree of disruption to laminae from 

benthic fauna. The benthic faunal assemblage clearly includes benthic and agglutinated 

foraminifera as their tests are visible in the BSE imagery (Figs 8 and 9), however other 

meiofauna such as nematodes have also been shown to be responsible for the micro-

irrigation of laminated sediments, and may also form an important source of bioturbation 

(Pike et al., 2001).  Within the laminated sediments, visible signs of bioturbation, such as 

the entrainment of material between lamina boundaries and burrows indicate that the 

vertical migration of the fauna is generally confined to one or two laminae (mean laminae 

thickness across intervals ranges from ~ 0.37 to 1.53 mm).  The vertical restriction of 

bioturbation suggests that the fauna responsible were limited to an extremely shallow 

infaunal habitat, being able to disrupt only the very topmost sediment layer.  Variability in 

the bioturbation index (Fig. 3) and the vertical restriction of the benthic fauna indicates that 

fluctuations in OMZ intensity occurred at the seasonal scale as well as at the millennial 

scale as indicated by the alternation between homogenous and laminated sediments (Fig. 

1). 

 

4.1. Factors affecting the variation in lamina preservation at interannual 

time scales 

   

The OMZ in the Gulf lies between 500 – 900 m depth, corresponding to the inflow of 

oxygen deficient, nutrient replete North Pacific Intermediate Water (NPIW) (Bray and 

Robles, 1991).  NPIW is formed today in the Okhotsk sea with some contribution from the 

Alaskan gyre (Talley, 1993, You, 2003).  Van Scoy and Druffel (1993) and Min et al. 

(2000) show that ventilation of the Northwest American margin by NPIW is limited 

substantially during El Niño events, potentially resulting in an increase in the strength of 

the Gulf OMZ and hence a decrease in bioturbation during an El Niño event.   

 

The strength of the OMZ in the Gulf and therefore lamina preservation is also affected by 

productivity variations in the Gulf due to the water column bacterial oxidation of organic 
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matter, for example, Fig. 5a shows a decrease in bioturbation levels with an increase in 

the diatomaceous component thickness.  Herrera-Cervantes et al. (2010) find a decrease/ 

increase in surface chlorophyll a during El Niño/La Niña events along both coasts of the 

Gulf.  In addition a decrease in chlorophyll a during the 1997/1998 El Niño event in the 

central and southern Gulf is noted by Kahru et al. (2004).  Therefore the strength of the 

OMZ in the Gulf may decrease/increase during El Niño/La Niña events due to changes in 

productivity.   

 

Interannual variation in NPIW ventilation and central Gulf surface productivity therefore 

appear to have opposing effects on the Gulf OMZ strength.  However, it is suggested that 

when productivity is high and therefore potentially forms the dominant factor on lamina 

preservation, El Niño/La Niña events may cause a decrease/increase in lamina 

preservation and where productivity is low and therefore the strength of the Gulf OMZ is 

the dominant factor affecting lamina preservation El Niño events may cause an increase 

in lamina preservation.  The dominant factor (productivity or ventilation) affecting laminae 

preservation may be consistent within each interval studied, indicating that the 

bioturbation index for each interval may record an El Ni%o-Southern Oscillation (ENSO) 

signal.  

 

An additional factor affecting the preservation of laminated sediments is the presence of 

near-monospecific laminae.  Near-monospecific laminae are suggested to result from the 

rapid mass sinking of diatom cells following the occurrence of large diatom blooms (e.g. 

Smetacek, 1985).  The preferential preservation of rapidly sedimenting diatoms has 

previously been documented from both sediment trap studies (Sancetta, 1989) and from 

laminated sediments (Brodie and Kemp, 1994).  Topographic imaging of the intervals 

studied here suggests that in general diatoms are better preserved in near-monospecific 

laminae than in mixed assemblage laminae (winter upwelling).  Brodie and Kemp (1994) 

suggest that the contemporaneous depletion of bottom water oxygen concentrations due 

to near-monospecific laminae deposition aids lamina preservation through the 

suppression of benthic activity.  This is also indicated by results presented here, for 

example, the intervals with the lowest mean bioturbation index value also have the 

highest number and the highest percentage of near-monospecific laminae (see Figs 4 and 

7).  In addition the strong correlation between the number/thickness of near-monospecific 
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laminae with the mean (%) opal for each interval (see Fig. 6 a and b) suggests that an 

increase in the number of near mono-specific laminae increases opal preservation.  

Hence, the delivery of large volumes of opal may increase the pore water silicic acid 

concentration resulting in better opal preservation and the rapid flux of organic matter to 

the sediment surface may deplete pore water oxygen concentrations through the bacterial 

oxidation of organic matter suppressing bioturbation at a seasonal scale.  The deposition 

of a near-monospecific lamina is therefore suggested to form a chemical barrier (as well 

as a physical barrier for near-monospecific laminae of T. longissima (King et al., 1998, 

Pike and Kemp, 1999)) to bioturbation and opal dissolution.   

 

Near-monospecific laminae may result from blooms that are associated with upwelling 

conditions, including, Chaetoceros spp. setae ooze or Thalassionema nitzschioides, or 

with stratified conditions, including, near-monospecific laminae of Azpeitia nodulifera, 

large Coscinodiscus spp., Rhizosolenia spp., or T. longissima.  The occurrence of any 

large flux event, whether from upwelling or stratified-adapted diatoms, and subsequent 

formation of a near-monospecific lamina may aid lamina preservation.  This is supported 

by the finding of Sancetta (1995) of no consistent relationship between the diatom 

assemblage and lamina preservation in a central Gulf sediment core.  As near-

monospecific laminae that are associated with stratified conditions may also be 

associated with El Ni%o events in the Gulf (for example near-monospecific laminae of A. 

nodulifera), the occurrence of near-monospecific laminae may complicate the interannual 

variability in lamina preservation potentially leading to decreased confidence in the 

detection of any ENSO signal in the bioturbation index.   

 

4.2. Factors affecting the variation in lamina preservation at millennial 

time scales 

 

The preservation of laminated sediments in core MD02-2515 tends to occur during 

Greenland interstadials and homogenous sediments tend to be associated with stadials, 

see Fig. 1.  The association between laminated/homogenous sediments and 

interstadials/stadials is identified from the Santa Barbara Basin for the last 160 ka  (R. 

Behl, pers. comm. in van Geen et al. (2003)) and is probably linked to changes in the 
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intensity of the North Pacific OMZ identified from records of laminated and other indicators 

of bottom water oxygen content from along the North East Pacific margin and the Gulf 

(Keigwin and Jones, 1990, van Geen et al., 1996, Cannariato and Kennett, 1999, Zheng 

et al., 2000, Keigwin, 2002, Ortiz et al., 2004, Murdmaa et al., 2011).  In addition, the 

decrease in oxygen content in the North Pacific OMZ between the LGM and early 

Holocene are shown to be globally synchronous with a decrease in upper ocean (above 

~1500 m) oxygen concentrations (Jaccard and Galbraith, 2011).  The OMZ is currently a 

permanent oceanographic feature of the North Pacific, typically located at 500-800 m 

depth range.  The North Pacific OMZ is weakest in the north and west and strongest off of 

Mexico, reflecting the path of NPIW, which forms in the Sea of Okhotsk with a contribution 

from the Gulf of Alaska (You, 2003, You, 2005). Increases in the strength and/or spatial 

extent of the North Pacific OMZ over the last glacial cycle have been attributed to various 

mechanisms including the depletion of NPIW oxygen concentrations through an increase 

in productivity in the northwest Pacific (Crusius et al., 2004), increases in productivity 

along the Northeast Pacific Margin (Ortiz et al., 2004, McKay et al., 2005) and suppressed 

ventilation of NPIW in the northwest Pacific (You, 2003, You, 2010) or a combination of 

productivity and ventilation effects (van Geen et al., 2006). Since both a combination of 

the inflow of low-oxygen and nutrient-rich NPIW between ~500 – 1000 m and the bacterial 

oxidation of settling organic matter creates the Gulf OMZ (Calvert, 1964, Bray and Robles, 

1991) both the strength of the North Pacific OMZ and the oxygen content of NPIW, and 

local variations in productivity affect the preservation of laminated sediments in the central 

Gulf.  

 

Figure 1 shows that the occurrence of laminated sediments in core MD02-2515 generally 

coincides with high values of !15N and high values of opal (%).  High values of !15N 

reflects enhanced levels of denitrification occurring in suboxic subsurface waters, which 

occur due to the low oxygen content of inflowing NPIW and/or oxygen demand from 

bacterial oxidation of organic matter (Pride et al., 1999).  High values of opal (%) may 

result from higher diatom productivity again enhancing the Gulf OMZ through increased 

flux and subsequent bacterial oxidation of organic matter leading to better lamina 

preservation in the Gulf.  Values of OC (%) tend to decrease during interstadials (Fig. 1), 

potentially as a result of dilution due to the large proportional increase in opal (%) 

(Pichevin et al., 2012).  Opal and OC mass accumulation rates follow the variation in 
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sedimentation rate and therefore do not appear to relate to the preservation of laminated 

sediments (Fig. 1).   

 

The occurrence of laminated sediments with high opal (%) and high !15N values indicates 

that low oxygen concentrations at the sediment water interface, due to some combination 

of nutrient supply, respiration and ventilation, controls the preservation of laminated 

sediments.  Therefore the occurrence of near-monospecific laminae may aid in the 

preservation of laminae but sustained levels of low oxygen concentrations are necessary 

for laminated sediments to be preserved.  Controls on the synchronous occurrence of 

laminated sediments and other indicators of decreased oxygen concentration over the 

deglacial in the Gulf, along the Northeast Pacific Margin and globally in the upper ocean 

include the decrease in oxygen solubility with increasing temperature, changes in 

biological productivity and the global nutrient inventory, and large scale changes in ocean 

circulation (Jaccard and Galbraith, 2011). 

 

5. Conclusions 
 

An SEM-based bioturbation index allows the investigation of interannual variation in 

bioturbation levels in laminated sediments from the central Gulf.  It is suggested that 

ENSO forms the dominant control on interannual variations in bioturbation in laminated 

sediments through ENSO-controlled variations in NPIW ventilation or surface productivity 

resulting in variations in the bacterial oxidation of organic matter.  The occurrence of near-

monospecific laminae is also suggested to influence lamina preservation at the seasonal 

scale.  Both variation in NPIW formation/ventilation and changes in local productivity 

determine lamina preservation at millennial timescales.  However, at millennial timescales 

factors such as, changes in the global nutrient inventory and large scale changes in ocean 

circulation are responsible for changes in these processes. 
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Chapter 6 

Time-series Analysis of late Quaternary Laminated 

Sediments from the Guaymas Basin, Gulf of California 
 

1. Introduction 
 

Annually laminated (varved) marine sediments allow the reconstruction of past climate on 

millennial to sub-seasonal time scales. The application of scanning electron microscope 

(SEM)-based techniques to laminated marine sediments has allowed their full potential as 

archives of past climate to be realized, enabling the construction of time-series for periods 

long enough to capture variation in interannual modes of climate variability, for example, 

the El Niño-Southern Oscillation (ENSO) (Pike and Kemp, 1997, Bull et al., 2000, Dean et 

al., 2001, Chang et al., 2003, Davies et al., 2012). 

 

Laminated sediments are preserved in the central Gulf of California (hereafter referred to 

as the ‘Gulf’) where the oxygen minimum zone (OMZ) intersects the sea floor (Alvarez-

Borrego and Lara-Lara, 1991, Baumgartner, 1991).  The monsoonal climate of the Gulf 

incorporates weak southeasterly winds during summer and strong upwelling-inducing 

northwesterly winds during winter (Badan-Dangon et al., 1991, Bray and Robles, 1991).  

Central Gulf laminated sediments are principally composed of alternations between a clay 

and silt lamina deposited during the summer season and a biogenic opal lamina that 

predominantly consists of diatom frustules, which in the modern Gulf are deposited from 

early winter through to spring (Sancetta, 1995, Thunell, 1998).  ENSO forms the principal 

source of interannual variability in the Gulf (Baumgartner and Christensen, 1985, Bray and 

Robles, 1991).  Anomalies in the central Gulf that are associated with an El Niño event 

include an increase in sea surface temperatures (SSTs) and a deepening of the winter 

pycnocline (Robles and Marinone, 1987, Soto-Mardones et al., 1999, Castro et al., 2006).  

In addition reductions in satellite-derived surface chlorophyll a is observed during El Niño 

events in the central and southern Gulf (Santamaría-del-Angel et al., 1994, Kahru et al., 
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2004) and in opal flux in a central Gulf sediment trap (Thunell, 1998).  Anomalies in the 

Gulf that are associated with La Niña events include negative SST anomalies, (Soto-

Mardones et al., 1999, Lavín et al., 2003, Herrera-Cervantes et al., 2007) and positive 

chlorophyll a anomalies (Herrera-Cervantes et al., 2010).  For example, Lavín et al. (2003) 

using satellite infrared images from 1984-2000 averaged over the entire Gulf of California, 

find that the largest negative SST anomaly, of ~ - 4oC was associated with the La Niña of 

1988-89 and Herrera-Cervantes et al. (2010), in a satellite record (Sea WiFS) spanning 

1998-2007, found higher concentrations of chlorophyll a along both coasts during the 

peak of the 1999-2000 La Niña.   

 

The current understanding of modern varve formation derived from ocean/atmosphere 

observations and sediment trap data may be applied to the analysis of the laminated 

sediment record.  Data presented here from SEM-based analysis include the thicknesses 

of the diatom ooze and lithogenic component of each varve, the occurrence of laminae of 

distinctive species composition related to particular environmental conditions and a 

bioturbation index.  The objective of this study is to identify any significant frequencies in 

time-series obtained from analysis of 5 intervals spanning the last ~45.5 kyr.  The 

palaeoclimatic and palaeoceanographic significance of identified frequencies are then 

discussed. 

 

2. Materials and Methods 
 

2.1. Data Collection 
 

The piston core MD 02-2515 (27o29.01 N, 112o04.46 W, 64.4 m long, 881 m water depth) 

and complimentary box core MD 02-2517C (27o29.10 N, 112o04.46 W, 5.6 m long, 887 m 

water depth) were retrieved by the Marion Dufresne in 2002 from the Guaymas Basin.  

Sediments consist of mm-scale laminated diatomaceous mud with few intervening 

homogenous intervals. The age model (see Chapter 1, section 5) was compiled from 

varve counts taken from grey-scale images and 22 radiocarbon dates (S. Nederbragt, 

pers. comm., R. Ganeshram pers. comm.). Samples were embedded with Spurr low-

viscosity epoxy resin to make polished thin sections for backscattered electron imagery 
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(BSEI) analysis (Pike and Kemp, 1996, Kemp et al., 1998).  Samples were examined 

using high magnifications on the SEM and logged lamina-by-lamina using a x73 

magnification BSEI photomosaic as a basemap noting the occurrence of lithogenic 

sediment and biogenic components.  Thickness measurements of laminae were obtained 

using the method of Francus et al. (2002), taking the average of three thickness 

measurements per lamina.  Laminae from core sections MD02-2515 45 and 46 were 

correlated across grey scale, X-radiograph and BSEI to aid in varve identification and 

correlation between polished thin sections.  

 

2.2. Datasets 
 

Spectral analysis was carried out on datasets from five intervals, which are referred to in 

the text by their approximate age.  These include a late Holocene (LH), an early Holocene 

(EH), a Bølling-Allerød (B-A) and a Last Glacial Maximum (LGM) interval (see Table 1a).  

The fifth interval spans the majority of the transition into Dansgaard-Oeschger interstadial 

12 (referred to as D-O 12) and consists of three laminated segments (the base, middle 

and top) with short intervening homogenous segments (Table 1b).  The base segment is 

nearer to stadial conditions whereas the top segment is closest to the peak of D-O 

interstadial 12.  As variables suitable for time-series analysis should ideally represent a 

single environmental proxy, varve thicknesses were divided into their diatomaceous and 

lithogenic components.  The diatom ooze thickness component, which may contain one or 

more diatomaceous lamina, is related to total productivity with increased thickness 

reflecting increased productivity and flux.  The lithogenic thickness component is related 

to summer storm activity with increased storm intensity and/or frequency resulting in 

increased terrigenous input.  A bioturbation index value that ranges from a value of one, 

which represents well-defined laminae to five, which represents homogenous sediments, 

was calculated for each varve.  Levels of bioturbation are related to the intensity of the 

Gulf OMZ.  In the EH interval near-monospecific laminae of Thalassiothrix longissima 

occur with sufficient frequency enough for the number of laminae per varve to form a 

suitable dataset for time-series analysis.  This is also the case for the number of near-

monospecific laminae of Azpeitia nodulifera in the D-O 12 segments.  Both the occurrence 

of near-monospecific T. longissima laminae per varve and the occurrence of near-

monospecific A. nodulifera laminae are promoted by the incursion of tropical Pacific 

waters into the Gulf (Pike and Kemp, 1997, Barron et al., 2005).   
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2.3. Preprocessing 
 

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.  A short 

homogenous section (0.85 cm) in the B-A interval is patched with the average thickness of 

adjacent laminae following Berger and von Rad (2002).  However, for the B-A bioturbation 

index this section is removed and the dataset is spliced together.  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, in 

order 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.  

 

2.4. Time-series methods comparison 

Four spectral analysis methods were investigated, including the REDFIT method (Schulz 

and Mudelsee, 2002) the Blackman-Tukey method (Blackman and Tukey, 1958), the 

multi-taper method (MTM) (Thomson, 1982) and the maximum entropy method (MEM), 

see Fig. 1.  The REDFIT method was run using REDFIT version 3.5 (Schulz and 

Mudelsee, 2002), the Blackman-Tukey method was run using Analyseries 2.0 (Paillard et 

al., 1996) and the MTM and MEM methods were run using the SSA-MTM toolkit version 

4.4 (Dettinger et al., 1995, Ghil et al., 2002).  The times-series analysis methods are 

briefly described below (sections 2.5 to 2.8).  A case study is presented in Figure 1, which 

shows good agreement between spectra calculated for the EH diatom ooze component 

thickness for the different methods.  Prominent peaks are observed at periods of ~2.4, 3.3 

and 5.8 years in all four periodograms.  Although REDFIT is designed for use with 

unevenly spaced data, it was deemed to give the best results, for example, giving the 

fewest spurious peaks (peaks that appear in spectral estimates due to artifacts introduced 

by the analysis and that are not related to a periodicity in the time-series) and giving 

conservative confidence levels, therefore the time-series analysis presented here was 

calculated using the REDFIT program (Schulz and Mudelsee, 2002).  
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2.5. REDFIT method 

 

A spectrum is first estimated from the time-series using the Welch-overlapped-segment-

averaging procedure (Welch, 1967) and the Lomb-Scargle Fourier transform (Lomb, 1976, 

Scargle, 1982).  The time-series is first split into a number (n50) of segments that overlap 

by 50%.  A Hanning window is then applied to each segment and spectrum estimate is 

derived from averaging the n50 periodograms.  A Monte Carlo re-shaping method is then 

used to correct for the positive bias (the over representation at higher frequencies) of the 

Lomb-Scargle Fourier transform (Schulz and Mudelsee, 2002).  In order to assess the 

statistical significance of a spectral peak, two sets of confidence levels are generated.  

Firstly the spectral background noise was modeled as a first-order autoregressive process 

from which the upper confidence interval is calculated for various significance levels, 

using the degrees of freedom and based on a !2 distribution of the spectral estimates and 

secondly confidence levels are calculated from percentiles of the Monte Carlo ensemble 

(Schulz and Mudelsee, 2002). 
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Figure 1.  Comparison of time-series methods.  a) early Holocene diatom ooze component 
(outliers removed), b) calculated using REDFIT (Schulz and Mudelsee, 2002), c) 
Blackman-Tukey periodogram calculated using Analyseries 2.0 (Paillard et al., 1996), d) 
periodogram calculated using the multitaper method, e) periodogram calculated using the 
maximum entropy method.  Periodograms d) and e) are calculated using the SSA-MTM 
toolkit version 4.4 (Dettinger et al., 1995, Ghil et al., 2002).  Downwards arrows above 
spectral estimates indicate spectral peaks significant at ! 90% confidence levels, numbers 
above downwards arrows give corresponding period (yrs). 
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2.6. Blackman - Tukey method 

 

An autocovariance sequence is first calculated from the time-series to a certain lag value 

or truncation point, M.  Each value of the autocovariance sequence is given by calculating 

the sum of the time-series values each multiplied by the offset counterpart and divided by 

the number of data values.  A taper or window is then applied to the autocovariance 

function in order to reduce spectral leakage.  The fast Fourier transform is then applied to 

the windowed autocovariance function to give the estimated spectrum.  A tradeoff 

between the confidence and resolution of the spectral peaks occurs from the choice of the 

number of data points that overlap to form the autocovariance sequence, that is, the 

choice of M.  Larger values of M will enable higher resolution but less 

confidence/increasing variance of the spectral estimate.  The Blackman-Tukey method is 

unlikely to produce spurious spectral peaks but produces a smoothed spectrum.  

 

2.7. Multitaper method  

 

The MTM method employs a series of orthogonal tapers called discrete prolate spheroidal 

sequences or slepian sequences to minimize spectral leakage that occurs due to the finite 

length of the dataset.  The time-series is multiplied by the tapers before a set of 

periodograms are generated, which are then averaged to give a more stable spectral 

estimate than single taper (or window) methods.  For this method the trade off between 

confidence and resolution is determined by the choice of number of tapers (Thomson, 

1982).  Increasing the number of tapers decreases the resolution but increases the 

stability of the spectral estimate.  In practice only first 2p-1 tapers are usefully resistant to 

spectral leakage, hence the number of tapers (K) should not exceed 2p-1, where p is an 

integer that determines the frequency bandwidth given by 2p x the Rayleigh frequency 

(Rayleigh frequency = 1/N x sample interval).  For relatively short datasets K=3 and p=2 

offers a good compromise (Weedon, 2003).  The MTM method produces a spectrum with 

a high frequency resolution and a distribution amenable to the location of confidence 

levels.  The background continuum spectrum is calculated assuming a robust 

autoregressive noise model and confidence levels are plotted at 90%, 95% and 99%, 

confidence levels associated with the MTM method are generally considered to be too 

optimistic (Weedon, 2003). 
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2.8. Maximum entropy method  

 

The MEM involves looking for an auto-regressive process that mimics the original time-

series.  The autocovariance sequence is first calculated for the time-series out to a certain 

lag, M.  The autocovariance for greater lags is then calculated on the assumption the 

time-series is as disordered as possible though with the same auto-correlation coefficients 

as for the original time-series (Weedon, 2003). The choice of M determines the balance 

between high resolution (high M) and the reduction of spurious peaks in the spectrum (low 

M).  In practice M is normally between N/3 and N/20 (N= number of data points), M can be 

increased incrementally until the spectral peaks are stabilized (Weedon, 2003). This 

method can give spurious spectral peaks, shifts in frequency and is not amenable to the 

determination of confidence levels, hence it is useful when used in conjunction with to 

other methods. 

 

3. Results 
 

The results of the spectral analysis are shown in Figs 2 – 6 and are summarised in Tables 

1a and b and Figs 7 – 10.  Prominent peaks are observed all in spectra with peaks 

exceeding the 95% confidence levels occurring in 23 out of the 25 spectra.  For the LH 

interval the peaks are confined to periods of between 3 and 6 years excepting one peak 

indicating a 30 year period identified in the bioturbation dataset.  Peaks in the EH spectra 

occur with periods of between two and seven years in all datasets, except for a peak in 

the occurrence of T. longissima of 18.5 years.  In the B-A interval all periods identified fall 

between 2 and 6 years.  A range of peaks also fall between 2 and 6 year periods in the 

spectra calculated for the LGM interval, however decadal or mulitidecadal peaks are also 

present in all datasets including a period of 11.4 in the ooze thickness component data, 

25 in the lithogenic thickness component data and 10 in the bioturbation index.  The 

significant periods identified in the D-O 12 top segment fall between 2 and 9 years, 

excepting one at 28.7 years in the bioturbation dataset.  In the D-O 12 middle segment 

peaks identified span of periods between 3 and 5 aside from a single peak at 11.3 years 

in the lithogenic dataset.  All the significant peaks in the D-O 12 base segment indicate 
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oscillations are present with periods of between 2 and 4 years except for a single peak 

identified at 19.5 years in the diatom ooze component thickness dataset.  The peaks in 

the LH and D-O 12 middle diatom ooze component thickness datasets are identified at the 

90% confidence level, this is thought to be due to the short length of the datasets (n=150 

and n=98 respectively), however due to the conservative nature of the REDFIT 

confidence levels the peaks are still considered to indicate genuine oscillations (Fig. 2). 
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Figure 2a.  Diatom ooze component thickness from the early and late Holocene intervals 
(outliers removed) and corresponding spectral estimates.  Downwards arrows above 
spectral estimates indicate spectral peaks significant at ! 90% confidence levels, numbers 
above downwards arrows give corresponding period (yrs). 



Chapter 6 Time-series Analysis 

   

 

 

146 

 

 

Figure 2b.  Diatom ooze component thickness from the Bølling-Allerød and Last Glacial 
Maximum intervals (outliers removed) and corresponding spectral estimates.  Downwards 
arrows above spectral estimates indicate spectral peaks significant at ! 90% confidence 
levels, numbers above downwards arrows give corresponding period (yrs). 
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Figure 2c.  Diatom ooze component thickness from the D-O 12 top and D-O 12 middle 
segments (outliers removed) and corresponding spectral estimates.  Downwards arrows 
above spectral estimates indicate spectral peaks significant at ! 90% confidence levels, 
numbers above downwards arrows give corresponding period (yrs). 
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Figure 2d.  Diatom ooze component thickness from the D-O 12 base segment (outliers 
removed) and corresponding spectral estimates.  Downwards arrows above spectral 
estimates indicate spectral peaks significant at ! 90% confidence levels, numbers above 
downwards arrows give corresponding period (yrs). 
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Figure 3a.  Lithogenic component thickness from early and late Holocene intervals 
(outliers removed) and corresponding spectral estimates.  Downwards arrows above 
spectral estimates indicate spectral peaks significant at ! 90% confidence levels, numbers 
above downwards arrows give corresponding period (yrs). 
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Figure 3b.  Lithogenic component thickness from the Bølling-Allerød and Last Glacial 
Maximum intervals (outliers removed) and corresponding spectral estimates.  Downwards 
arrows above spectral estimates indicate spectral peaks significant at ! 90% confidence 
levels, numbers above downwards arrows give corresponding period (yrs). 
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Figure 3c.  Lithogenic component thickness from the D-O 12 top and D-O 12 middle 
segments (outliers removed) and corresponding spectral estimates.  Downwards arrows 
above spectral estimates indicate spectral peaks significant at ! 90% confidence levels, 
numbers above downwards arrows give corresponding period (yrs). 
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Figure 3d.  Lithogenic component thickness from the D-O 12 base segment (outliers 
removed) and corresponding spectral estimates.  Downwards arrows above spectral 
estimates indicate spectral peaks significant at ! 90% confidence levels, numbers above 
downwards arrows give corresponding period (yrs). 
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Figure 4a.  The bioturbation index from the early and late Holocene intervals (outliers 
removed) and corresponding spectral estimates.  Downwards arrows above spectral 
estimates indicate spectral peaks significant at ! 90% confidence levels, numbers above 
downwards arrows give corresponding period (yrs). 
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Figure 4b.  The bioturbation index from the Bølling-Allerød and Last Glacial Maximum 
intervals (outliers removed) and corresponding spectral estimates.  Downwards arrows 
above spectral estimates indicate spectral peaks significant at ! 90% confidence levels, 
numbers above downwards arrows give corresponding period (yrs). 



Chapter 6 Time-series Analysis 

   

 

 

155 

 

 

Figure 4c.  The bioturbation index from the D-O 12 top and D-O 12 middle segments 
(outliers removed) and corresponding spectral estimates.  Downwards arrows above 
spectral estimates indicate spectral peaks significant at ! 90% confidence levels, numbers 
above downwards arrows give corresponding period (yrs). 



Chapter 6 Time-series Analysis 

   

 

 

156 

 

 

Figure 4d.  The bioturbation index from the D-O 12 base segment (outliers removed) and 
corresponding spectral estimates.  Downwards arrows above spectral estimates indicate 
spectral peaks significant at ! 90% confidence levels, numbers above downwards arrows 
give corresponding period (yrs). 
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Figure 5.  The number of near-monospecific Thalassiothrix longissima laminae per varve, 
from the early Holocene interval (outliers removed) and corresponding spectral estimates.  
Downwards arrows above spectral estimates indicate spectral peaks significant at ! 90% 
confidence levels, numbers above downwards arrows give corresponding period (yrs). 



Chapter 6 Time-series Analysis 

   

 

 

158 

 

 

Figure 6a.  The number of near-monospecific Azpeitia nodulifera laminae per varve, from 
the D-O 12 top and D-O 12 middle segments (outliers removed) and corresponding 
spectral estimates.  Downwards arrows above spectral estimates indicate spectral peaks 
significant at ! 90% confidence levels, numbers above downwards arrows give 
corresponding period (yrs). 
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Figure 6b.  The number of near-monospecific Azpeitia nodulifera laminae per varve, from 
the D-O 12 base segments (outliers removed) and corresponding spectral estimates.  
Downwards arrows above spectral estimates indicate spectral peaks significant at ! 90% 
confidence levels, numbers above downwards arrows give corresponding period (yrs). 
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Figure 7.  Significant periodicities at the 95 and 99 % confidence levels for the diatom 
ooze thickness component for each interval analysed.  Dashed lines show the modern 
periodicities for the major forcing mechanisms discussed in section 4.1; the El Niño-
Southern Oscillation (ENSO) and it’s quasi-biennial (QB) and low frequency (LF) 
components, quasidecadal variability (QD) and the Pacific Decadal Oscillation (PDO). 

 

 

Figure 8.  Significant periodicities at the 95 and 99 % confidence levels for the lithogenic 
thickness component for each interval analysed. Dashed lines show the modern 
periodicities for the major forcing mechanisms discussed in section 4.1; the El Niño-
Southern Oscillation (ENSO) and it’s quasi-biennial (QB) and low frequency (LF) 
components, quasidecadal variability (QD) and the Pacific Decadal Oscillation (PDO). 
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Figure 9.  Significant periodicities at the 95 and 99 % confidence levels for the bioturbation 
index for each interval analysed.  Dashed lines show the modern periodicities for the 
major forcing mechanisms discussed in section 4.1; the El Niño-Southern Oscillation 
(ENSO) and it’s quasi-biennial (QB) and low frequency (LF) components, quasidecadal 
variability (QD) and the Pacific Decadal Oscillation (PDO). 

 

Figure 10.  Significant periodicities at the 95 and 99 % confidence levels for the 
occurrence of near-monospecific laminae of Azpeitia nodulifera (for the D-O base, middle 
and top segments) and the occurrence of near-monospecific laminae of Thalassiothrix 
longissima (for the EH interval).  Dashed lines show the modern periodicities for the major 
forcing mechanisms discussed in section 4.1; the El Niño-Southern Oscillation (ENSO) 
and it’s quasi-biennial (QB) and low frequency (LF) components, quasidecadal variability 
(QD) and the Pacific Decadal Oscillation (PDO). 
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Referred to in text Length (yrs) Parameter analysed Confidence 

Level (%) 

Significant Period 

(yrs) 

Late Holocene 

 

154 OC (90) 

90 

(3.3) 
(~2 kyr)   (90) (5.9) 
  LC 95 5.2 
  BI 95 4.6 
   99 30.8 
Early Holocene 309 OC 95 2.4 
(8.3 – 8.6 kyr)   (90) (3.3) 
   99 5.8 
  LC (90) (2.5) 
   95 4.4 
  BI (90) (2.4) 
   99 3.3 
   95 6.6 
   (90) (12.6) 
   (90) (25.1) 
  Thalassiothrix 

longissima 

(90) (2.4) 
   99 3.9 
   95 4.7 
   (90) (18.5) 
Bølling-Allerød 202 OC 95 2.3 
(14.5 – 14.7)   95 3.0 
   95 5.3 
  LC (90) (2.4) 
   (90) (3.3) 
   95 5.8 
  BI 95 2.2 
   99 2.6 
   95 3.4 
   95 5.5 
Last Glacial 

Maximum 

220 OC (90) (2.5) 
Maximum   (90) (3.0, 3.2) 

 
(24.2 – 24.4 kyr)   99 11.4 
  LC 95 2.5 
   (90) (3.3) 
   95 3.8 
   (90) (6.1) 
   95 25.1 
  BI 95 2.1 
   95 10.1 
   (90) (16.0) 

 

Table 1a.  Summary of the significant peaks identified from spectral analysis from the Late 
Holocene, Early Holocene, Bølling-Allerød and Last Glacial Maximum intervals. OC = 
diatom ooze thickness component, LC = lithogenic thickness component, BI = bioturbation 
index, diatom species names = the occurrence of near-monospecific laminae of given 
species. 
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Referred to in text Length 

(yrs) 

Parameter analysed Confidence 

level 

Significant Period 

(yrs) D-O 12 top 130 OC (90) (2.8) 

 
(D-O 12 top to base   95 8.0 
45 – 45.6 kyr)  LC 95 2.3 
   (90) (5.3) 
  BI (90) (2.1) 
   (90) (2.6) 
   (90) (3.0) 
   (90) (4.0) 
   95 28.7 
  Azpeitia nodulifera 95 2.6 
   (90) (2.9) 
   (90) (3.3) 
   95 7.0 
   (90) (9.1) 
D-O 12 middle 98 OC (90) (3.3) 
   (90) (4.5) 
  LC 99 3.2 
   (90) (11.3) 
  BI 95 3.5 
  Azpeitia nodulifera 95 3.0 
   (90) (3.5) 
D-O 12 base 207 OC (90) (2.2) 
   95 2.4 
   (90) (3.7) 

 
   (90) 

90 

(19.5) 
  LC 95 4.0 
  BI (90) (2.2) 
   95 2.8 
   99 3.2 
   95 4.2 
  Azpeitia nodulifera 99 3.5 
 

Table 1b.  Summary of the significant peaks identified from spectral analysis from the 
interval spanning the transition into Dansgaard-Oeschger interstadial 12 . OC = diatom 
ooze thickness component, LC = lithogenic thickness component, BI = bioturbation index, 
diatom species names = the occurrence of near-monospecific laminae of given species. 

 

4. Discussion 
 

4.1.  Significant spectral peaks and possible mechanisms 

 

Tables 1a and b and Figs 7 - 10 show that the majority of the significant periods identified 

lie within 2 – 7 years, indicating that ENSO may form the dominant mechanism behind the 

interannual variability in the laminated sediment record.  ENSO can be subdivided into two 

primary frequency bands, one centered at a 2 – 3 year quasibiennial (QB) period and the 
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other at lower frequencies noted as either a 4 – 6 year quasiquadrennial (QQ) band (Jiang 

et al., 1995, Ribera and Mann, 2002, Gaucherel, 2010) or as a 3 – 7 year low frequency 

(LF) band (Barnett, 1991, Mann and Park, 1996, Allan, 2000, Tourre et al., 2001).  

 

ENSO currently forms the dominant control on interannual variability in the Gulf (e.g. Bray 

and Robles, 1991).  El Niño events bring increased penetration of tropical surface waters 

to the Gulf due to coastally trapped Kelvin waves which propagate poleward along the 

eastern tropical Pacific, most commonly during boreal winter (Baumgartner and 

Christensen, 1985, Strub and James, 2002b, Strub and James, 2002a, Lavín et al., 2003).  

Conditions in the Gulf associated with La Niña events include negative SST anomalies, 

(Soto-Mardones et al., 1999, Lavín et al., 2003, Herrera-Cervantes et al., 2007) and 

positive chlorophyll a anomalies (Herrera-Cervantes et al., 2010).  The various 

mechanisms in which ENSO may affect each dataset analysed here are discussed in 

section 4.2.    

 

Significant decadal and/or multidecadal periodicities occur in the LH and D-O 12 top 

bioturbation index datasets and occur across all datasets in the LGM interval (Fig. 2, 

Tables 1a and b).  Several bands of decadal/multidecadal periodicities are identified within 

or originating from the Pacific, see Table 2.  The majority are linked to ENSO or follow 

ENSO-like patterns of variability, for example, White and Liu (2008) identify a 

quasidecadal (QD) ~9 to 13-year oscillation that is attributed to a solar-driven  ENSO-like 

delayed oscillator mechanism.  One of the most commonly reported oscillations in the 

Pacific is the Pacific Decadal Oscillation (PDO) (Table 2), whose index is defined as the 

leading empirical orthogonal function of North Pacific monthly SST anomalies, poleward of 

20oN (e.g. Mantua et al., 1997). The PDO has a similar climatic fingerprint to ENSO, 

though involving east-west shifts in the position of the Aleutian Low and typically oscillates 

over 20-30 years (Zhang et al., 1997, Mantua and Hare, 2002).  Biondi et al., (2001) 

suggest that the PDO forms the dominant control on decadal/multidecadal variation in the 

North Pacific.   

 

Decadal/multidecadal variability in the modern Gulf SST record is shown to follow the 

PDO (Lavín et al., 2003, Lluch-Cota et al., 2010). Decadal/multidecadal periods haven 
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been found in past climate records from the central Gulf, for example, cycles with periods 

of ~11, 22-24 and ~50 years were identified from the occurrence of T. longissima mats in 

a late Holocene BSEI-analysis of laminated sediments (Pike and Kemp, 1997). In addition 

a record spanning the past two centuries from the central Gulf (Dean et al., 2004), 

demonstrate that cycles of %Ti (which is related to winter precipitation) are in good 

agreement with PDO.  Barron and Anderson (2011)  identified large scale spatial patterns 

in Holocene records from the eastern North Pacific margin and suggest that the PDO was 

in a predominantly negative or La Niña-like phase in the early-mid Holocene and in a 

predominantly positive phase or El Niño-like in the late Holocene. 
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Reference Data/Model Periodicity (yrs) Mechanism/ index 

Allan (2000) Historical GISST3.0* 
and GMSLP2.1f**  
from 1871 - 1994 

11 – 13,15 – 20 

20 – 30 

Protracted ENSO 

ENSO-like structure 

Chao et al. (2000) 1903 – 1994 SST 
(GISST) 15 – 20 Tropical and extra tropical processes 

Enfield and Cid (1991) Historical compilation 
of strong El Niño 

episodes since 1525 
by Quinn et al. (1987) 

7.8, 11.8 Solar modulation of strong El Niño 
events 

Mann and Park (1994) Land air and sea 
surface temperature 

anomalies 1981 - 
1990 

15 – 18 Long-term ENSO variability 

Mann and Park (1996) Joint historical 
Northern Hemisphere 
air temp and MSLP 
from 1899 - 1993 

16 - 18 Weak influence of this signal on low-
frequency ENSO-like variability 

Mantua and Hare 
(2002) Leading EOF of North 

Pacific SST 

15 – 25 

50 – 70 

PDO 

PDO 

Minobe (2000) Winter-spring SLP 
field over North 

Pacific and surface 
air-temperature in 

North America, 1899 - 
1999 

10 – 30 

30 – 80 

 

PDO Index/North Pacific Index 

Different mechanism but ‘interacts’ with 
PDO 

Tourre et al. (2001) Pacific Ocean (30oS – 
60oN) SST and SLP 

1900 – 1991 

9 – 12 

12 – 25 

Same basic physics as ENSO 

Different physical process to decadal 
oscillation 

White et al. (2003) SST, zonal surface 
wind, wind stress curl 

1955 - 1999 
~11 ENSO-like delayed oscillator 

mechanism 

White and Liu (2008) Fast Ocean-
Atmosphere Model 

(FOAM) 

9 – 13 

 

Solar modulation of ENSO-like delayed 
oscillator mechanism 

Zhang et al. (1997) Global SST and SLP 
1900 - 1993 

(1976 – 1977 
climate shift) ENSO-like pattern 

 

Table 2 Pacific decadal/interdecadal oscillations from instrumental observations and 
historical data (*GISST stands for Global ice and sea surface temperature, ** GMSLP 
stands for Global mean sea-level pressure.) 
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4.2.  Possible mechanisms accounting for significant spectral peaks for 
each dataset 

 

The diatom ooze thickness data may include one or more lamina per varve that is 

dominated by diatom frustules.  Sediment trap studies from the central Gulf show 

significant opal flux, which is principally composed of diatoms, occurs from November 

through to March (Sancetta, 1995, Thunell, 1998).  The opal flux may consist of up to 

three components including a spring upwelling flux of Chaetoceros spp. resting spores 

and vegetative cells, a fall dump flux of large diatoms in late autumn/early winter and a 

mixed diatom assemblage deposited through winter as a result of upwelling (Sancetta, 

1995, Thunell, 1998).  Whilst laminae resulting from both spring upwelling flux and fall 

dump type flux are present in the LH, EH, B-A and LGM intervals, mixed diatom 

assemblage laminae form the overwhelming majority of the diatom ooze laminae in these 

intervals (79 %, 63 %, 77 % and 84 % respectively.)  Hence, in these intervals the diatom 

ooze component principally comprises of a mixed diatom assemblage that results from 

winter upwelling.  Disruption of the winter nutrient supply during an El Niño event from 

either a weakening of the northwesterly winds or the upwelling of nutrient depleted water 

due to a deepened thermocline (Robles and Marinone, 1987) has been shown to result in 

a negative chlorophyll a anomaly for the duration of an El Niño event (Kahru et al., 2004) 

and lower opal flux in the central Gulf (Sancetta, 1995, Thunell, 1998).  Hence, an El Niño 

signal in the diatom ooze component for the Holocene, B-A and LGM intervals would be 

represented as a decrease in diatom ooze lamina thickness.  Herrera-Cervantes et al. 

(2010) also note an increase in surface chlorophyll a during the 1999-2000 La Niña event, 

suggesting that a La Niña event may be recorded by an increase in diatom ooze lamina 

thickness.  Significant periods in both the QB and LF ENSO bands are observed above at 

least the 95% confidence level in the EH and BA intervals (Table 1a, Fig. 2a&b).  

Prominent peaks observed within the LF band in the LH together with peaks in the QB 

and LF ENSO bands in the LGM interval are also considered significant though meeting 

only the 90% confidence levels (Table 1a, Fig. 2a&b).  

 

In the D-O 12 interval thick (1.27 mm on average) near-monospecific laminae of A. 

nodulifera are common, comprising a third of the diatom ooze laminae.  Azpeitia 

nodulifera is a warm-water oceanic species (Fryxell et al., 1986), which in central Gulf 
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sediment trap data has been shown to increase in abundance during El Niño events 

(Sancetta, 1995), potentially reflecting an increase in transport into the Gulf of A. 

nodulifera with tropical Pacific waters during El Niño events.  Near-monospecific laminae 

of (large) A. nodulifera are thought to follow a fall dump mode of production and 

deposition.  The term fall dump refers to a group of large diatoms that are adapted to grow 

within a deep chlorophyll maximum (DCM) in a stratified water column, and are then 

deposited when water column stratification breaks down (Kemp et al., 2000). Growth at 

depth renders any DCM blooms impossible to detect from satellite ocean colour 

measurements.  Since prolonged stratification of the water column is associated with El 

Niño events in the Gulf (e.g. Robles and Marinone, 1987), near-monospecific laminae of A. 

nodulifera likely represent past El Niño events.  This complicates the relationship between 

El Niño events and diatom ooze component thickness, as A. nodulifera laminae will 

increase the diatom ooze thickness whereas El Niño events may lead to reduced winter-

spring productivity and flux and hence lead to thinner diatom ooze laminae.  This may 

contribute towards the lower confidence attributed to ENSO periodicities in the D-O 12 

diatom ooze component data, see Table 1b, Fig. 2 c&d.   

 

The lithogenic component of each varve comprises principally of clay with small amounts 

of silt and a minor diatomaceous component.  Central Gulf sediment trap data shows 

lithogenic fluxes are high during summer (June – September), when stratified conditions 

prevail and biogenic fluxes are low (Thunell, 1998).  The lithogenic component is 

suggested to originate from re-suspended shelf sediments that occur due to summer 

storm activity and/or aeolian input of material suspended in summer convective storms 

(Baumgartner et al., 1991).  Summer storm activity is related to the North American 

Monsoon (NAM) and the incursion of tropical storms into the Gulf.  During El Niño events 

the intertropical convergence zone (ITCZ) occupies a more southerly position, resulting in 

a dryer monsoon in northwest Mexico (and potentially fewer storms) (Higgins et al., 1999, 

Higgins and Shi, 2000) and is also suggested to lead to an environment that is 

unfavourable for the development of tropical storms (Reyes and Mefia-Trejo, 1991, 

Engelhart and Douglas, 2001).  The thickness of the lithogenic component would 

therefore be expected to decrease during El Niño years.  Peaks for the lithogenic 

component thickness occur within the LF ENSO band at "95 % confidence level (CL) in all 

intervals except D-O 12 top where only the 90 % CL is reached (Fig. 3, Tables 1a and b).  
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Peaks within the QB ENSO band are noted at !95 % CL in the LGM interval and the D-O 

12 top segment and at 90 % CL in the EH and B-A intervals (Fig. 3 b&c, Tables 1a and b). 

 

Bioturbation levels in the central Gulf reflect the intensity of the OMZ, which is determined 

by both the ventilation of North Pacific Intermediate Water (NPIW) and by the bacterial 

oxidation of organic matter delivered as flux from surface productivity.  Recent records of 

satellite chlorophyll a (Kahru et al., 2004, Herrera-Cervantes et al., 2010) and of opal flux 

to central Gulf sediment traps (Thunell, 1998), indicate that during an El Niño (La Niña) 

event primary productivity in the central Gulf decreases (increases).  The subsequent 

decrease (increase) in the oxidation of organic matter suggests an increase (decrease) in 

bioturbation during El Niño (La Niña) events.  The occurrence of near-monospecific 

laminae of fall dump taxa associated with El Niño events may complicate the relationship 

by decreasing bioturbation levels.  In addition, during an El Niño event NPIW may become 

less well ventilated (Van Scoy and Druffel, 1993, Min et al., 2000) leading to a decrease in 

bioturbation in the Gulf.  However, if productivity is the principal factor in determining 

bioturbation levels in the Gulf (e.g. when productivity levels are high) ENSO may be 

responsible for any interannual variability in bioturbation levels. 

 

Thalassiothrix longissima is an open ocean, pennate diatom species that forms part of the 

fall dump assemblage (Kemp et al., 2000).  Cells are solitary or may occur as tangled 

mats that are suggested to be advected into the Gulf with warm tropical Pacific waters 

(Pike and Kemp, 1997).  As for A. nodulifera, T. longissima is therefore an indicator of 

warm stratified conditions in the central Gulf.  A stratified water column occurs due to the 

summer influx of tropical waters into the Gulf, which increases in El Niño years 

(Baumgartner and Christensen, 1985, Strub and James, 2002b, Strub and James, 2002a, 

Lavín et al., 2003).  Therefore the peaks in the ENSO periodicity band indicated in the 

spectra calculated from the occurrence of near-monospecific laminae of T. longissima and 

the occurrence of near-monospecific laminae of A. nodulifera (Tables 1a and b, Figs 5 & 

6) are suggested to reflect El Niño events. 
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4.3.  Significant spectral peaks across intervals  
 

Frequencies within the modern ENSO bands dominate the records of past climate 

variability from the central Gulf presented here.  Evidence from annually resolved records 

(for example, corals and varved sediments) indicates that ENSO has been functioning (at 

least within the intervals studied) over at least the past 160 kyr (Hughen et al., 1999, Bull 

et al., 2000, Tudhope et al., 2001).  However, gaps exist in the late Quaternary ENSO 

record as high-resolution records of past ENSO variability suffer from being short in length 

(e.g. Tudhope et al., 2001) or are of low resolution resulting in the indirect inference of 

interannual variability (e.g. Koutavas et al., 2002).  Hence, the records presented here 

have the potential to provide insight into possible relationships between ENSO variability 

and changes in the mean climate state.   

 

4.3.1. The Holocene intervals (~2 kyr and 8.3 – 8.6 kyr) 
 

When including peaks at !90 % CL, periodicities within the QB and LF ENSO bands are 

observed across all datasets in EH interval, however only periodicities in the LF band are 

observed in the LH interval (Table 1a, Figs 2a, 3a, 4a, 5).  When only peaks at !95 % CL 

are taken in to account no significant periodicities occur in the LH ooze component 

thickness and the number of significant peaks in the QB band in the EH interval are 

reduced a single peak in the diatom ooze component thickness dataset (Figs 7 - 10).   

 

Holocene climate records appear to indicate that interannual/ENSO variability across the 

tropical Pacific in the early and mid-Holocene was weaker than at present.  For example, 

studies of storm-induced debris flows from a lake in southern Ecuador, which in the 

modern tend to be associated with El Niño events, show an increase in the occurrence of 

strong El Niño episodes from the early to the late Holocene (Rodbell et al., 1999, Moy et 

al., 2002).  Coral records from Papua New Guinea also record a decrease in ENSO 

frequency and amplitude relative to the late Holocene during the early and mid-Holocene 

(Tudhope et al., 2001, Woodroffe et al., 2003, McGregor and Gagan, 2004). However, 

using the intrapopulation distribution of single specimen planktonic foraminifera "18O, 

Leduc et al. (2009) find no statistically significant difference between eastern equatorial 
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Pacific thermocline variability in the early and late Holocene, indicating no change in 

ENSO variability.  Clement et al. (2000), using the Zebiak-Cane coupled ocean-

atmosphere model (Zebiak and Cane, 1987), suggest that the Holocene increase in 

ENSO variability is orbitally driven through the ‘ocean dynamical thermostat mechanism’ 

identified in (Clement et al., 1996).  In this mechanism a zonally uniform atmospheric 

heating of the equatorial Pacific creates a uniform SST anomaly, however the 

atmospheric response to a uniform SST anomaly is larger in the western Pacific, where 

SSTs are warm year-round than in the eastern Pacific, where SSTs are cooler and 

atmospheric convection is suppressed, resulting in the creation of an easterly wind 

anomaly (Clement et al., 1996, Clement et al., 2000).  In the mid-Holocene perihelion 

occurred in the middle of the calendar year resulting in a uniform SST anomaly, which is 

suggested to result in an easterly wind anomaly capable of creating a cooling anomaly in 

the EEP by September, which is the time of year when El Niño events tend to develop 

resulting in the suppression of large events (Clement et al., 1996, Clement et al., 2000).  

The increase in ENSO frequency over the Holocene reported in Clement et al. (2000) 

does not necessarily contradict the ENSO frequencies reported here, as the increase in 

frequency in Clement et al. (2000) refers only to events with a Niño3 index SST anomaly 

of >3oC which corresponds to large events, e.g. the 1997/1998 El Niño.  In a further study 

using the Fast Ocean-Atmosphere Model (FOAM), Liu et al. (2000) find a reduced ENSO 

intensity in the early and mid-Holocene in comparison to the modern ENSO and attribute 

this to a combination of an increased walker circulation due to intensification of the Asian 

summer monsoon and subduction of warm water from the South Pacific into the 

Equatorial thermocline.  

 

BSEI-analysis indicates that the climatic conditions in the Gulf differed for the late 

Holocene and early Holocene intervals.  The mean lithogenic component thickness is 0.85 

mm (standard deviation (s.d.) 0.49 mm) for the LH as opposed to 0.47 mm (s.d. 0.28 mm) 

for the EH, indicating that on average summer precipitation/storminess is higher in the LH 

than in the EH.  Varves in the LH interval generally comprise of a lithogenic and a mixed 

assemblage lamina.  Varves in the EH interval comprise of on average three laminae per 

varve and may contain a lithogenic laminae followed by a near-monospecific laminae of 

large diatoms that is representative of growth during summer stratification, followed by a 

mixed assemblage lamina (winter upwelling) and a Chaetoceros setae ooze laminae 

(spring upwelling).  The EH interval therefore contains varves which can fully reflect the 
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current seasonal cycle of diatom production and flux as described from central Gulf 

sediment trap data (Sancetta, 1995).  Bioturbation levels are lower in the EH than in the 

LH (mean bioturbation index of 2.40 and 3.02 respectively).  The BSEI-analysis therefore 

indicates that the EH interval reflects a cycle of diatom production and flux that is close to 

the modern, where as the LH diatom production principally reflects winter upwelling.  In 

addition, summer rainfall/ storminess may have been higher in the LH.   

 

Frequencies within the ENSO bands consistently occur in both of the Holocene intervals 

despite contrasting climatic conditions indicated by the BSEI analysis, see Figs 7 and 8.  

In general the LH interval is characterized by LF periods and the EH interval is 

characterized by the occurrence of periods in both the QB and the LF ENSO bands.  

There is no consensus on the mechanisms behind the differing ENSO bands, for example, 

Jiang et al. (1995) speculates that the QQ is the fundamental ENSO mode with QB 

periods originating as a by-product of the interaction with the seasonal cycle.  Gaucherel 

(2010) suggest that the QB frequency band is associated with the atmospheric (southern 

oscillation) component of ENSO whereas the QQ period is associated with the oceanic 

component of ENSO.  Following the Gaucherel (2010) study the BSEI data suggests that 

only the ‘oceanic’ ENSO component was dominant during the LH interval.  

 

The occurrence of modern ENSO frequency bands in the Gulf data appears to contradict 

the studies discussed which describe reduced ENSO variability during the early Holocene.  

However the Ecuadorian flood deposits (Rodbell et al., 1999, Moy et al., 2002) and model 

results (Clement et al., 2000) only reflect strong El Niño events and hence do not give a 

complete picture of ENSO variability.   

 

4.3.2. The Bølling-Allerød and Last Glacial Maximum intervals 

 

In the B-A interval, peaks in the QB and LF bands at !95 % confidence level occur in all 

datasets except for the lithogenic component thickness (90 % CL).  In the LGM interval 

peaks in the QB and LF bands occur at the 90 % CL in the diatom ooze thickness data, 

and at the 95 % CL in the lithogenic component thickness and in the QB band in the 
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bioturbation index.  The LGM is notable as it is the only interval with decadal/multidecadal 

periodicities across all datasets, potentially indicating a low frequency mode of ENSO 

variability or a PDO signal in the record.  However, it is difficult to characterise 

multidecadal periodicities as the range of periodicities resolved widens with the length of 

the period, for example, for the LGM bandwidth a peak at 2.5 years represents 

periodicities spanning 2.3 to 2.6 years, where as a peak at 11.4 years represent the 

periodicities spanning 9 – 15 years and a peak at 25.1 years represents the periodicities 

spanning 16 – 60 years. 

 

There appear to be no other high-resolution records or modeling studies with a focus on 

the B-A.  Records and modeling studies from the LGM (21 ka) provide contrasting results.  

For example, Leduc et al. (2009) find evidence for reduced ENSO activity during the LGM 

from the comparison of two time slices at 19.4 ka and 23.6 ka to other intervals spanning 

the past 52 kyr.  Some models suggest increased ENSO activity including Otto-Bliesner et 

al. (2003) and An et al. (2004), where as the model used in Otto-Bliesner et al. (2005) 

reports a decrease in ENSO variability for the LGM.  In addition in a modeling 

intercomparison study, Zheng et al. (2008) state that only two models give significant 

changes in ENSO variability for the LGM relative to the present and they have opposing 

results.   

 

BSEI-analysis reveals that in both the B-A and LGM intervals varves generally consist of a 

lithogenic lamina and a mixed assemblage lamina.  Near-monospecific laminae, which 

may indicate stratified or spring upwelling conditions in the Gulf are rare in both intervals.  

Mean opal (%) values from core MD02-2515 (Pichevin et al., 2012), suggest that 

productivity is higher in the B-A interval (mean opal 29 %) than in the LGM interval (mean 

opal 22 %).  The mean thickness of the lithogenic component is slightly thicker for the 

LGM interval (0.93 mm) than for the B-A (0.72 mm) though the thickness is highly variable 

for (s.d. 0.68 and 0.67 mm respectively).  The lithogenic component in the LGM interval 

contains a higher abundance of silt than other intervals, which may be due to increased 

shelf exposure due to lower sea level and/or due to wetter/stormier summers.  Hence, as 

for the LH and EH intervals, there is a contrast between an interval with high productivity 

(the B-A) and an interval with lower productivity and a less arid climate (the LGM interval).  

As in the Holocene intervals, frequencies within the modern ENSO frequency band occur 
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in both the B-A and LGM intervals despite differing climatic conditions in the Gulf.  

However, unlike the Holocene intervals both the B-A and LGM intervals are characterized 

by frequencies within the QB and LF ENSO bands.  In the LGM interval the consistent 

appearance of decadal/multidecadal periodicities, including ~10, 16 and 25 years, across 

the diatom ooze thickness, the lithogenic thickness and bioturbation datasets indicates the 

PDO may have been more prominent/had a comparatively greater influence on the Gulf. 

  

4.3.3.  Transition into D-O 12 
 

The D-O 12 base, middle and top segments span a transition from near-stadial to near-

interstadial conditions.  When peaks at the 90 % CL are included, peaks in the LF ENSO 

band are present in all datasets from all D-O 12 segments except for the D-O 12 top ooze 

thickness component (Table 1b, Figs 6 a&b.  Peaks in the QB ENSO band are absent 

from all of the datasets from the D-O 12 middle segment, and from the D-O 12 base 

lithogenic thickness component and occurrence of A. nodulifera datasets (Table 1b, Fig. 6 

a&b).  Therefore significant periodicities within one or both of the ENSO bands are found 

for all datasets throughout the transition.   

 

A lack of variation in ENSO variability with millennial scale climate change is noted by 

Leduc et al. (2009) who find little/no difference in ENSO variability between D-O 

interstadial 8 and the adjacent Heinrich event 4.  However, Leduc et al. (2009) report that 

the greatest ENSO variability from sections spanning the past 52 ka is early marine 

isotope stage (MIS) 3 (D-O interstadial 14, approximately 52.1 ka).  This contrasts with 

Tudhope et al. (2001) who find weaker ENSO variability compared to modern in early/mid 

MIS 3 coral records spanning 38 – 42 ka. 

 

BSEI analysis reveals the transition from near-stadial to near-interstadial conditions is 

marked by a transition from an alternation between varves where either an A. nodulifera 

or a mixed assemblage dominates the diatom assemblage, to an alternation between 

varves where either an A. nodulifera or a Chaetoceros setae ooze lamina dominate the 

diatom ooze component.  Near-monospecific laminae of (large) A. nodulifera are 
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considered to represent prolonged stratification of the water column in the Gulf due to the 

incursion of tropical Pacific waters, and as such are suggested to represent past El Niño 

events.  This is supported through the finding of El Niño periodicities in the A. nodulifera 

lamina occurrence datasets (Table 1b).  The occurrence of near-monospecific laminae of 

A. nodulifera through the transition into D-O 12 is thought to result from intense El Niño 

events, hence may reflect an increase in El Niño amplitude for the transition.  Time series 

analysis and the occurrence of A. nodulifera laminae indicate that ENSO was active 

throughout the laminated segments spanning the transition into D-O interstadial 12.  

Including the peaks significant at the 90 % CL, LF ENSO periods are present in all D-O 12 

segments (except for the D-O 12 top ooze thickness component dataset) indicating LF 

ENSO variability was a constant feature of the transition.  QB ENSO periods occur in all 

D-O 12 top datasets and in the D-O 12 base ooze thickness component data and the D-O 

12 top bioturbation index.  Periodicities indicative of strong ENSO events occur only in the 

diatom ooze and bioturbation datasets in the D-O 12 top segment.   

 

5. Conclusions 
 

Spectral analysis of thickness variations in diatomaceous and lithogenic varve 

components, and of the occurrence of selected near-monospecific laminae and a 

bioturbation index records for five intervals spanning the past ~ 45.5 kyr, displays strong 

variance in the ENSO frequency band.  The occurrence of ENSO and the teleconnections 

that transmit the ENSO signal to the Gulf therefore appear to be independent of changing 

conditions in the Gulf and potentially independent of changes in the background climate 

state with ENSO variability instead arising from dynamics internal to the ENSO system 

itself as suggested by Cobb et al. (2003).  However, a response to changing background 

climate may be indicated by the occurrence of QB and LF ENSO periods.  The EH, B-A 

intervals and D-O 12 base segment are all characterized by ENSO variability at both the 

QB and LF ENSO periods.  The LH interval and D-O 12 middle segment are characterized 

by LF ENSO periods and the D-O 12 top segment contains peaks within the QB and 

strong ENSO bands.  Significant decadal/multidecadal frequencies are found across all 

datasets only in the LGM interval suggesting an increased influence of the PDO on the 

Gulf for this interval.  Near-monospecific laminae of A. nodulifera are suggested to 

indicate that El Niño amplitude may have been greater relative to other intervals for the 
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interval spanning the transition into D-O interstadial 12.  It is possible to comment on El 

Niño variability due to the association of El Niño events with near-monospecific laminae of 

T. longissima and near-monospecific laminae of A. nodulifera, however since no similar 

association(s) with La Niña events are currently described it is not considered possible at 

present to determine El Niño vs La Niña variability using this record. 
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Chapter 7 

Conclusions and Suggestions for Future Research 
 

1. Conclusions 
 

 

SEM-based analysis has enabled the reconstruction of the seasonal cycle of production 

and flux in the central Gulf of California from 5 intervals spanning the past   ~ 45.6 kyr.  

The seasonal associations of different lamina types were determined through comparison 

with sediment trap studies (Sancetta, 1995, Thunell, 1998) and through the known 

environmental associations of specific diatoms.  Reconstruction of the seasonal cycle 

indicates that laminated sediments formed varves consisting of annual couplets 

comprising of a lithogenic and diatom ooze component in all intervals studied.  Diatom 

ooze laminae relate to individual elements of the diatom flux cycle, which consists of three 

principal components attributed to winter upwelling, spring upwelling and deposition in late 

autumn/early winter resulting from taxa that grew under summer stratified conditions 

(Sancetta, 1995, Kemp et al., 2000).  Diatom ooze laminae that comprise of a mixed 

assemblage are attributed to the winter upwelling flux. Laminae that contain a near-

monospecific diatom assemblage form as a result of large bloom events, which may occur 

during upwelling or under stratified conditions.  It is suggested that the lithogenic laminae 

result from re-suspension of shelf sediments that are riverine in origin, however alternate 

mechanisms such as an aeolian source (Baumgartner et al., 1991) cannot be ruled out. 

 

Varves with a diatomaceous component that reflects only the winter upwelling season are 

common in all intervals, indicating the persistence of the northwesterly winter winds, which 

are due to the seasonal movement of the North Pacific High.  Varves with a diatomaceous 

component that contains near-monospecific laminae of Chaetoceros setae ooze, which 

are indicative of spring upwelling, are only common in the early Holocene interval, the 

Bølling-Allerød (B-A) interval and the top section of the transition into Dansgaard-

Oeschger!interstadial 12 (D-O 12) (Table 1), indicating that in these intervals the strong 

northwesterly winds were more likely to persist into spring.  Laminae that are indicative of 

stratified conditions are common in all intervals except for the B-A and LGM.  The laminae 
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indicative of stratified conditions vary between intervals, for example, in the late Holocene 

(LH) interval near-monospecific laminae of large Coscinodiscus or Thalassiothrix 

longissima are common whereas in the early Holocene (EH) interval near-monospecific 

laminae of Rhizosolenia, large Coscinodiscus or T. longissima are common (Table 1).  

Near-monospecific laminae of A. nodulifera are common only in the D-O 12 interval.  

 

The seasonal cycle of diatom production and flux varies between intervals studied.  The 

LH, B-A and LGM intervals contain mostly lithogenic and mixed assemblage couplets. The 

EH interval may contain the full modern sequence of diatom flux.  The DO-12 interval 

comprises of an alternation between varves containing mixed assemblage laminae and 

varves containing near-monospecific laminae of Azpeitia nodulifera in the base and 

middle sections and alternates between varves containing near-monospecific laminae of 

Chaetoceros setae ooze and near-monospecific laminae of A. nodulifera in the top 

section.  Hence, during the transition from stadial to interstadial the productivity regime in 

the central Gulf progressed from production and flux from either stratified conditions or 

production from winter upwelling to a seasonal cycle which encompassed production 

resulting from spring upwelling and/or prolonged stratification of the water column.  

 

Abundant A. nodulifera dominated laminae (1.27 mm thick on average) occur throughout 

the interval spanning the transition into D-O interstadial 12.  Azpeitia nodulifera is an 

equatorial oceanic species, and therefore indicates incursions of tropical Pacific waters 

into the Gulf.  Evidence from the laminated sediment record and a review of the ecology 

and distribution of A. nodulifera, indicates that large (> 60 µm) A. nodulifera form one of a 

number of giant diatoms adapted to grow at depth in a shade flora.  BSE imagery shows 

abundant dividing cells of A. nodulifera indicating vegetative reproduction during bloom 

conditions prevailed and were interrupted when disruption of the water column triggered 

mass sinking and deposition.  The common occurrence of dividing cells is exceptional in 

studies of laminated sediments.  Disruption of the water column may have occurred due to 

the seasonal break down of the thermocline or the effects of storms.  In the modern Gulf, 

increases in the abundance of A. nodulifera are associated with El Niño conditions, which 

include a stratified water column associated with incursions of tropical water.  We interpret 

the A. nodulifera dominated laminae to record past El Niño events.  The extent and 

thickness of these laminae suggest periods of strong and persistent El Niño occurrence 

throughout this transition from near stadial to near-interstadial conditions, despite the 

suggestion that stadials in the Gulf are associated with El Niño-like conditions (Sancetta, 

1995, Barron et al., 2005).  This indicates that using seasonal/interannual analogues to 
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explain millennial-scale variability may not be appropriate as discussed in McClymont et 

al., (2012).  

 

An SEM-based bioturbation index allows the investigation of interannual variation in 

bioturbation levels in laminated sediments from the central Gulf.  The occurrence of large 

diatom flux events that result in the deposition of near-monospecific laminae is suggested 

to influence lamina preservation at the seasonal scale.  Intervals with the greatest number 

of near-monospecific laminae have the lowest mean bioturbation index, indicating that the 

bacterial oxidation of the large, instantaneous flux of organic carbon associated with the 

deposition of near-monospecific laminae lowers bottom water oxygen concentrations, 

suppressing the benthic fauna and therefore lowering bioturbation levels. The 

number/thickness of near-monospecific laminae per interval are highly correlated with the 

mean opal (%) for each interval.  This suggests that the near-instantaneous increase in 

silicic acid concentrations associated with the deposition of near-monospecific laminae 

aids diatom preservation.  It is suggested that El Niño-Southern Oscillation (ENSO) forms 

the dominant control on interannual variations in bioturbation in laminated sediments 

through ENSO-controlled variations in North Pacific Intermediate Water ventilation or in 

surface productivity.  

 

Table 1 contains a synthesis of the main results from this thesis including the structure of 

the seasonal cycle of diatom production and flux, the number and type of near-

monospecific laminae and the significant spectral peaks found in each dataset.  Spectral 

analysis of thickness variations in diatomaceous and lithogenic varve components, and of 

the occurrence of selected near-monospecific laminae and a bioturbation index shows 

significant periodicities in the ENSO frequency band, see Table 1.  The occurrence of 

ENSO and the teleconnections that transmit the ENSO signal to the Gulf therefore appear 

to be independent of changing conditions in the Gulf and potentially independent of 

changes in the background climate state with ENSO variability instead arising from 

dynamics internal to the ENSO system itself (e.g. features may vary in the absence of any 

external forcing) as suggested by Cobb et al. (2003).  However, a response to changing 

background climate may be indicated by the variation in the occurrence of the quasi-

biennial (QB) and low frequency (LF) ENSO bands.  When taking into account all datasets 

for a given interval the LH and D-O 12 middle segments contain LF ENSO frequencies 

only.  The EH, B-A and D-O 12 base segments have both QB and LF ENSO frequencies 

and the D-O 12 top segment has QB and strong ENSO frequencies.  Hence though 

variations in the presence of QB and LF ENSO frequencies are apparent there are no 
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clear associations between the reconstructed seasonal cycle of diatom productivity and 

flux and the different ENSO frequency bands, Table 1.  

 

 
Table 1. Summary of the principal features of the intervals studied. 

 

In summary, Table 1 shows that the LH interval is characterized by the occurrence of 

winter upwelling, relatively high levels of bioturbation and by significant periodicities within 

the LF ENSO band.  The EH interval is characterized by a diatom cycle of production and 

flux that closely resembles the modern, low levels of bioturbation and significant spectral 

peaks in both the QB and LF ENSO frequency bands.  The B-A interval is characterized 

by a seasonal cycle that incorporates a winter upwelling component and that less 

frequently includes a spring upwelling component, and encompasses both the QB and LF 

ENSO frequency bands.  Diatom production and flux in the Last Glacial Maximum (LGM) 

interval is again dominated by winter upwelling.  Significant spectral peaks are identified in 

the QB ENSO band and quasidecadal or multidecadal periodicities are identified in all 

LGM datasets, indicating that the Pacific decadal oscillation may have had an increased 

influence on the Gulf through this interval.  The D-O 12 interval shows changes in 

interannual variability alongside a transition in the mean climate state.  This is observed in 

both the seasonal cycle of diatom production, which incorporates winter upwelling or 

stratified conditions in the segments closer to the stadial and incorporates spring 

upwelling and/or stratified conditions in the segment closer to interstadial conditions and in 

changes in the occurrence of QB or LF ENSO periodicities through the transition (Table 
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1).  The D-O 12 interval is notable for the consistent occurrence of near-monospecific 

laminae of A. nodulifera, a species that has not been observed to form blooms in the 

modern ocean. 

 

2. Suggestions for Future Research 
 

• Assess any long-term variability in the amplitude and frequency of the significant 

cycles identified in the time series presented through the use of wavelet analysis.   

• Improve confidence and resolution in spectral estimates through the extension of 

current records and/or through the identification of core sections from which longer 

records can be constructed.  Longer records will be of particular benefit in the 

identification of quasidecadal and multidecadal frequencies.   

• Investigate further intervals of particular interest, for example, the transitions into 

and out of the Younger Dryas are predominantly laminated and are therefore 

suitable for BSEI analysis. 

• Quantitative diatom analysis from selected near-monospecific laminae together 

with further morphometric analysis of A. nodulifera from near-monospecific 

laminae. 

• Compliment the study of diatom ecology with further micropalaeontological 

analysis, for example, silicoflagellate counts from selected near-monospecific 

laminae.   

• Kalansky et al. (2011) identify variations in diatom bound !15N with diatom size 

fraction and attribute this to the growth of larger diatoms (> 63 µm) at depth within 

a stratified water column.  Near-monospecific laminae from core MD02-2515 form 

ideal material for investigating whether the depth habitat also affects diatom !30Si, 

which responds to silicic acid utilization. 
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