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Abstract
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The late Miocene to Pliocene was a geological time interval of global cooling, albeit in a warmer-
than-present world, which is commonly used as a past analogue for future anthropogenic climate
change. The investigation of marine sediments recovered by the International Ocean Discovery
Program (IODP) sheds light on different paleoclimatic, paleoceanographic and paleobiological
characteristics of this period. The NW Australian shelf represents an interesting area for such
investigation, because it is strategically positioned near the only remaining equatorial warm-
water valve on Earth. In Chapter I and Chapter II, focus is given on calcareous nannofossil
time-series data and records of the element potassium (K), which is mainly delivered by rivers
to the shelf, at IODP Sites U1463 and U1464. Results demonstrate that humid conditions were
probably prevailing earlier than previously thought (at least since ~6 Ma), but that regional
tectonics (basin subsidence) has complicated the identification of the exact onset. In addition,
nannofossil assemblages data and paleotemperature gradients between the shelfal area and the
eastern Indian Ocean reveal a shift in oceanographic and climatic regime that occurred between
5.4-5.2 Ma, as a likely result of an overall long-term increase in seasonality. Finally, an interval
of decreasing nannofossil accumulation rates (fluxes) and a distinct change in the dominant
nannoplankton species occurred between 4.6-4.4 Ma and is hypothesized to be part of broader
changes in ocean nutrient availability.

This hypothesis is further explored in Chapter III and Chapter IV through the investigation
of a well-established period of globally elevated biogenic sedimentation (and related marine
export productivity) known as the late Miocene to early Pliocene biogenic bloom. In Chapter
III, age model accuracy and sample resolution of previously published biogenic sediment
accumulation rate records are evaluated. The compilation of multiple records shows that an
abrupt reduction in ocean paleoproductivity occurred between 4.6-4.4 Ma at (sub)tropical
latitudes. This event coincided with a rather unique configuration of the Earth’s orbit, which
could have led to a weakened Asian monsoon activity and therefore reduced river runoff and
nutrient supply to the ocean. Chapter IV focuses on the comparison between the calcareous
nannofossil assemblages at the NW Australian shelf sites and ODP Site 1264 in the South
Atlantic Ocean, across the termination of the biogenic bloom. Although the overall decrease in
paleoproductivity occurred around the same time, the shift in species dominance across the end
of the biogenic bloom, as shown in the tropical Indian Ocean, is not observed at ODP Site 1264.
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Preface 

“I pace the shallow sea, walking the time between, reflecting on the type of 
fossil I’d like to be. I guess I’d like my bones to be replaced by some vivid 
chert, a red ulna or radius, or maybe preserved as the track of some lug-soled 
creature locked in the sandstone- how did it walk, what did it eat, and did it 
love sunshine?”  

― Ann Zwinger, Downcanyon: A Naturalist Explores the Colorado River 
through the Grand Canyon 

“The paleoclimate record shouts to us that, far from being self-stabilizing, 
the Earth's climate system is an ornery beast which overreacts even to small 
nudges.” 

― Wallace Broecker 
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Many times, during public outreach sessions, when I try to describe what it is 
that I study, I like to take a step back and forget all the technical, complicated 
words we commonly use in our scientific field. I often tell the audience that 
our research starts by drilling holes in the bottom of the ocean and collecting 
snapshots of past times, which are “frozen” in sediment layers, deposited on 
the seafloor one on top of the other like coffee settles on the bottom of a mug. 
After that, we assign an age to each snapshot and place them in a timeline, 
painting a picture for each one of them based on their features, that resembles 
what this period probably looked like, with a final goal to tell a story of chang-
ing climate and species evolution in geological time. Now, many scientists (if 
not all) would agree that this is an oversimplification of what we strive to 
achieve, and they would probably be right. However, keeping a simple version 
of snapshots and puzzle pieces that if placed in the right order can tell us a 
story from (some) beginning to (some) end, helps me tackle the complex pro-
cesses, terms and methods that characterize the science fields called paleocli-
matology and paleobiology. 

Of course, after this oversimplification and following the logical process 
of the scientific method, a series of questions emerge, making things signifi-
cantly more complex. For example, which geological period is more interest-
ing to study and why, and what can the sedimentary archive tell us about the 
current climate and its destiny under global warming conditions? Also, how 
can we derive an estimate of deep-time accurately and which proxy records 
can help us link the paleoclimatic conditions that prevailed million years ago 
to phenomena and processes that we observe today, and we can therefore un-
derstand better? Even more importantly, how did these conditions influence 
the marine biosphere? Were paleoclimatic changes significantly affecting ma-
rine organisms or were they, in some cases, potentially even driven by them?  

In this thesis, I will attempt to answer as many of these questions as possi-
ble choosing the time interval, the area of study and the fossil evidence that 
can give us enough answers to reconstruct each available snapshot of time and 
understand the co-evolution of climate and the biosphere in marine environ-
ments. 
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Introduction 

Why the late Miocene to Pliocene? 
The late Miocene to Pliocene was a geological time interval during which both 
the terrestrial and oceanic systems of the Earth underwent significant changes. 
In terms of paleoclimate, the earlier part of this interval is marked by a global 
cooling and increase in meridional gradients, that occurred in both hemi-
spheres, and led to near-modern ocean temperatures towards the latest Mio-
cene (7-5.4 Ma; Herbert et al., 2016). On land, a large expansion of C4 grass-
lands occurred in the tropics and subtropics (Cerling et al., 1997) and was 
followed by a major turnover in terrestrial mammals, related to this vegetation 
change (Badgley et al., 2008). Following that, the early Pliocene came as a 
warmer period, presenting similar-to-slightly elevated (300-470 ppm) CO2 
levels in the atmosphere (Stap et al., 2016) compared to preindustrial and cur-
rent times. Additionally, the early Pliocene was characterized by global sur-
face temperatures that were higher than today ( 3°C;  Ravelo et al., 2004 and 
references therein), as well as reduced zonal temperature gradients in the 
ocean (Fedorov et al., 2013) and a greatly expanded tropical warm pool 
(Brierley et al., 2009). Towards the end of the Pliocene, a distinct period with 
global annual mean surface temperature 2.7–4.0 °C higher than today 
(Haywood et al., 2013) and elevated sea-level occurred (Dowsett & Cronin, 
1990), and has been termed the mid-Pliocene Warm Period (3.3–3 Ma). All 
the above mentioned paleoclimatic characteristics make the Pliocene a good 
past analogue to investigate Earth’s climate under elevated greenhouse gas 
emissions, which are expected to further increase atmospheric CO2 and sea 
surface temperature (SST) in the coming years.  

Other major climatic systems, such as the East Asian monsoon, which play 
an important role in supplying the oceans with nutrients through weathering 
and major-river discharge, demonstrated high variability and high complexity 
during the late Miocene to Pliocene. The evolution and intensity of the Asian 
monsoon is commonly coupled to the construction of the Himalayan-Tibetan 
orogen and its erosional phases (Clift et al., 2008) and the East Asian monsoon 
(EAM) is thought to have been established already by the early Neogene (~20-
22 Ma; Sun & Wang, 2005). Since then, several hypotheses and a wide variety 
of terrestrial and marine proxies have been used to explain its evolution to-
wards the Pliocene, although different lines of evidence often contradict each 
other. However, through review and synthesis of existing records and after 
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taking into consideration a broad range of proxies, some consensus regarding 
the EAM has been reached over the observation that related chemical weath-
ering was reduced and physical erosion intensified since the middle Miocene 
(Clift et al., 2014).  

The late Miocene to early Pliocene was also very dynamic when it comes 
to major tectonic reorganizations. The constriction of the interoceanic seaways 
around the Central American Seaway led to restricted seawater exchange be-
tween the Atlantic and Pacific oceans by ~4.2 Ma (Haug et al., 2001), with a 
near complete land bridge emerging by ~3.2 Ma (O’Dea et al., 2016). Towards 
the end of the Pliocene (~3.5-3.3 Ma), a shoaling of the Indonesian gateway 
also occurred, leading to an alteration of the Indonesian Throughflow (ITF) 
(Cane & Molnar, 2001; Christensen et al., 2017; Gourlan et al., 2008; Karas 
et al., 2009; De Vleeschouwer et al., 2018), a major current that transports 
warm water from the west Pacific warm Pool (WPWP) southwards into the 
Indian Ocean. Finally, the Messinian Salinity Crisis, which occurred between 
~5.9 to 5.3 Ma, has been attributed to a tectonic reorganization controlled by 
the Atlantic–Mediterranean gateway restriction (e.g., Flecker et al., 2015; 
Krijgsman et al., 2018). 

Paleoclimatic records and Earth’s orbital configuration 
A wide range of evidence from the terrestrial and marine environment can 
help us infer and reconstruct past climatic conditions. Information can be de-
rived by the composition and structure of rocks and sediments, chemical com-
pounds, biologically derived proxy records, fossils, as well as numerical mod-
els and model-data comparisons (e.g., Hutchinson et al., 2021; Jiménez-
Moreno et al., 2019). Sediments recovered from the ocean floor are arguably 
our best chance for continuous, uninterrupted documentation of paleoclimatic 
fluctuations in different time scales. Analysis of such material can reveal in-
formation about the depositional conditions through the relative contribution 
of terrestrial, biogenic and chemical precipitation. Additionally, physical 
properties and measurements of different elements can trace the origin of the 
sediment and inform us about the prevailing climatic conditions during the 
time of deposition. Finally, isotopic ratios, such as the ratio of heavy to light 
stable oxygen isotopes in foraminifera shells, can indicate the presence of ice 
and the temperature of the ocean during the time they calcified (e.g., Lisiecki 
& Raymo, 2005; Rohling & Cooke, 1999; Shackleton, 1967) 

In Figure 1, I illustrate a general overview of the wide range of information 
we can derive for the past by studying the sedimentary archive. In the follow-
ing paragraphs, I will elaborate on the main types of data and methodologies 
that were used to extract paleoclimatic and paleobiological information during 
the course of my studies. All the sediments examined or discussed in this the-
sis come from material recovered by the International Ocean Discovery 
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Program (IODP). IODP is an international research collaboration that uses 
ocean-going research platforms to address important questions in Earth, 
ocean, environmental and life sciences based on drill cores recovered from the 
ocean floor (https://www.iodp.org). 

 
Figure 1. Graphical illustration of the main methodologies we can use and the main 
oceanographic, climatic, sedimentary and biological processes for which we can de-
rive information by studying sediment cores recovered by scientific drilling. All the 
above will be discussed in more detail in the introduction and the chapters of this 
thesis. Image credits: International Ocean Discovery Program drilling vessel “Joides 
Resolution” (IODP Expedition 352, Tim Fulton, IODP/TAMU [Photo ID: 
exp352_052]), calcareous nannofossils in a field of view under the polarized light 
microscope (personal archive), SEM image of a single Emiliania huxleyi coccosphere 
(Cros & Fortuño, 2002). 
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Calcareous nannofossils 
This thesis is mainly based on the collection and interpretation of calcareous 
nannofossil time-series data. These tiny calcite skeletons are produced by ma-
rine phytoplanktonic organisms and can be found in marine sediments around 
the world. The most common nannofossils are coccoliths, which represent the 
individual calcium carbonate plates produced by a group of single-celled algae 
called coccolithophores. Coccolithophores are important for global biogeo-
chemical cycles and have the potential to significantly influence ocean alka-
linity due to their dual role as primary producers and calcifiers. This means 
that they contribute both to the consumption and release of CO2 through pho-
tosynthesis and calcification respectively (Iglesias-Rodríguez et al., 2002). 
Coccolithophores are very common in the modern ocean at all longitudes and 
latitudes and the most fast-growing, opportunistic species can produce mas-
sive blooms that can be seen from space (Figure 2A). On geological time-
scales, calcareous nannofossils are extremely useful across many disciplines 
of earth sciences due to three main characteristics, namely their continuous 
presence in the sedimentary archive since the late Triassic (~220 million years 
ago (Ma); Bown et al., 2004), their good preservation potential and their high 
abundance (Figure 2B). These characteristics make them excellent biostrati-
graphic markers, allowing for many species’ radiations, extinctions and abrupt 
changes in abundance to be used as age control points for recovered sediments 
(nannofossil zonations and biohorizons; e.g., Martini, 1971; Raffi et al., 2020). 
Additionally, calcareous nannofossils can be used as sensitive indicators of 
regional and global paleoclimatic shifts and variation (e.g., Beaufort et al., 
1997; Thierstein & Young, 2004; O’Dea et al., 2014; Bolton et al., 2016; 
Henderiks et al., 2020). More specifically, based on the reconstructed ecology 
of coccolithophore species from modern plankton observations (e.g., 
Baumann et al., 2005), calcareous nannofossils found in sediments and related 
proxies can been used to infer changes in ocean circulation, nutrient availabil-
ity in the photic zone, as well as temperature and upwelling intensity during 
past intervals (e.g., Beaufort et al., 1997; Kinkel et al., 2000; Takahashi & 
Okada, 2000; Zhang et al., 2017). Finally, nannofossil time series can help us 
investigate long-term evolutionary patterns in deep time and understand eco-
logical adaptation, as expressed in morphospecies plasticity and species dis-
tribution patterns (e.g., Šupraha & Henderiks 2020; Hannisdal et al., 2012).   
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Figure 2. From the “Milky way” to a “Starry night”: Calcareous phytoplankton in 
the water column and in the sediment. A. Satellite image of a modern coccolithophore 
bloom (mainly Emiliania huxleyi) in the Barents Sea (NASA image courtesy: Jeff 
Schmaltz, MODIS Rapid Response Team at NASA GSFC). B. Fossilized calcareous 
platelets under the polarized light microscope (personal archive). Millions to billions 
of these nannofossils can be commonly found in a single gram of sediment recovered 
from the bottom of the ocean. 

Biogenic sediment accumulation rates 
Besides calcareous nannofossils, there are a number of other biomineralizing 
phytoplanktonic and zooplanktonic groups that significantly contribute to bi-
ogenic sedimentation on the ocean floor (Figure 3). Amongst the remains that 
these organisms leave behind, the most abundant are the carbonate shells of 
planktonic and benthonic foraminifera and the siliceous skeletons of diatoms, 
radiolaria and some dinoflagellates. If we assume that the abundance of these 
skeletons in the sediment reflects the abundance of the organisms that pro-
duced them close to the time of deposition (no significant preservational bi-
ases), their accumulation rates can be used as a proxy to infer changes in 
paleoproductivity. These rates are usually calculated by multiplying an esti-
mate of the abundance of a biogenically produced chemical compound (e.g., 
weight percentage of CaCO3 per gram) or fossil (e.g., number of cocco-
liths/nannoliths per gram) with the mass accumulation rate (MAR) of the sed-
iment. MARs are calculated by multiplying the linear sedimentation rate 
(LSR) of the sediment, measured in cm/kyr or m/Myr, with the dry bulk den-
sity (DBD), which is measured in g/cm3. Therefore, accumulation rates, which 
are also commonly referred to as “fluxes”, are expressed as a gram of a com-
pound or the number of fossils (N) accumulating over an area in a given unit 
of time (g/cm2 kyr or N/cm2 kyr). This approach for estimating the biogenic 
production of carbonate and silica has been used in various locations around 
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the world to infer paleoproductivity (e.g.,  Farrell et al., 1995; Grant & 
Dickens, 2002). In particular, carbonate production in many cases reflects cal-
careous nannoplankton productivity, since the fossils of these organisms com-
monly make up the bulk of the sediment, as it was the case in low and high 
latitude Atlantic during the late Miocene to Pliocene (Diester-Haass et al., 
2005 and references therein; Drury et al., 2021). 

This approach for estimating paleoproductivity comes with an important 
set of challenges, since it depends on the depth of deposition, the sedimenta-
tion rates at a given time, as well as fluctuations in deep-water circulation and 
chemistry. Specifically, increased sedimentation of clay and terrigenous ma-
terial, drift sedimentation and other rapidly deposited sequences (turbidites 
etc.) can significantly affect the concentration of biogenic material in the sed-
iment. As for preservation, carbonates are affected by the intensity of dissolu-
tion. This process heavily depends on the depth of deposition (depth of the 
carbonate compensation depth (CCD)), as well as the ocean chemistry (satu-
ration state, pH) of the whole water column. In general, shallow, open ocean 
sites where carbonate dissolution is minimal are ideal to infer production in 
the surface ocean through changes in carbonate fluxes (Diester-Haass et al., 
2005). Accumulation rates of biogenic silica can also be influenced by differ-
ential preservation. For example, the “opal paradox” refers to recorded high 
biogenic silica accumulation rates in the sediment despite low production in 
the surface waters (Nelson et al., 1995). Finally, preservation of individual 
nannofossils dictates our potential to observe and successfully identify distinct 
species and therefore infer their fluxes and classify them in taxonomic groups.   
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Figure 3. Image taken under the polarized light microscope, demonstrating the variety 
of skeletal features from phytoplanktonic and zooplanktonic organisms that can be 
found in the sediment. In only one field of view, we can identify coccoliths, nannoliths 
and fossilized coccospheres produced by calcareous nannoplankton, as well as fossil-
ized diatoms, foraminifera and radiolaria (Image from personal archive. Sample was 
taken from sediments recovered during Expedition 395C-Reykjanes Ridge (North At-
lantic Ocean, southwest of Iceland); https://iodp.tamu.edu/scienceops/expedi-
tions/reykjanes_mantle_convection_and_climate.html). 
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The late Miocene to early Pliocene biogenic bloom 
Regarding biogenic sedimentation during the late Neogene, arguably the most 
interesting interval is the late Miocene to early Pliocene biogenic bloom 
(Farrell et al., 1995). This period, which roughly spanned from 9-3.5 Ma, was 
characterized by a sustained increase in export production of biogenic sedi-
ments and has been attributed to an increase in primary productivity in the 
surface ocean (Dickens & Owen, 1999; Diester-Haass et al., 2005; Diester-
Haass et al., 2002; Farrell et al., 1995). The biogenic bloom has been docu-
mented in multiple locations across all major ocean basins both in upwelling 
and oligotrophic areas away from convergence zones (Dickens & Owen, 
1999; Diester-Haass et al., 2004, 2005; Diester-Haass et al., 2002; Drury et 
al., 2021; Grant & Dickens, 2002; Hermoyian & Owen, 2001; Lyle et al., 
2019). More specifically, evidence for a sustained increase in plankton pro-
duction during this time comes from the accumulation rates of carbonate and 
biogenic silica (e.g., Dickens & Owen, 1999; Lyle et al., 2019), phosphorus 
(e.g., Hermoyian & Owen, 2001) as well as benthonic foraminifera (Diester-
Haass et al., 2004, 2005). Many hypotheses have been proposed to explain the 
reasons for this long-lasting period of higher burial of biogenic sediments, 
however full consensus is still missing. Some of the possible causal mecha-
nisms will be mentioned and described more in detail in the Introduction of 
Chapters III and IV. 

Clay mineralogy and elemental composition 
The study of lithogenous components in marine pelagic sediments goes back 
to the first Challenger Expedition (1873–1876), with the dominant clay min-
erals present being usually illite, chlorite, kaolinite and smectite (Li & 
Schoonmaker, 2003). The last decades, modern instrumentation has allowed 
for accurate estimation of the concentration of various elements in marine sed-
imentary cores. For example, X-ray fluorescence creates spectroscopic data 
that after being transformed to element counts can be used as high-resolution 
records that allow for paleoclimatic investigations (Gebregiorgis et al., 2020 
and references therein). Natural Gamma Ray (NGR) is another method 
through which the concentrations of elements such as Uranium (U), Thorium 
(Th) and Potassium (K) can be quantified and therefore assist in the identifi-
cation of clay composition and the assessment of diagenetic processes. Sys-
tems which can perform such NGR measurements on marine sediment cores 
and downhole logging in drillholes, are nowadays an important part of the 
instrumentation of research drilling ships, such as the IODP drilling vessel 
JOIDES Resolution, and can therefore significantly contribute to various re-
search objectives (Dunlea et al., 2013).  

The amount of clay minerals and the elemental composition of lithogenous 
components in marine sediments, can provide insights on the paleoclimatic 
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conditions that prevailed in the continental source areas. Inferences are com-
monly made based on the assumed mobility of different elements during ero-
sion and chemical weathering (e.g., Clift et al., 2014). Similarly, common ra-
tios include elements with a terrigenous origin that are transported through 
fluvial or eolian processes (e.g., Kuhnt et al., 2015; Nace et al., 2014) divided 
by an element that mirrors mainly marine productivity (e.g., Bahr et al., 2005). 
However, the journey from the continent to an oceanic basin is not always 
simple and it occasionally mirrors complex terrestrial and marine processes, 
such as changes in the intensity and dispersal of terrestrial material transport, 
as well as ocean circulation changes. For this reason, inferences should be 
made with caution and particularly when it comes to paleoclays, identifying 
the degree of alteration and the proper characterization of the formation envi-
ronment is crucial (Singer, 1984).  

Milankovitch cycles and cyclostratigraphy 
The theory of astronomical forcing, which supports that changes in Earth’s 
orbital configuration influence the climate, dates back to the 19th century. Dur-
ing the early 20th century, Milutin Milankovitch used the known orbital pa-
rameters to calculate variations in the irradiance received by Earth’s atmos-
phere during different seasons and in different latitudes (Milankovitch, 1941). 
Because of his pioneering work in the field, we now use the term “Milan-
kovitch cycles” to describe the effect that periodic changes in Earth’s orbit 
and movement (eccentricity, obliquity, and precession; Figure 4) have had on 
the climatic system during various geological periods and on different time 
scales. The overall effect of the Milankovitch cycles is complex and can in-
fluence a multitude of climatic systems, therefore forcing changes in ocean 
circulation, wind intensity, differential land-ocean heating, precipitation and 
river runoff intensity etc. That means that fluctuations will be mirrored in a 
variety of proxies that can then be studied in marine sediments. Oxygen iso-
topes are one of the oldest proxies in cyclostratigraphic concepts and have 
been extensively used to trace ocean temperature and ice volume changes 
(e.g., Billups et al., 2004; Emiliani, 1955; Hays et al., 1976; Pälike et al., 2006; 
Shackleton et al., 1995; Turco et al., 2001; Zachos et al., 2001). However, 
many other elements and chemical compounds, that are commonly encoun-
tered in sediments prove to entail cyclic changes that can be linked to Milan-
kovitch cycles. Some of these are the content in clay minerals, CaCO3 as well 
as the concentration of various elements such as K, Ti, Fe etc. in sediments 
(Drury et al., 2021; Lourens et al., 2001; Moiroud et al., 2012; De 
Vleeschouwer et al., 2018). 

Except for the significant information regarding the possible drivers of ma-
jor physical processes, the astronomical cycles with known periodicities offer 
a timeframe with which cyclic variations in sediment records can be compared 
and correlated. The field of studies that uses this approach is called 
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cyclostratigraphy and offers a chance to apply this correlation to geochronol-
ogy and therefore improve the accuracy of time-stratigraphic frameworks 
(Hilgen et al., 2004). Once a relationship has been established linking orbital 
forcing to a proxy record, the latter can be linked to an orbital solution with 
known ages that acts as the target curve. This process is named astronomical 
tuning and can result in a high-resolution timeframe with significantly higher 
number of age-depth tie points than what magnetostratigraphy and biostratig-
raphy could have allowed for.  

 Although it is a fairly simple concept, there is a series of steps that need 
to be followed after the identification of a possibly suitable record to be tuned 
and before the resulting astronomically tuned age scale is produced. Initial, 
independent age-depth tie points need to be introduced to give an approximate 
time range for the sedimentary section and therefore a rough estimate of the 
time interval of the orbital solution that corresponds to the proxy record (e.g., 
are we in the Miocene or the Pleistocene?). These tie points can be generated 
by various methodologies and are usually derived from magnetostratigraphy 
and biostratigraphy. Following that, spectral analysis of the proxy record can 
confirm the presence of an astronomical forcing. After this, significant peaks 
(if present) in spectral power are selected and filtered in frequencies of interest 
(Milankovitch cycles) and a waveform is generated. This waveform can be 
correlated, with final tie points, to the known solutions of Earth’s orbital pa-
rameters. The final age-depth tie points can be used to tune all records with a 
known depth.  

 
Figure 4. Graphical illustration showing the orbital solutions and frequency diagrams 
that describe the three main components of Earth’s orbital movement, namely eccen-
tricity, obliquity and precession. (Figure courtesy: slightly modified version of the 
freely available teaching materials found on www.cyclostratigraphy.org). 
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Thesis aims 

This thesis is organized in four chapters, which correspond to the four scien-
tific articles that were published, submitted, or prepared during the course of 
my PhD studies. In the following paragraphs, I will describe the main back-
ground and rationale behind each chapter, as well as the main research ques-
tion that we tried to address. Due to thematic resemblance, I will present a 
synthetic description of the four chapters under the following titles: 

Chapters I and II: Late Neogene evolution of paleoclimate and ocean circula-
tion over the NW Australian shelf.  
Chapters III and IV: The end of the late Miocene to early Pliocene biogenic 
bloom across ocean basins. 
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Late Neogene evolution of paleoclimate and 
ocean circulation over the NW Australian shelf 

Background and previous studies  
Australia’s climate is one of the most arid on the planet. Precipitation over the 
continent is mainly concentrated in the North-West (NW) and moisture 
transport is facilitated by warm currents that surround the continent. Investi-
gating the evolution of Australia’s paleoclimate during the late Miocene to 
Pliocene poses an ongoing scientific challenge which is crucial in order to 
understand how future warmer conditions might impact the continent. Inves-
tigation usually starts by observing modern wind, precipitation and ocean cir-
culation patterns and subsequently trying to infer and reconstruct their pres-
ence in the geological past through a series of proxy records.  

 The marine surface water circulation around NW Australia is mainly 
driven by the Indonesian throughflow (ITF), which transports warm tropical 
waters from the Western Pacific Warm Pool (WPWP) into the Indian Ocean 
(Du & Qu, 2010; Gordon et al., 1997) and the Leeuwin current (LC), a major 
boundary current that is sourced by the ITF and brings the warm waters south-
wards. The LC is a seasonal flow and it is more vigorous during the winter 
months, when latitudinal steric heights are greater (e.g. Godfrey & Ridgway, 
1985; Ridgway & Godfrey, 2015). During the summer, moist northwesterly 
wind from the Indian Ocean replaces the easterly trade winds that assist the 
flow of the LC, in a phenomenon that is often referred to as the Australian 
summer monsoon (e.g., Suppiah, 1992; Wang & Zhang, 2017). Interannual 
variability of dominant winds and LC intensity also occurs because of the El 
Niño–Southern Oscillation (ENSO) and the Indian Ocean dipole. Specifically, 
stronger LC is linked to La Niña conditions and reaches during these years a 
mean annual transported volume of 4.2 Sv (Feng et al., 2003). 

Marine sediment cores from the continental shelf offer the possibility to 
closely trace back in time the interplay of atmospheric, terrestrial and marine 
processes in the area by studying the clay mineralogy and elemental compo-
sition of the sediments, the nannofossil assemblages, the pollen records and 
other chemical/biological proxies. Early studies in the area investigated mate-
rial from regional shallow drilling or much deeper ODP cores, as well as sub-
surface petroleum well samples, which provided valuable information on the 
development of the Indo-Pacific warm pool (e.g., Jian et al., 2006) and the 



 25 

intensity of the ITF and LC (e.g., Gallagher et al., 2009; Karas et al., 2011; 
Sinha et al., 2006; Spooner et al., 2011). In 2015, the International Ocean Dis-
covery Program (IODP) Expedition 356 operated on the NW Australian shelf 
and recovered sediments that allowed for continuous paleoclimatic recon-
structions since the middle Miocene. In the years that followed, a series of 
studies were published dealing with different aspects of the climatic system 
on various time-scales and during different geological periods (e.g., Auer et 
al., 2019; Christensen et al., 2017; Gallagher et al., 2017; Groeneveld et al., 
2017; De Vleeschouwer et al., 2018). In 2017, two studies were published that 
used elemental compositions (K, Th and U) derived through NGR downhole 
logging from IODP Sites U1463 and U1464 and inferred extremely arid con-
ditions in western Australia during the middle Miocene (Groeneveld et al., 
2017), as well as the onset of a “Humid Interval” shortly before the Mio-
cene/Pliocene boundary (~5.5 Ma; Christensen et al., 2017). One of the main 
proxies that these studies used to infer humid conditions was K%, which was 
shown to covary in sediments with illite, a clay mineral delivered through river 
runoff (Christensen et al., 2017). After this correlation was established, this 
proxy was used together with other paleoclimatic evidence to demonstrate that 
the “Humid Interval” began when an intensified ITF increased moisture sup-
ply to the continent due to increased water temperatures, and thus led to higher 
terrestrial runoff and K% (Christensen et al., 2017; De Vleeschouwer et al., 
2019). The relative position of the Intertropical Convergence Zone (ITCZ) 
must have also been an important controlling factor in the amount of precipi-
tation NW Australia was receiving (Auer et al., 2019; Bayon et al., 2017; 
Griffiths et al., 2009; Groeneveld et al., 2017; De Vleeschouwer et al., 2018).  

Later studies, focused more extensively on ocean circulation and built upon 
the research that had previously linked the return of more arid conditions dur-
ing the late Pliocene to reduced ITF and LC. Through their high-resolution 
isotopic and elemental composition, as wells as high-resolution calcareous 
nannofossil records, these studies focused on the late Pliocene and Pleistocene 
and showed that aridity was more pronounced during glacial intervals charac-
terized by weak LC (Auer et al., 2019; De Vleeschouwer et al., 2018, 2019), 
with three main cooling steps at sites under the influence of the LC recorded 
at 3.3–3.1, 1.7–1.5, and 0.65 Ma (Petrick et al., 2019; Smith et al., 2020). Alt-
hough the valuable work that has already been done in the areas has signifi-
cantly increased our understanding of the ocean circulation dynamics in the 
area, available information from shelfal sediments becomes more limited as 
we move back to the late Miocene. In general, a possibly active LC (inferred 
from Site U1461) and good ITF connectivity have been proposed for the time 
interval from ~6-3.5 Ma (Auer et al., 2019; Christensen et al., 2017; He et al., 
2021). All the above studies used astronomically tuned records, providing a 
robust time-frame for the reconstructions.  
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Challenges and open questions 
One of the main challenges when interpreting records from relatively shallow 
drill-sites on the continental shelf is the effect that tectonism and basin evolu-
tion could have had on sedimentation across study sites. Abrupt changes in 
sedimentation rates due to changes in depth or depositional environment can 
generate shifts in lithofacies and elemental composition that are not always 
related to the prevailing climatic conditions. Northern Australia was indeed 
influenced by fault reactivation during the late Miocene (Cathro et al., 2003; 
Keep et al., 2007; Müller et al., 1998), which was in turn controlled by the 
northward movement of the continent. Fault reactivation accounted for sub-
sidence in the area and generation of submarine canyon systems that trans-
ported terrestrial sediments into the Expedition 356 study area (Gurnis et al., 
2020; Keep et al., 2007; Tagliaro et al., 2018). 

Related to the challenge of interpreting differential sedimentation patterns, 
IODP Sites U1463 and U1464, located in adjacent basins (Northern Carnar-
von and Roebuck Basin, respectively) revealed a distinct offset of ~0.5 Myr 
in K%, that was suggested to mark the beginning of the “Humid Interval”. 
Specifically, Christensen and others (2017) recorded the rapid onset of terri-
genous runoff at ~5.5 Ma at Site U1463, whereas Groeneveld and others 
(2017) recorded an increase already at ~6.2 Ma at Site U1464 (Figure 5). This 
offset raised questions about the exact timing of the onset of increased humid-
ity over NW Australia and called for alternative explanations. 

 
Figure 5. Astronomically tuned Natural Gamma Ray (NGR) K% records derived 
from downhole logging and plotted against age for NW Australian shelf IODP Sites 
U1463 (Carnarvon basin; Christensen et al., 2017) and U1464 (Roebuck basin; 
Groeneveld et al., 2017). The distinct offset in the increase of K% between the two 
sites is indicated (black double-sided arrow).  
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Additionally, with most of the previous studies regarding the ITF and the 
LC focusing on the late Pliocene to Pleistocene and the limited evidence con-
cerning paleoproductivity over the shelf before 3.6 Ma (He et al., 2021), open 
questions remained regarding ocean circulation and seasonal water column 
structure during the late Miocene to early Pliocene. Finally, the location of the 
drilled sites offered an opportunity to investigate species distribution patterns 
of calcareous nannofossils and attempt to decouple signals which monitor re-
gional changes in ocean circulation from broader scale ecological adaptation 
and shifts in the ocean’s nutrient budget. 

Considering all the above, the work presented in Chapters I and II tried to 
tackle the aforementioned challenges and answer the open questions along two 
main axes:  

1. When do we have the first evidence for the onset of humid climatic 
conditions and how did tectonism and basin evolution affect the sed-
iment record on the NW Australian shelf?  

2. How can we use the nannofossil assemblage to reconstruct the late 
Miocene to early Pliocene history of seasonality and boundary current 
activity in NW Australia? 

This thesis 
Chapter I addresses the question of the apparent offset in K wt% at IODP 
Sites U1463 and U1464. At first reading, such an offset could be attributed 
either to age model discrepancies, dissimilar sedimentation patterns in the two 
basins or a differential onset of humid conditions at the two sites. The third 
scenario seems unlikely because of the scale of the discussed processes and 
the small distance between sites (~100 km apart). 
  To evaluate the above scenarios, the astronomically tuned age model initially 
presented for Site U1463 (Auer et al., 2019; De Vleeschouwer et al., 2018) 
was extended towards the younger and older interval and its temporal resolu-
tion and precision was increased compared to previously published studies 
(Christensen et al., 2017). Additionally, a new age model was constructed for 
Site U1464, based on a cyclostratigraphic approach and the astronomical tun-
ing of the NGR, core-based K wt% record. This allowed for the extension of 
the K wt% record presented by Groeneveld and others (2017) towards the 
early Pliocene and therefore for a direct comparison with the patterns observed 
at Site U1463, which were initially used to establish the onset of the “Humid 
Interval” (Christensen et al., 2017). Our analysis also included the evaluation 
of the sedimentological and lithostratigraphic records and the estimates of the 
relative and absolute abundance of the most common small-sized bloom-
forming calcareous nannofossil species, which are usually associated to high 
nutrient levels linked to upwelling areas and increased terrigenous input 
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(Ballegeer et al., 2012; Beltran et al., 2014; Chiyonobu et al., 2006; Takahashi 
& Okada, 2000). 

Results from Chapter I demonstrate that the observed offset in the K wt% 
increase could not be attributed to an age model discrepancy between sites and 
therefore representes a true diachronous recording of this increase in adjacent 
basins (Figure 6a). Based on the sedimentological, paleodepth and coccolith 
abundance records we were able to attribute the observed pattern to regional 
basin evolution, which significantly influenced the potential recording of the 
prevailing paleoclimatic conditions on the NW Australian shelf. Specifically, 
all paleo-records indicate that subsidence (deepening) in the two adjacent ba-
sins was diachronous and had different characteristics, leading to the deposi-
tion of different sedimentary phases. Roebuck Basin (U1464) had enough ac-
commodation space to record increased river runoff and K wt% through sub-
marine canyon activity already at ~6 Ma. On the other hand, Northern Carnar-
von Basin (U1463) underwent a longer and more gradual deepening from ~6-
5.6 Ma. This difference in rates of subsidence was controlled by localized tec-
tonic activity (Gurnis et al., 2020; Keep et al., 2007; Müller et al., 1998) and 
was mirrored in a shift towards mudstone lithofacies characterized by high 
abundances of calcareous nannofossils.  

Our results have important implications regarding the timing of the onset 
of the “Humid Interval”. Specifically, they support that although it is harder 
than previously thought to establish the exact time when humid conditions 
started, we can be confident that they were prevailing since at least ~6 Ma. 
That implies an earlier reversal of Australia’s Miocene arid conditions that 
was previously placed in the early Pliocene (Sniderman et al., 2016), at least 
in the NW part of the continent. It also would have happened earlier than the 
progressive warming in the tropical eastern Indian Ocean between ~5.4-3.8 
Ma (Karas et al., 2009), although this increase in SST (from ~24°C SST to 
~26 °C) does not mean that previous temperatures, which can already be con-
sidered tropical, could not have sustained humid conditions. As for the abrupt-
ness of the onset of the “Humid Interval”, our interpretation suggests a pro-
gressive dominance of humid conditions during the late Miocene. This must 
have occurred somewhere between 12 and 5.59 Ma during a more transitional 
period, as evidenced by the evolution of a large deltaic system from an envi-
ronment of sandbars with associated small wave-dominated deltas in the area 
(Tagliaro et al., 2018). 

A possible mechanism for the observed increase in humidity could have 
been the proposed southwards shift of the ITCZ rain belt during the late Mio-
cene, which has been linked to Northern Hemisphere climate cooling and an 
intensification of the southeast Asian winter monsoon since the late Miocene 
(Herbert et al., 2016; Holbourn et al., 2018). A climate model from Broccoli 
and others (2006) also showed how a cooling in the Northern Hemisphere can 
be expected to move the ITCZ southwards and increase precipitation in lati-
tudes up to 20°S. Finally, Holocene studies also suggest a mechanism based 
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on Northern Hemisphere cooling, southward expansion of the ITCZ and in-
creased precipitation over northern Australia (Bayon et al., 2017; Griffiths et 
al., 2009).  

Alongside with the changes in K wt% and the lithostratigraphy, the inves-
tigation of the calcareous nannofossil assemblage in Chapter I proved very 
useful for two main reasons. First, the highly similar species distribution pat-
terns between the two sites and the relative abundance of morphologically dis-
tinct and biostratigraphically important taxa (Sphenolithus spp.) allowed for 
the comparison of the two independently constructed age models, as well as 
the discrepancies close to the onset of the “Humid Interval”. Secondly, it re-
vealed an overall decrease in nannofossil fluxes and a distinct shift in the dom-
inant coccolith species, which was characterized by an abrupt decrease in rel-
ative abundances and fluxes of small Reticulofenestra and the subsequent in-
crease of small Gephyrocapsa species (Figure 6b). This change occurred be-
tween ~4.6-4.4 Ma and was not linked to any significant shift in terrigenous 
supply, with the latter one starting to decrease during the transitional interval 
at ~3.3 Ma (Christensen et al., 2017). The fairly obvious question that arose 
from this observation and was “whether this abrupt change in the nannofossil 
assemblage mirrored a regional event or a more global signal of paleoproduc-
tivity change”, gave birth to the ideas that led to Chapter III and Chapter IV 
of this thesis.  

Additionally, results from Chapter I offered a great starting point for the 
in-depth investigation of the nannofossil assemblages that forms the basis for 
Chapter II. In this chapter, we investigated patterns in the abundance and flux 
of all common calcareous nannofossil species in order to identify relative 
changes in water column mixing and nutrient availability over the continental 
shelf from 6-3.5 Ma. Part of the analysis was based in the construction of a 
ratio (nannofossil stratification index; NSI) of relative abundances between 
the most dominant species Sphenolithus (Sph), small and medium-sized Re-
ticulofenestra (Rs), (Rm) and small Gephyrocapsa (Gs) following the equa-
tion: 

(1) NSI = Sph/(Sph+(Rm+Rs+Gs)) 

This index proved useful in mirroring long-term shifts in stratification and 
ocean circulation. Specifically, we found that a significant step-like decrease 
in NSI occurred between 5.4-5.2 Ma, possibly linked to an increase in season-
ality and an overall intensification of the upper water column mixing over the 
shelfal area (Figure 6c). To validate our observations, we compared the NSI 
record with newly constructed paleotemperature gradients between the NW 
Australian shelf and the eastern Indian Ocean, in an attempt to further under-
stand the physical processes that led to the observed changes. Gradients were 
calculated between TEX86 (archaea) and  (alkenones) derived tempera-
tures (He et al., 2021) from the shelf and Mg/Ca (foraminifera) SSTs from the 
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eastern Indian Ocean (Karas et al., 2009, 2011). Together, the nannofossil as-
semblage and temperature changes in the area indicate a significant shift in 
the oceanographic and paleoclimatic regime and an intensification of the sea-
sonal flow of the LC across the Miocene to Pliocene transition.  

Further analysis of the fossil assemblages revealed significant changes that 
occurred at the same time as the decrease in small Reticulofenestra abundance 
between 4.6-4.4 Ma. Specifically, a stepwise increase in species diversity (H-
index) and an overall change in species composition were observed in both 
studied sites. Despite that, no significant effect was observed in the relative 
dominance of bloom-forming species compared to Sphenolithus during this 
period, as evidenced by the NSI. At the same time, larger Reticulofenestra 
species almost disappeared, suggesting a possible earlier expression of the Pli-
ocene shift to smaller-sized placoliths that has been proposed by Aubry (2007) 
to have occurred towards the late early Pliocene. The small Gephyrocapsa 
dominance that followed and was already established by 4.2 Ma, represents 
the expression of an acme event that has been reported throughout the Indian 
Ocean from 4-3 Ma (Young, 1990), over the continental shelf of NW Aus-
tralia. It also correlates well with the overall increase in the relative abundance 
of this taxon in several locations around the world during the early Pliocene. 
Further details regarding the timing of this increase at other ocean drilling sites 
will be discussed in the summary of Chapter IV.  

Overall, the changes in the coccolithophore assemblage that occurred be-
tween 4.6-4.4 Ma differed significantly from the more regional signal between 
5.4-5.2 Ma, and probably reflected a broader shift in paleoproductivity that 
occurred in relation to the late Miocene to early Pliocene biogenic bloom. The 
significance of this decrease in nannofossil fluxes and assemblage restructur-
ing and its role as part of the “bigger picture” of biogenic sedimentation during 
the late Miocene and Pliocene will be evaluated in the next chapters.   
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Figure 6. Graphical illustration summarizing all the main findings from Chapter I 
and Chapter II of this thesis. a) Simplified graphic of the K wt% records from IODP 
Site U1463 and U1464. Red arrow indicates more humid conditions. b) Simplified 
relative abundance curves showing the shift in the main dominant species of the as-
semblage that occurred between 4.6-4.4 Ma. c) Simplified graphic of the changes in 
stratification index (NSI). Red arrow indicates the inferred increase in seasonality and 
water column mixing. Pink shaded area indicates the period of differential increase in 
K wt% between IODP Sites U1463 (gradual until ~5.5 Ma) and U1464 (already high 
by ~6 Ma). Brown shaded area represents the main phase of stepwise decrease in NSI. 
Green shaded area represents the interval of significant decrease in relative and abso-
lute abundance of small Reticulofenestra species and total nannofossil fluxes. Hori-
zontal bars show the simplified lithostratigraphic units, that indicate the major 
changes in facies and thus depositional regime (dominant lithologies: U1463, Unit IV: 
grainstone, Units IIIa,b: fine grained mudstone; U1464, Unit III: unlithified mud-
stone).  
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The end of the late Miocene to early Pliocene 
biogenic bloom across ocean basins 

Background and previous studies 
Primary productivity plays an important role in a series of major processes in 
the ocean. Phytoplanktonic organisms that live in the water column absorb a 
significant fraction of the atmospheric CO2 and form the base of the marine 
food web. The ones that escape predation sink to the bottom of the ocean, 
transporting a large amount of the sequestered carbon and storing it in the 
sediments. Although only a small fraction of surface water production makes 
it to the deep ocean (export production) and to the sediment, sustained changes 
in biogenic sedimentation over geological periods probably mirror large-scale 
paleoceanographic and paleoclimatic perturbations that significantly influ-
enced the abundance of phytoplankton in the ocean as well as the potential of 
preserving such records. To understand these processes, it is crucial to under-
stand which mechanisms are responsible for major fluctuations in the abun-
dance of phytoplankton on a global scale. In deep time, one of the most inter-
esting intervals that can shed light to such processes is the late Miocene to 
early Pliocene biogenic bloom. As discussed in the introduction, this period 
was characterized by a long-term increase in biogenic export production, com-
monly opal and carbonate, and has been identified in numerous locations 
around the world, both in upwelling and oligotrophic areas (Dickens & Owen, 
1999; Diester-Haass et al., 2004, 2005; Diester-Haass et al., 2002; Drury et 
al., 2021; Grant & Dickens, 2002; Hermoyian & Owen, 2001; Lyle et al., 
2019). Related to that, elevated burial rates have been recorded from a range 
of depositional depths and of a variety of organisms, suggesting that the bio-
genic bloom mirrors an overall increase in primary productivity that occurred 
in all major ocean basins from 9–3.5 Ma.  
Despite its global extent, strong regional effects of ocean circulation, 
upwelling intensity, sediment focusing and nutrient delivery have been pro-
posed as main controlling factors related to this period of elevated biogenic 
sedimentation (e.g., Dickens & Owen, 1994; Diester-Haass et al., 2005; Drury 
et al., 2021; Farrell et al., 1995; Grant & Dickens, 2002; Hermoyian & Owen, 
2001; Liao & Lyle, 2014; Lyle et al., 1995, 2019). Additionally, many differ-
ent mechanisms have been proposed to explain why the biogenic bloom oc-
curred. On a global scale, the main hypotheses move along two main axes. 
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First, intensified nutrient supply into the ocean as the result of weathering of 
the uplifting Himalayas and intensification of the late Miocene Indian and 
Asian monsoon and related upwelling (e.g., Filippelli, 1997; Gupta & 
Thomas, 1999; Hermoyian & Owen, 2001; Kroon et al., 1991). Secondly, a 
major redistribution of nutrients within the ocean, driven by changes in the 
ocean-atmosphere dynamics (e.g., Dickens & Owen, 1996, 1999; Farrell et 
al., 1995; Hermoyian & Owen, 2001) that was characterised by a shift of nu-
trients from more oligotrophic regions towards divergence zones (e.g., 
Dickens & Barron, 1997; Dickens & Owen, 1996). Finally, other mechanisms 
that focus either on the global or the regional expression of the “biogenic 
bloom” have been discussed, such as changes in sea level, acceleration of 
deep-water circulation, trade wind fluctuations, as well as upwelling intensity 
in areas such as the Indian Ocean and the Eastern Equatorial Pacific (EEP) 
(e.g., Dickens & Barron, 1997; Diester-Haass et al., 2004 and references 
therein; Dickens & Owen, 1999).  

Challenges and open questions 
Although this period has received scientific interest for more than three dec-
ades and has been well documented and described, there is still little consensus 
on the mechanisms that led to such a sustained increase in paleoproductivity, 
and over the reasons why it came to an end during the early Pliocene. Specif-
ically, a remaining challenge is to clearly and accurately define the timing of 
events in different depositional environments and ocean basins. This could be 
mainly attributed to the fact that available studies date back to the early days 
of scientific drilling and their interpretations are based on time-series with 
varying age model accuracy and sample resolution. All the above make the 
discussion of the global extent, the duration and the synchronicity of the be-
ginning and the end of the biogenic bloom a very interesting and challenging 
task. As an indication to the “problem”, higher paleoproductivity has been 
suggested to have occurred in the Indian Ocean between ~9-3.5 Ma (Dickens 
& Owen, 1999), between ~8-4.5 in the EEP (e.g., Farrell et al., 1995; Lyle & 
Baldauf, 2015) and between ~8-3.3 in the South Atlantic (e.g., Drury et al., 
2021). On a first look, these discrepancies would suggest significant variation 
in the potential controlling mechanisms and a diachronous occurrence of the 
biogenic bloom in different basins. However, after closer inspection, we can-
not exclude that the observed discrepancies are the result of different method-
ological approaches that these studies used to build age models and date the 
available records (biostratigraphy, magnetostratigraphy, astronomical tuning). 
To tackle this challenge, it is crucial to analyze the temporal resolution of the 
geochronology of the available records. Additionally, it is important to create 
a common time framework where records of biogenic sedimentation, within-
and-between oceanic basins, can be accurately compared and synthesized. 
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With the advance of new dating methods and the publication of biogenic sed-
imentation and paleoproductivity records with astronomical age control, new 
opportunities have arisen to provide answers to the above questions.  

Finally, a major question that arises regarding the biogenic bloom period 
concerns direct evidence for the duration and the expression of this period 
from phytoplanktonic assemblages. On that note, we would expect that signif-
icant changes in biogenic sedimentation could be traced back to the abun-
dance, fluxes and possibly the species distribution of the organisms that pro-
duce opal (diatoms) and carbonate (predominantly calcareous nannofossils 
and foraminifera). Additionally, they could be possibly linked to significant 
paleocological perturbations or other major paleoclimatic events. Related to 
that, Chapter I already revealed a period of significant decrease in calcareous 
nannofossil abundance and a shift in the dominant species of the assemblage 
during the early Pliocene (~4.5 Ma), in good accordance with the proposed 
end of the most intense phase of the biogenic bloom in the Indian Ocean (~5 
Ma; Dickens & Owen, 1999) and its final termination in the EEP area (4.5 
Ma; Lyle et al., 2019).  

This thesis  
In Chapter III, we addressed one of the late Miocene to early Pliocene bio-
genic bloom “timing of events” challenges. Specifically, we focused on the 
younger part of the biogenic bloom, seeking answers regarding synchronicity 
of its termination and the reasons that led to it. To do that, we compiled early 
Pliocene sediment accumulation rate records from ocean drilling sites from all 
major ocean basins (Pacific, Atlantic and Indian Ocean), including biogenic 
silica, CaCO3, benthonic foraminifera and calcareous nannofossils. That way 
we gave a fair representation to all major microplanktonic groups that could 
have been influenced by major changes in the ocean’s nutrient budget. To ac-
count for the high variability in sample spacing, as well as the methodology 
and temporal resolution of the geochronology used in each study, we applied 
a criteria-based scoring system (1–5 [bad-excellent]) that took into considera-
tion all the above parameters (Table 1). The records that were selected for 
analysis were those that scored between 3-5 (25 out of 58) and happen to 
mostly represent low-latitude sites (30°N-30°S). Compilation records for the 
Pacific, Atlantic and Indian Ocean were then calculated, in order to evaluate 
similarities in the observed patterns and potential synchronicity of events be-
tween different basins. Additionally, a compilation of all records was calcu-
lated to represent paleoproductivity in low-latitudes (Figure 7). 
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Table 1. Description of the 1-5 scoring system used to evaluate age models applied 
in previous studies. 

Score Description 

1 Major sample gaps close to the period of interest (end of the biogenic 
bloom) 

2 

Low-resolution biostratigraphy and chronostratigraphy (<1 age-depth 
tie point per 1 Myr between 3–5 Ma, biostratigraphic and magnetostrat-
igraphic zone estimation from core catcher samples or low sampling 
resolution) 

3 High-resolution biostratigraphy and chronostratigraphy (>1 age-depth 
tie point per 1 Myr between 3–5 Ma) 

4 Astronomical tuning and ≤50 samples between 4–5 Ma 
5 Astronomical tuning and >50 samples between 4–5 Ma 

Our analysis demonstrates that in records with high-resolution age constraints, 
a rapid phase of reduction in paleoproductivity occurred synchronously from 
4.6-4.4 Ma in all major oceans. Additionally, this change was sustained, with 
lower values being observed for the rest of the early Pliocene. We interpreted 
this remarkable synchronicity in paleoproductivity reduction as the termina-
tion of the biogenic bloom and proceeded with identifying potential mecha-
nisms that could have driven the observed changes.  

Overall nutrient supply in the ocean was the main candidate to explain a 
synchronous effect on paleoproductivity across ocean basins. Specifically, 
one of the main climatic systems that control the amount of biologically im-
portant elements through major-river activity is the East Asian Monsoon 
(EAM). Reversing the hypothesis from Filippelli (1997), who suggested that 
the biogenic bloom could have been linked to intensified monsoons and thus 
increased nutrient supply to the oceans, its termination could have been the 
result of significant monsoon weakening. Some terrestrial and marine evi-
dence for a weakening or significant shift of the East Asian Monsoon rain belt 
are in good agreement with the suggested timing of termination (Wan et al., 
2010; Wang et al., 2019; Wang et al., 2020), although a variety of records with 
contradicting hypotheses regarding the intensity of this complex system have 
been proposed for the early Pliocene (e.g., Ao et al., 2016; Gai et al., 2020; 
Wang et al., 2020; Yang et al., 2018).   

Finally, we evaluated the potential role of Earth’s orbital configuration in 
driving the observed changes. Milankovitch cycles are a prime candidate con-
sidering the short duration of the observed stepwise paleoproductivity de-
crease (~200 kyr). In addition, Earth’s orbital parameters play a significant 
role in controlling past climate and can therefore affect productivity in the 
oceans, by controlling seasonal variations, as well as latitudinal and meridio-
nal temperature gradients (e.g., Loutre et al., 2004; Milankovitch, 1941; 
Paillard, 2001), therefore playing an important role in regulating monsoonal 
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intensity (e.g., Braconnot et al., 2008; Prell & Kutzbach, 1987). Interestingly, 
close to the time of the paleoproductivity decrease (4.8–4.4 Ma), the eccen-
tricity solution held an eccentricity node, an orbital configuration that marks 
the end of a long-term 2.4 Myr eccentricity cycle. More specifically, the phase 
of export productivity reduction coincided with an interval of consistently low 
eccentricity that would have subdued insolation extremes at low latitudes and 
reduced the days with peak irradiance that low latitudes would have been re-
ceiving. At the same time, obliquity switched to a lower-amplitude regime. 
This combination of eccentricity and obliquity is unique for the interval of the 
biogenic bloom and could have driven to a long-term reduction in seasonality 
extremes and therefore weakened East Asian monsoonal dynamics and chem-
ical weathering. All the above could have facilitated reduced nutrient flux in 
the ocean that proved insufficient in sustaining the paleoproductivity in high 
levels.  

Although we believe that our hypothesis and proposed mechanistic chain 
have merit, a series of paleoclimatic and paleoceanographic changes that oc-
curred at the same time suggest that a more complex interplay of processes 
might have influenced paleoproductivity in the global ocean during the early 
Pliocene. For example, a steepening of meridional gradients (Fedorov et al., 
2013) and evidence for an increase in biogenic sedimentation in the high lati-
tude Pacific Ocean (Haug et al., 1999; Ravelo et al., 1997; Si & Rosenthal, 
2019) call for an ocean circulation mechanism that shifted the main locus of 
deposition from the tropics to the North Pacific during the early Pliocene.  

At the same time, carbonate accumulation rates (CMAR) from the South 
Atlantic (ODP Site 1264) demonstrated that the biogenic bloom probably per-
sisted in that area until the late Pliocene (~3.3 Ma; Drury et al., 2021), indi-
cating that strong regional circulation patterns might have influenced 
paleoproductivity in that area. This study (Drury et al., 2021) presented an 
astronomically tuned record with high sample resolution, allowing for direct 
comparisons with the low latitude paleoproductivity compilation generated in 
Chapter III. Since the CMAR record at ODP Site 1264 mainly reflects the 
accumulation rates of calcareous nannofossils (Drury et al., 2021), sediments 
recovered from this area offered a great chance for investigating the end of the 
biogenic bloom offset from a coccolithophore perspective, tackling some of 
the questions regarding species specific evidence linked to abrupt changes in 
paleoproductivity.  

To make use of this opportunity, in Chapter IV we compare the nannofos-
sil assemblage during the key time period between 5-3 Ma at ODP Site 1264, 
to the astronomically tuned record from the NW Australian shelf IODP U1463 
that was generated in Chapter I. Nannofossil records of ~100kyr spacing at 
ODP Site 1264 were prepared with the same methodology used in Chapter I 
and Chapter II and the same size classifications were used for consistency in 
taxonomic group identification. Preliminary investigation of the CMAR rec-
ord at ODP Site 1264 included the calculation of median values for the time 
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interval before, during and after the suggested termination of the biogenic 
bloom in the area. This analysis revealed that the main abrupt phase of reduc-
tion occurred at ~4.1 Ma. In addition, the presence of the species Amaurolithus 
primus, that went extinct at ~4.5 Ma, in sections just before this abrupt de-
crease suggested that the break point towards lower CMAR might have actu-
ally occurred even earlier and in good agreement with the low latitude 
paleoproductivity decrease (~4.5 Ma). To account for these observations and 
test the hypothesis of synchronicity between events and changes in the nan-
nofossil assemblage, we generated a second, transformed record, by shifting 
its older part for ~300kyr towards older ages.   

After this, we compared the relative abundance of the small-sized cocco-
liths (<3μm) of the genus Reticulofenestra and Gephyrocapsa (both trans-
formed and non-transformed records) with those from IODP U1463. Our par-
ticular interest was to understand if the abrupt decrease in CMAR would be 
reflected in a similar shift in dominance of abundant taxonomic groups, like 
the shift that occurred together with the decrease in calcareous nannofossil 
fluxes on the NW Australian shelf. Our results show that at ODP Site 1264, 
this was not the case. Specifically, although small, bloom-forming species did 
dominate the assemblage throughout most of the studied interval, they were 
represented almost solely by small Reticulofenestra species (Figure 7). Their 
relative abundance only dropped towards the late Pliocene and no shift in 
dominance between Reticulofenestra and Gephyrocapsa was observed across 
the abrupt decrease in CMAR, and around the timing when changes occurred 
over NW Australia, regardless of age transformation. Our results therefore 
support a differential expression of the end of the biogenic bloom, on a species 
level, across basins or in different depositional environments. Other sites in 
the Indian Ocean and the subantarctic south Atlantic (ODP Site 1088) have 
also recorded the acme of small Gephyrocapsa during the early Pliocene 
(Marino & Flores, 2002; Young, 1990). This further strengthens the hypothe-
sis that strong regional control of temperature and ocean circulation prevailed 
in the South Atlantic. In turn, this resulted in a differential ecological response 
of the nannofossil assemblage to the decrease and redistribution of nutrients 
that occurred during the early Pliocene.  
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Figure 7. Graphical illustration summarizing all the main findings from Chapter III 
and Chapter IV of this thesis. Plotted against age are the low latitude paleoproductivity 
(PP) compilation record (green line), the relative abundance of small Reticulofenestra 
species (red lines) and small Gephyrocapsa species (blue lines). Darker colored lines 
represent records from ODP Site 1264 (South Atlantic) and lighter colored lines from 
IODP Site U1463 (NW Australian shelf). 
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Conclusion and Future Objectives 

In the four chapters that comprise this thesis, I investigated the paleoclimatic 
and paleoceanographic evolution of the NW Australian shelf area, as well as 
broad scale changes in low-latitude ocean paleoproductivity during the late 
Miocene to early Pliocene (~7-3 Ma). In the NW Australian shelf area, this 
research contributes to our understanding of the onset of humid conditions in 
the area. Specifically, the comparison between K wt% records from two adja-
cent IODP Sites shows that basin evolution and sedimentation depth signifi-
cantly influenced the way that the increase in K wt% could have been recorded 
and that humid conditions were prevailing in the area already since at least 6 
Ma. 

The investigation of the calcareous nannofossil assemblage revealed two 
intervals of significant change in the most common taxonomic groups. The 
first one occurred between 5.4-5.2 and marked a transition from more tropical, 
stratified conditions to an increase in seasonal variations and water column 
mixing. This shift in paleoceanographic regime was also accompanied by an 
intensified seasonal flow of the LC. The second interval occurred from 4.6-
4.4 and was characterized by a decrease in calcareous nannofossil fluxes, 
driven mainly by the decrease in abundance of small Reticulofenestra species 
and a subsequent increase of small Gephyrocapsa and overall calcareous nan-
nofossil diversity.  

To further understand the reasons that led to such an abrupt decrease in 
nannofossil fluxes and a restructuring in the assemblage, I focused my re-
search on broader changes in paleoproductivity that might have occurred dur-
ing this time, and specifically to the late Miocene to early Pliocene biogenic 
bloom. The compilation of various records of biogenic sedimentation reveals 
that this period of elevated paleoproductivity might have had a synchronous 
termination in low latitudes between 4.6-4.4 Ma, driven by an orbital config-
uration that reduced monsoonal intensity and river input of biologically im-
portant nutrients in the ocean.  

Despite this synchronous decrease in paleoproductivity, the response of the 
calcareous nannofossil assemblage was different between oceanic basins. My 
investigation of sediments from ODP Site 1264 revealed that the dominance 
shift that was observed in the NW Australian assemblage did not occur in the 
South Atlantic across the end of the biogenic bloom. There, small Reticulo-
fenestra species kept dominating the assemblage until the end of the early Pli-
ocene.  
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Important concluding remarks and lessons-learned during the course of my 
studies, regarding paleoclimatic studies based on sediment cores, are the fol-
lowing: 

 Back to basics: Visual inspection of the recovered sediments and in-
formation about lithological changes, core recovery, lithological dis-
turbances and hiatuses are crucial before proceeding with astronomi-
cal tuning of records and when interpreting “automatically” gener-
ated, high-resolution time series.  

 Different age models tell different stories: When comparing records 
from multiple drilling sites, it is important to produce a common time 
framework and include as many records of similar temporal resolution 
as possible.   

 Know your limits: When discussing paleoclimatic processes that 
might have influenced the ecology of phytoplanktonic organisms, it is 
important to remember that the nannofossil assemblage in a sediment 
sample reflects a smoothed record of thousands of years with the main 
contributors being abundant species, that persisted for long intervals 
of times and had good preservation potential. 

 Correlation is not causation: There is a long way between two records 
that show similar patterns and inferring that the mechanism that one 
of those records reconstructs drove the changes we observe in the 
other one.  

As its commonly the case, the search for answers in scientific questions 
generates a multitude of new questions that need to be addressed in order to 
improve our understanding of the geological past. The research I conducted 
was not an exception to this rule, and I can say with confidence that I am 
finishing my PhD studies with more questions regarding the late Miocene and 
Pliocene period than the ones I had when I started. The main new challenges 
that this study pinpointed can be summarised in the following guiding points 
for future research: 

 Can we find additional evidence to further scrutinize the beginning of 
the “Humid Interval” in NW Australia before 6 Ma? 

 What were the reasons that led to the regime shift and the increase in 
seasonality over NW Australia between 5.4-5.2 Ma? Do other records 
across the LC path support its seasonal presence across the Miocene-
Pliocene boundary?  

 Can we accurately reconstruct the latitudinal reach of the late Miocene 
to early Pliocene biogenic bloom and the shift in depocenters that oc-
curred during the early Pliocene? To achieve that, more compilation 
records of carbonate and biogenic silica from the North Pacific and 
the Southern Ocean are needed.  

 What changes occurred in the nannofossil assemblage during major 
perturbations in ocean’s paleoproductivity in different environments 
and basins? Is nutrient availability in the ocean in geological 
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timescales only affecting the abundance of calcareous phytoplankton 
or does it lead to distinct ecological shifts in dominance of the most 
common species?   

 How do changes in marine paleoproductivity relate to Earth’s orbital 
configuration in different timescales and how do those influence the 
nannofossil assemblage through their control on seasonality and mon-
soonal intensity? 
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Summary 

Sediments deposited on the bottom of the ocean are amongst the most contin-
uous geological records and can therefore help us reconstruct and understand 
Earth’s history during times before our presence on this planet and on long 
timescales that we cannot readily observe. Although all geological periods of-
fer valuable information regarding paleoclimate and paleobiology, past ana-
logues of projected future climate change are commonly used to improve our 
understanding of key processes and the long-term effects of anthropogenic 
change. For this reason, periods with near-modern ocean temperatures and 
CO2 levels in the atmosphere, as well as areas that can record a variety of 
paleoclimatic and paleoceanographic perturbations are of particular interest. 
In this thesis, I focused my studies on the late Miocene to Pliocene (between 
7 and 3 million years ago, Ma), one of these interesting time intervals that 
have been previously considered as an analogue of future global warming. 
This research is based on a variety of methodologies and proxies, with the 
common denominator being that all study material came from marine sedi-
ment cores recovered by the International Ocean Discovery Program (IODP). 
In terms of data, the backbone of these investigations are calcareous nannofos-
sils, minute (μm-scale) calcite scales of unicellular algae that have excellent 
preservation potential in ocean sediments all around the world since the late 
Triassic. Their abundance and species distribution have proved to be very use-
ful in recording a variety of changes in ocean chemistry and water column 
properties in different geological timescales.  

In Chapter I and Chapter II, investigations focused on NW Australia and 
the dynamic climate system of the Indo-Pacific warm pool, which today rep-
resents the only remaining equatorial warm water valve. The area is influenced 
by the flow of warm waters of Pacific origin that enter the Indian Ocean 
through the Indonesian Throughflow and are further transported southwards 
through the activity of the Leeuwin Current. Based on records of the element 
potassium (K), which is mainly delivered to the NW Australian shelf by riv-
erine activity, previous studies were able to record an abrupt transition from 
dry to humid conditions at ~5.5 Ma. In Chapter I, two astronomically tuned 
records of K wt% from two sites located on the NW Australian shelf (U1463 
and U1464) demonstrate that humid conditions were already established in the 
area by ~6 Ma. An important outcome of this study was that the potential of 
the sedimentary archive to record changes in precipitation and river runoff 
within the continental shelf, largely depends on the depth of deposition and 
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the position during that time of the oceanic basin that receives the sediment. 
In Chapter II, the same study sites were used, but focus was given on a more 
detailed reconstruction of the intensity of seasonal variations and water col-
umn stratification. The analysis was based on the changes in calcareous nan-
nofossil assemblages and the evolution of temperature gradients between the 
shelf and the more open marine environment of the eastern Indian Ocean. This 
revealed a decrease in relative abundance of warmer oligotrophic species and 
an increase in small bloom-forming species, which coincided with stepwise 
temperature changes. When combined, these results support a marked shift in 
paleoclimatic and paleoceanographic regime between 5.4-5.2 Ma, driven by 
an increase in seasonality and water column mixing and accompanied by an 
intensification of the seasonal flow of Leeuwin Current.  

 Both chapters show that a significant decrease in nannofossil fluxes and a 
shift in the dominant species of the assemblage occurred between 4.6-4.4 Ma, 
and arguably mirrored broader scale changes in ocean paleoproductivity. In 
Chapter III more evidence for such changes is sought at other sites from all 
oceanic basins. This involved the investigation of the late Miocene to early 
Pliocene biogenic bloom, a period of globally elevated biogenic sedimentation 
in the ocean that occurred roughly between 9-3.5 Ma. After evaluating age 
model accuracy and sample resolution of previously published accumulation 
rate records of biogenic carbonate, opal, calcareous nannofossils and ben-
thonic forams, a new compilation of multiple records shows that the interval 
between 4.6-4.4 Ma was indeed characterized by an abrupt drop in ocean 
paleoproductivity at all low latitudes. Interestingly, this decrease was linked 
to a rare orbital configuration of Earth’s eccentricity and obliquity, which 
could have led to a lack of seasonal extremes and an overall weakening of 
Asian monsoonal intensity, river runoff and nutrient availability in the ocean. 
This chain of events can potentially explain this early Pliocene decrease in 
marine paleoproductivity, that arguably led to the end of the biogenic bloom 
in low latitudes. At the same time, evidence from higher latitudes support that 
this termination was more complex and included a significant ocean circula-
tion component, that shifted the main locus of deposition away from the trop-
ics and towards the north Pacific.  

Additionally, evidence from carbonate accumulation rates from a drilling 
site located in the South Atlantic (ODP Site 1264) suggests a late Pliocene 
termination of the biogenic bloom (3.3 Ma). This astronomically tuned record 
with an apparent temporal offset from our low-latitude hypothesis, offered an 
opportunity to investigate the discrepancies in higher latitudes and to compare 
the calcareous nannofossil assemblages of the Atlantic Ocean with those from 
the NW Australian shelf across the end of the biogenic bloom. This could 
improve our understanding of the changes in dominant species distribution 
that occur during intervals of significant change in marine paleoproductivity 
and nutrient availability. In Chapter IV, I evaluated the suggested timing of 
the end of the biogenic bloom at ODP Site 1264 and conducted a preliminary 
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comparison between the relative abundances of the two most dominant taxo-
nomic groups with the astronomically tuned record from U1463. This showed 
that differential patterns in nannofossil species distribution occurred across 
the termination of the end of the biogenic bloom between these locations. Spe-
cifically, ODP Site 1264 did not show any significant shift in species domi-
nance, which was a key characteristic at IODP Site U1463 (and Site U1464). 
Our results indicate that regional ecological factors controlled the occurrence 
and dominance of different species at different sites across the end of the bio-
genic bloom. 

Overall, this thesis improves our understanding of the paleoclimatic and 
paleoceanographic conditions that prevailed in NW Australia during the late 
Miocene to Pliocene, as well as the potential of calcareous nannofossils in 
recording regional and large-scale processes controlling seasonality and nutri-
ent availability in the ocean. Furthermore, this work successfully contributed 
to our effort of defining major intervals of change in paleoproductivity in time 
and space and to our goal to understand the possible mechanisms that generate 
them.  
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Sammanfattning på Svenska 

Sediment avsatta på havets botten utgör ett av de mest sammanhängande 
geologiska arkiven som kan hjälpa oss att rekonstruera och förstå jordens 
tidiga historia, innan människans inträde. Havssedimenten innehåller också 
detaljerad information på långa tidsskalor som annars inte är lätta att 
observera. Även om de flesta geologiska perioderna erbjuder värdefull 
information om paleoklimat och paleobiologi används oftast sk ”tidigare 
analoger” för att förbättra vår förståelse av nyckelprocesser och långsiktiga 
effekter av antropogena förändringar av vårt framtida klimat. Av särskilt 
intresse är de geologiska arkiv som har förmågan att bevara flera olika 
paleoklimatologiska och paleoceanografiska förändringar samt representerar 
de geologiska perioder som liknar de nutida förhållandena. Till exempel, 
under de tiderna då havstemperaturerna och CO2 halterna i atmosfären var 
nära de som vi ser i vår tid. Fokus för denna avhandling är sen-miocen och 
pliocen (7-3 millioner år sedan, Ma), som utgör exempel på några av sådana 
intressanta tidsperioder och som används som framtida analoger för global 
uppvärmning. Forskningen har baserats på en mängd olika metoder och 
indirekta mätningar (proxies), med den gemensamma nämnaren att allt 
studiematerial kommer ifrån marina sedimentkärnor provtagna av 
International Ocean Discovery Program (IODP). Basen för forskningen har 
varit kalkhaltiga nannofossil, som är små skalelement (kalkplattor i μm-
storlek) av encelliga marina alger. Dessa fossil har funnits sedan sen-trias (för 
mer än 200 millioner år sedan) och har använts i många studier eftersom de 
har bevarats väl och i stora mängder i havssediment över hela världen. Den 
stora artrikedomen och diversiteten gör dessa organismer till mycket lämpliga 
kandidater för detaljerad rekonstruktion av tidigare havsvattnets kemi och 
vattenpelarens fysikaliska egenskaper. 

Kapitel I och kapitel II fokuserar på NW Australien och det dynamiska 
klimatsystemet i Indo-Stillahavets varmvattenbassängområde, som idag 
representerar det enda kvarvarande genomflödet av varmt havsvatten vid 
ekvatorn (global ”varmvattenventil”). Området påverkas av varmt havsvatten 
med ursprung i Stilla havet och som flödar in i Indiska oceanen genom det 
indonesiska genomflödet och som sedan transporteras vidare söderut med 
Leeuwinströmmen. Baserat på mätningar av grundämnet kalium (K), som 
huvudsakligen transporteras till den nordvästra australiensiska shelfen via 
floder, kunde tidigare studier notera en abrupt övergång från torra till fuktiga 
förhållanden vid ~5,5 Ma. I kapitel I undersöktes K wt% från två sedimentära 
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lagerföljder (IODP Site U1463 och U1464) belägna på den NW Australiska 
shelfen som har astronomiskt kalibrerade åldersmodeller. I studien påvisas att 
fuktiga klimatförhållanden redan var etablerade i området för ~6 miljoner år 
sedan. Ett viktigt resultat av denna studie var att potentialen hos det 
sedimentära arkivet att bevara tecken på nederbördförändringar och 
flodavrinning på kontinentalsockeln, till stor del beror på havsdjupet och 
sedimentbassängens tektoniska utveckling. I kapitel II användes samma 
studieplatser som i kapitel I, men fokus lades på en mer detaljerad 
rekonstruktion av årstidsvariationer, eller snarare deras långsiktiga 
medelvärden, och förändringar i stratifiering (skiktningen i vattenpelaren). 
Min analys baserades på sammansättningen av kalkhaltiga nannofossil och 
utvecklingen av temperaturgradienter mellan shelfen och den mer öppna 
marina miljön i östra Indiska oceanen. Undersökningen visade en minskning 
av den relativa förekomsten av arter som lever i varmare och näringsfattiga 
vatten. Samtidigt uppvisas en ökning av små arter som bildar stora 
algblomningar, vilket sammanföll med stegvisa temperaturförändringar. 
Kombinationen av dessa resultat visar på en stor förändring i det 
paleoklimatiska och paleoceanografiska miljön mellan 5,4-5,2 Ma, där 
drivkraften varit ökade säsongsvariationer och vattenpelarblandning och som 
åtföljdes av en intensifiering av det säsongsbetonade flödet av 
Leeuwinströmmen. 

Undersökningen från båda kapitlen visade att en markant minskning av 
nannofossil och en förskjutning i de huvudsakliga dominerande kalkhaltiga 
algarterna inträffade mellan 4,6-4,4 Ma, som förmodligen speglade 
förändringar i paleoproduktiviteten i havet på en större geografiska skala. I 
kapitel III undersöktes potentiella bevis för sådana förändringar i 
marinproduktivitet på andra platser och i alla hav, vilket ledde till ett fokus på 
en global period som ofta kallas “the biogenic bloom” (fritt översatt: den 
biogena blomningen) med starkt ökad sedimentation under sen-miocen till 
tidig-pliocen (9-3,5 Ma).  
Efter utvärdering av åldersmodellens noggrannhet och provupplösning för 
tidigare publicerade ackumuleringshastigheter av biogent karbonat, opal, 
kalkhaltiga nannofossil och bentiska foraminiferer, samanställdes flera arkiv 
i ett, varvid intervallet mellan 4,6-4,4 Ma visades kännetecken på en abrupt 
minskning av paleoproduktiviteten på låga breddgrader i alla hav. Intressant 
nog kunde denna minskning kopplas till en sällsynt astronomisk konfiguration 
av jordens excentricitet och axellutning (oblikvitet), vilket kan ha orsakat 
minskade säsongsbetonade extremer och en övergripande försvagning av den 
asiatiska monsunintensiteten, flodavrinning och tillgång på näringsämnen i 
havet. Denna kedja av händelser kan potentiellt förklara denna minskning i 
marin paleoproduktivitet under tidig-pliocen, som mycket troligt ledde till 
slutet på den biogena blomningen på låga breddgrader. Samtidigt stöder bevis 
från nordligare breddgrader att denna minskning var mer komplex och även 
inkluderade en betydande havscirkulationskomponent, som flyttade den 
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huvudsakliga sedimentationsplatsen bort från tropikerna och mot norra Stilla 
havet. 

Dessutom tyder bevis från karbonatackumuleringshastigheter från en 
borrplats belägen i Sydatlanten (ODP Site 1264) att den biogena blomningen 
upphörde först i slutet av pliocen (3,3 Ma). Detta astronomiskt kalibrerade 
geologiska arkiv har en tydlig tidsskillnad från vad som föreslagits gällande 
låga latituder, och därför undersökte jag avvikelserna på högre breddgrader 
genom att jämföra de kalkhaltiga nannofossilsammansättningarna i 
Sydatlanten och NW australiska shelfen, i slutet av den biogena blomningen. 
Detta kan också förbättra vår förståelse för förändringarna i de dominerande 
arternas utbredning som inträffar under intervaller av betydande förändringar 
i marin paleoproduktivitet och näringstillgänglighet. I kapitel IV utvärderades 
den föreslagna tidpunkten för slutet av den biogena blomningen i Sydatlanten 
(ODP Site 1264) och genomförde en preliminär jämförelse mellan de relativa 
förekomsterna av de två mest dominerande taxonomiska grupperna med det 
astronomiskt kalibrerade arkivet från IODP Site U1463. Detta visade att 
differentiella mönster i utbredningen av nannofossilarter markerar det 
definitiva slutet av den biogena blomningen mellan dessa platser. Specifikt 
visade ODP Site 1264 ingen signifikant förändring i artdominans, vilket var 
en nyckelegenskap vid IODP Site U1463 (och Site U1464). Våra resultat 
stöder det faktum att regionala ekologiska faktorer kan ha påverkat vilken art 
som var dominerande under den tid som markerade slutet på den biogena 
blomningen. 

Sammantaget ökar denna avhandling vår förståelse av de paleoklimatiska 
och paleoceanografiska förhållandena som rådde i NW Australien under sen- 
miocen till pliocen. Mitt fokus var hur bra kalkhaltiga nannofossil kan bevara 
regionala och storskaliga processer som kontrollerar säsongsvariationer och 
näringstillgänglighet i havet. Dessutom bidrar detta arbete till att definiera 
stora förändringar i paleoproduktivitet i tid och rum och till vårt mål att förstå 
de möjliga mekanismerna som genererar dem. 

Translation by Dr. Anna Neubeck (with input from J. Henderiks) 
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