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Abstract

The Brazilian-Malvinas Confluence (BMC) dominates western South Atlantic
margin oceanography, marking a distinct mixing region between the tropical
Brazil Current and sub-polar Malvinas Current. Tracing this confluence requires
a readily available proxy, sensitive to the contrasting BMC water masses.
Planktonic foraminifera are unicellular marine plankton that construct a calcium
carbonate test, these tests are abundant in the fossil record, enabling analysis of
past environments. The BMC migrates along the margin over a range of

timescales, with variation impacting wider regional oceanography and climate.

Using planktonic foraminifera, this study assesses BMC regional spatial and
temporal variation, utilising: planktonic foraminiferal assemblages, single
specimen stable isotope analysis, ITRAX XRF scanning and new radiocarbon
dating, reconstructing modern and past Holocene signals. These techniques
targeted three aims 1) assessment of spatial variability of planktonic foraminiferal
core top records in relation to the modern setting, 2) investigation of BMC
evolution over the last 10 Kyr, tracking confluence movement in relation to a
single site, and 3) evaluation of water mass specific morphotypes and variable
test encrustation states on the isotopic signals recorded by Globoconella inflata,
a key species in oceanographic studies.

Use of high-density spatial mapping of assemblages and isotopic measurements
reveals significant heterogeneity between sites, at a resolution normally
unobtainable to similar studies. Assemblage and stable isotope variability
continue downcore, alongside ITRAX productivity spikes, coinciding with ENSO
intensification. Variation corresponds with mid-Holocene BMC southern
migration, supporting Argentine and Brazilian studies. Investigation into
increasing encrustation and increasing stable oxygen isotope values finds little
correlation when using single specimens, contrasting previous work. However,
this study provides recommendations for resolving morphotype/encrustation
influences on 8'0 records. This study emphasises the value of high-density
spatial and temporal sampling in understanding complex oceanographic regions,
and promotes single specimen isotopes for fingerprinting water mass signatures

and deciphering BMC morphotype/encrustation §'80 signals.
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Figure 2.1-1 a) Generalised South Atlantic oceanography with the main
components realised. The BMC mixing region is highlighted by the orange
oval, with the study region inset highlighted back a black box. The position
of currents is modified from Stramma and England, (1999). b) the regional
oceanography, modified from Hernandez-Molina et al., (2016) and location
of core UPC028 (black dot), the core study region is also highlighted (black
box). Shelf currents south of 33°S reflect the colder SASW (Piola et al.,

Figure 2.2-1 Schematic surface shelf currents modified from Piola et al., 2008.
Black box approximates region cores were collected from, black circle
represents site UPC 028. Dashed lines indicate the 40 mbsl and 200 mbsil.
Plata Plume Water (PPW) is advected north, Sub-Antarctic Shelf Water
(SASW) converges with Sub-Tropical Shelf Water (STSW) north of the
BMC at approximately 33 °S (Piola et al., 2008). .............euvuiiiiiiiiiiiiiiiiiiinns 8

Figure 2.3-1 Schematic of the modern climatic regime over South America.
Atmospheric flows are delimited by dashed lines. The Inter Tropical
Convergence Zone (ITCZ) (pink) summer and winter mean positions and
Low Level Jet (LLJ) (yellow) are based on Sylvester, (2009). South Atlantic
Convergence Zone (SACZ) average position is detailed by a green dashed
line (Sylvester, 2009; Barros et al., 2000; Villela, 2017; Pivel et al., 2010).
The South Westerly Wind Belt (SWWB) position is presented by black
dashed lines, with increasing weight implying greater wind strength
(Sylvester, 2009; Voigt et al., 2015). The South American Monsoon System
(SAMS) is a precipitation feature highlighted by the blue region, the position
of this system is controlled by surrounding atmospheric patterns (Barros et
al., 2000; Vera et al., 2006; Sylvester, 2009). Orange shaded region
defines latitudinal location for heat build-up during El Nifio Southern
Oscillation (ENSO) events, with atmospheric-ocean teleconnections
impacting South Atlantic systems (Marengo et al., 2012). Simplified oceanic
currents on the western margin are detailed by solid lines based on
Stramma and England, (1999), with the tropical Northern Brazilian Current
(NBC), polar Antarctic Circumpolar Current (ACC), tropical/sub-tropical
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Brazilian Current (BC) and sub-polar Malvinas Current (MC) depicted. The
average position of the Brazilian-Malvinas Confluence (BMC) is also
illustrated with an orange oval. The black box represents the location of
cores used in this StUAY.............uuuiiiiiiiiiiiii s 12
Figure 2.5-1 Modified from Hernandez-Molina et al., 2016. A
morphosedimentary map displaying regions of contouritic sediment
deposition (drifts and terraces) alongside erosive feature like canyons and
mass transport deposits on the Uruguayan margin (Hernandez-Molina et
al., 2016). Dashed black box indicates the region in which cores were
collected and the black circle represents the approximate location of site
O O 02 14
Figure 2.6-1 South American onshore and offshore sedimentary basins
alongside tectonic segments and rifts, overlain on regional
topography/bathymetry. Major Fracture Zones: FAFZ, Falkland-Agulhas
Fracture Zone; RGFZ, Rio Grande Fracture Zone. Minor Fracture Zones:
CFZ, Colorado Fracture Zone; VFZ, Ventana Fracture Zone; SFA, Salado
Fracture Zone; RPTS, Rio de la Plata Transfer System; MFZ, Meteor
Fracture Zone; ChFZ, Chui Fracture Zone; FFZ, Florianopolis Fracture
Zone. Arch/Highs: 1. Patagonia Oriental; 2. Rio Negro; 3. Tandilia; 4. Plata;
5. Martin Garcia; 6. Polonio; 7. Rio Grande; 8. Floriandpolis. This study
focuses on material recovered from the Punta del Este basin (PdE),
offshore Uruguay. Figure taken from Morales, Chang, Soto, Veroslavsky, et
= |2 SRR 16
Figure 2.6-2 Stratigraphic chart for the Punta del Este basin. Lithology based on
proximity, basin stage, likely environment of deposition and corresponding
seismic horizon. Cores are unlikely to encounter samples older than the
Quaternary and incorporate poorly/unlithified muds and sands. Taken from
Morales, Chang, Soto, Corréa, etal., 2017. ... 18
Figure 2.8-1 Expected modern relationships between known foraminiferal
ecologies and isotopic signatures. Variation is expected seasonally, most
notably impacting the 5'80vrpg) values, reflecting temperature change. Plot

based on similar reproductions in Pearson et al., (2012) and Birch et al.,
0240 2 3 21
Figure 2.8-2 SEM plate with corresponding scales. A) Gs. ruber white, B) N.
pachyderma C) Gc. inflata and D) Gr. truncatulinoides. Corresponding to
species listed in Table 2.8-1......oo e 22
Figure 2.8-3 Results from Jonkers et al., (2021). Upper panel: water column
monthly temperature/depth plots for five western South Atlantic margin
sites with averaged apparent calcification depths for encrusted and non-
encrusted forms. Middle panel: stable 5'®0Orpg) density curves. Outside
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the BMC encrustation shows little impact on 8'80 values. Lower panel:
5'3CvrpB) density curves, little impact of encrustation vs non-encrustation.

Figure 2.8-4 Taken from Jonkers et al., (2021). SEM and light microscope
images of Gc. inflata specimens with degrees of encrustation. A) no
encrustation, original test preserved. B) light encrustation, original test wall
features visible. C) moderate encrustation, calcite overgrowths on test wall
give shiny character. D) heavy encrustation, smooth walled specimen
depicted. Scale bars: 100 um whole tests, 10 um wall structure SEM
00 F=Te =T ST 25

Figure 2.9-1 Holocene Temperature Conundrum global records. A) Previous
global temperature proxy records with 10 uncertainty shaded, showing
warming peaking in the mid-Holocene (~6.5 ka). B) Seasonal (SSTsn) and
Mean Annual Sea Surface Temperature records (MASST) reconstructed by
Bova et al., (2021). C) A collection of simulated Holocene temperature
records. D) Holocene sea level curves accounting for decreasing global ice
volume and combined change in the radiative forcing from CO, CH4 and
NO:z. Figure taken from Bova et al., (2021) with references provided within.

Figure 2.9-2 Global Mean Sea Level curve for the Pleistocene and Holocene,
incorporating the Last Glacial Maximum (LGM), and subsequent
deglaciation through a number of Melt Water Pulses (MWP). Additionally, a
number of major climate events are highlighted including the Heinrich
events (H1-3), the Balling-Allergd warm period (B-A) and the Younger
Dryas cold period (Y-D) for reference. The Holocene timeframe of this
study is unlikely to incorporate the bulk of this sea level rise, however this
does provide a wider framework. This plot was taken from Harrison et al.,

122 0 TR 36

Figure 2.9-3 Examples of the local and regional processes that can impact
relative sea level (RSL), on top of global changes, termed Eustatic Sea
Level (ESL). GIA stands for Glacial Isostatic Adjustment. These processes
can act at a site in conjunction with one another or oppose one another to
impact RSL. Taken from Rovere et al., 2016. ..........ccoovriiiiiiiiiiii e, 37

Figure 2.9-4 Palynological and Diatom data from two salt marsh sites either side
of the Rio del Plata estuary and utilised to reconstruct Relative Sea Level
(RSL) by Prieto et al., 2017. NPPs refers to Non-Pollen Palynomorphs with
the grey band indicating highstand inferred from the palynomorphs and
diatoms. Loess and Gamma refer to two statistical models employed by
Prieto et al., 2017 to determine RSL, with the former closely aligning with
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Glacial Isostatic Adjustment models, and the latter likely differing due to
subsurface data omission. Taken from Prieto et al., 2017..............cc...e... 40
Figure 2.9-5 Schematic showing how the South Westerly Wind Belt (SWWB)
may have migrated over the Holocene and impacted the BMC position
based on supporting literature (Lamy et al., 2010; Voigt et al., 2015; Gu et
al., 2018c). Green dot: approximate location of this studies cores. Blue line:
Malvinas Current (MC). Red line: Brazilian Current (BC) Dashed oval: BMC
mixing region. Black dashed arrows are the SWWB, increasing weight
denotes increased wind strength. During the early Holocene the study
region was likely under BMC conditions, albeit slightly cooler than present.
In the mid-Holocene SWWB suppression southward results in BMC
migration south, bathing the study in warmer BC waters. Late Holocene the
BMC migrated further north with increasing SST meridional gradients
expanding the SWWB (Lamy et al., 2010; Voigt et al., 2015), toward
present BMC position. However, increased ENSO amplitude and frequency
from the mid-Holocene likely resulted in increased variability in BMC
position (Moy et al., 2002; Voigt et al., 2015). ....ccovvrriiiiiiiiiiiiiiiiieeeee 42
Figure 3.1-1 Site location in relation to Uruguayan coastline. Grey box defines
the region from which 200 cores were collected by BG group and ANCAP.
Additionally, the regional simplified oceanography is overlain. Modified from
Hernandez-Molina et al., 2016. .......ooeiieiieieeeeeeee e 46
Figure 3.2-1 Site bathymetry and Core selection. Black circles denote cores for
which a core top was acquired. White circles display additional sites within
the collection. In total 35 sites have been sampled for core tops, these
cores are listed in Table 3.2-1. Bathymetric data modified from Hernandez-
Molina et al., 2016 and McGuire et al., 2019.......ccoviieiiiiii e 47
Figure 3.4-1 Schematic of Inverse Distance Weighting (IDW) Interpolation
calculation and associated formula complete with example. z; is the
attribute measured, for this study either relative abundance, 5'€0, or
derived temperature (°C). d; is the distance from the unknown location to
the sampled site. p is the power parameter responsible for weighting the
samples proximal to distal, based on the assumption that samples proximal
to the unknown site will be a better estimation (Mitas and Mitasova, 2005;
Li and Heap, 2008)......ccooieeieieiiee et 55
Figure 3.4-2 Effect of altering the power value for IDW interpolation calculation
and the impact on the relative weighting of sampled sites, with increasing
distance from the unknown site. ... 56
Figure 3.6-1 lllustration of the particle back-tracking model. The model takes
snapshots from the particle’s original location on the seafloor, and using
ocean currents, calculates potential sinking trajectories alongside water
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temperatures experienced. We can thereby trace likely location origins of
planktonic foraminifera and compare isotope measurements to evaluate
expatriation potential (Modified from Kruijt, 2019).........ciiiiiin 64
Figure 3.7-1. A) Schematic of ITRAX scanner instrumentation and main
components. B) ITRAX Scanner similar to that housed at BOSCORF, with
sensor housing and sample loader open. C) Example of an archive half
(oF= T4 1] I oo ] - T 67
Figure 3.8-1. Radioactive decay of Radiocarbon. Post death radiocarbon
present within an organism/fossil declines following a set half-life of 5730
years. Through this process age can be determined using the ratio of '“C to
the more stable "3C and 2C iSOtOPES........cceeeeueeeeeieeee e, 69
Figure 3.8-2 Simplified schematic of an Accelerated Mass Spectrometer. A)
shows the loaded sample wheel graphite cathodes. B) process of creating
negative ions from the graphitised sample for acceleration. C) schematic
for the entire AMS with the accelerator, injector, stripper and sensors for
analysis. Ci) injection magnet for removing molecules that are heavier or
lighter than the target molecule. Modified from Fabel, 2015. .................... 71
Figure 3.10-1 Grid of interpolated stations used in webODV online software to
generate seasonal and annual regional SST plots in the absence of local
CTD data for multiple seasons or years. Grid provides 0.25 degree
coverage across the study region and supplements acquired CTD data
where possible (Locarnini et al., 2019; Schlitzer and Mieruch-Schnlle,

Figure 3.11-1 Visual delineation of the two Gc. inflata morphotypes from Core
GeoB13862-1, with Type | typically displaying a larger, more open aperture
than Type Il. Image is taken from Jonkers et al., 2021 and the scale bar is
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Figure 3.11-2 Example measurements that would have been collected. Red
denotes test area, orange line is test perimeter, yellow arrow is maximum
diameter, blue area is aperture size, black arrows show measurements of
the terminal chamber. Blue arrow shows length, green arrow shows width,
which combined can provide the test aspect ratio...........cccccoeveiiiiiiiiinnnnnnn. 77

Figure 4.1-1 Southwestern Atlantic oceanography is dominated by the Brazilian
Malvinas Confluence (BMC), the meeting of counter flowing surface
currents (Piola and Matano, 2019). a) southern hemisphere ocean
circulation reproduced from Stramma and England, (1999). The BMC
migrates within this framework seasonally and inter-annually. b) sea
surface temperature austral winter months of July to September show BMC
equatorward migration, with nearshore MC expansion and offshore BC
overshoot influencing the study region. c) warm austral summer months of
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January to March show a more poleward BMC position, with the site
experiencing more BC influence. The studied region straddles this
seasonal and inter-annual BMC shift on the Uruguayan margin, (black solid
box, panels b and c). d) and e) are temperature transects (green line)
across the study region displaying seasonal temperature depth changes.
Panels b-e were constructed using the online Ocean Data Viewer from the
seasonal 0.25 degree World Ocean Atlas 18 (WOA18) dataset (Stramma
and England, 1999; Schlitzer and Mieruch-Schndlle, 2021)...................... 81
Figure 4.2-1 Bathymetric map showing the spatial distribution of the cores within
the British Ocean Sediment Core Research Facility (BOSCORF) collection
along the Uruguayan margin. The collection comprises some 200 cores of
which 35 core tops (black circles) were sampled for assemblage and
isotope analysis along the margin length. The core top sampling followed a
SW-NE transect as represented by the dashed line. A Conductivity
Temperature Depth (CTD) hydrographic line runs through the study area in
a NW-SE direction as indicated by the orange diamonds. Blue colouring
relates to depth. Bathymetric data modified from Hernandez-Molina et al.,
2016 and McGuire et al., 2019, .....ooeiieeeeee e 82
Figure 4.3-1 The number of species recorded at each site is mapped with major
bathymetry lines overlain. Interpolation between sites produces grey
dashed contour lines that indicate number of taxa recorded, with the blue-
red colouring similarly based on number of taxa present to distinguish
areas of low diversity (blue) versus more diverse regions (red). Initial
analysis shows concentration of low diversity sites to the West/Northwest,
above 1500 mbsl, whilst sites toward the east show higher diversity of taxa.
Bathymetric data modified from Hernandez-Molina et al., 2016 and
McCGUIre et al., 20710, ..o e 86
Figure 4.3-2 Assemblage groupings based on temperature eco-groups for 31
sites, ordered on the transect from SW (left) to NE (right). The
assemblages show significant margin-wide variation, with a trend of
increasing relative abundance of species favouring warmer waters toward
the northeast of the transect, and a notable decline in polar taxa. ............ 87
Figure 4.3-3 Sites categorised into temperature regimes based on the eco-
groups of the species found at each site. There is a clear transition from
sub-tropical to transitional/sub-polar at approximately 52.8° longitude.
Bathymetric data modified from Hernandez-Molina et al., 2016 and
McCGUIre et al., 20710, ..o e 88
Figure 4.3-4 Calculated Fisher alpha diversity and Simpson 1-D values are
plotted above for each site in the transect. Fisher alpha suggests an
increase in species richness moving toward the northeast, or righthand
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side, of the transect. Simpson 1-D provides an assessment of species
evenness across the transect and whether samples are dominated by a
singular species or record an even assemblage. Within both metrics UPC
124 deviates from surrounding samples, particularly Simpsons Index of
diversity, where the value of 0.4 suggests dominance of a single species.89
Figure 4.3-5 Classification of published census count data for the South Atlantic
combining numerous datasets from Haddam et al., 2016 and South Atlantic
margin study sites from Chapori et al., 2021. Study region (black box) with
this studies data Within. ... 90
Figure 4.3-6 Inverse Distance Weighting Interpolation between sites enables
margin-wide estimates of likely distributions based on the three groupings
of transitional, cold (polar and sub-polar) and warm (sub-tropical and
tropical). Transitional species (green) comprise the bulk of margin
assemblages, with relative abundances peaking in the centre of the margin
at approximately 53 *W. Site UPC 125, located in the southwest, shows the
greatest decline away from the average suggesting a lesser transitional
eco-group influence in favour of cold eco-groups. There is general
uniformity of transitional abundances in the 50-60% range. The cold
species IDW interpolation plot (blue) is based on relative abundances of
three species: N. pachyderma, N. incompta and T. quinqueloba. UPC125
dominates the plot in the southwest with decreasing abundance to the
northeast, where the lowest value at UPC134 is found. All sites show at
least 10% of cold-water taxa, even in the northernmost sites. The warm
species IDW plot (red) displays the greatest relative abundance
concentrations in the northeast, in particular the eastern slope portion
(UPCO025, UPC028, UPC093, UPC134, UPC 170, UPC176 and UPC180)
and slope bases (UPC091 and UPC155). There is contrast when
comparing warm and cold groupings with transition between the two
occurring at the centre of the margin............ccc 91
Figure 4.3-7 The relative contributions of warm vs. cold species to individual
core sites. Through removal of Transitional species and subsequent
calculation of the remaining summed assemblages, warm species influence
is determined, providing a measure of the competing BMC currents. The
northeast and eastern portions of the margin reflect a greater number of
warmer taxa, suggesting a greater BC influence. The southwest and west
of the margin, and the bulk of the shallower water sites, show a greater
number of polar and sub-polar taxa supporting greater MC influence. ..... 94
Figure 4.3-8 Location of CTD stations displayed in orange and WOA18 stations
utilised for Austral Summer/Winter Temperature-Salinity plots in Figure
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4.3-11. Bathymetric data modified from Hernandez-Molina et al., 2016 and
McCGUIre et al., 2010, ..o e 95
Figure 4.3-9 CTD drop data displaying Temperature vs Salinity curves for a
subset of stations relevant to the study. See Figure 4.3-3 for station
locations to assemblage sites. Water mass values presented: TW —
Tropical Water, SACW — South Atlantic Central Water, MC — Malvinas
Current, AAIW — Antarctic Intermediate Water, NADW — North Atlantic
Deep Water, AABW — Antarctic Bottom Water, RDI River Discharge
Influenced. SACW, AAIW, NADW and AABW values from Emery, 2015 and
Piola and Matano, 2019. MC values from Gordon, 1981; Paniagua et al.,
2018 and Piola and Matano, 2019, TW values from Piola and Matano, 2008
and Piola and Matano, 2019. RDlI is inferred due to the station’s coastline
proximity and low salinity values suggesting runoff-surface water mixing.
TW and SACW are two BC components cited in the literature, TW is the
immediate surface waters and SACW the BC extension to depth (Piola and
Matano, 2019). Majority of stations show similar profiles, with BC conditions
heading offshore during late summer. Nearshore (STN 2 and 3) show
colder MC currents and TW and RDI mixing (Piola et al., 2008)................ 96
Figure 4.3-10 CTD data from a number of stations across the study area (CTD
3-6) collected in March 2009 by the RRS James Cook research cruise
JC032 (King et al., 2010). This data is presented alongside WOA18
modelled data interpolated over 62 years to provide averaged CTD data on
a 0.25-degree grid. The WOA18 data provides an approximation of
summer (yellow) and winter (blue) CTD temperature values, beyond the
March 2009 dataset (Locarnini et al., 2019; Schlitzer and Mieruch-Schnllle,
720 2 I T RSRSRRR 97
Figure 4.3-11 Temperature-salinity plots for MS stations displayed in Figure
4.3-8, data in Austral Summer is comparable with CTD stations displayed
in Figure 4.3-9. Summer values suggest warm SACW dominance, a
component of the BC. Austral winter temperature values are reduced,
backing cooling and an increased MC presence on the margin, particularly
to the NW, whereas stations further offshore largely maintain a warmer
SACW signature (Locarnini et al., 2019; Zweng et al., 2019; Schlitzer and
Mieruch-Schnllle, 2021). ... 98
Figure 4.3-12 Stable oxygen and carbon isotope (5'80eps) (%) and 8'3Cveps)
(%0)) cross-plot of the four species investigated. Gs. ruber white (red dots),
N. pachyderma (light blue dots), Gc. inflata (green dots), Gr.
truncatulinoides Right coiling (orange triangles), Gr. truncatulinoides Left
coiling (blue triangles) and Gr. truncatulinoides Unclassified (black
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triangles). Measurement uncertainty based on standard repeatability is
generally better than 0.05%. (1 S.D) for 8'3C and 0.1%. (1 S.D) for 8'80.. 99
Figure 4.3-13 Gc. inflata isotope groupings are encircled and labelled, Grouping
| is comprised of individuals with 8'80rpg) values <2 %0 and typically
lower, <2 %o, 8'3C(vrpB) Values. Group Il displays cooler values, isolated
with higher 5'80vppg) values than the other grouping, typically these are >2
00 OTBOUVPDB)- +vevvvereeereeitieeteeeteeette et e et te et e et et et e et e et e et e nre e eree e 101
Figure 4.3-14 Geochemical values replotted with 5'80 values converted to
temperature (°C) and plotted on a roughly SW-NE transect from top left to
bottom right. Temperature shows little variation between sites across the
margin with persistent separation of Gs. ruber (white) from the other
species. N. pachyderma, Gr. truncatulinoides R and approximately half the
Gc. inflata plot between seven- and fourteen-degrees Celsius. The
remaining Gc. inflata and Gr. truncatulinoides L plot cluster around five-
degrees Celsius. Splitting of Gc. inflata is likely a reflection of two distinct
groupings. Position on the margin transect does not appear to influence
likelihood of colder Gc. inflata or Gr. truncatulinoides L values. North-
eastern sites show a slightly higher propensity for Gs. ruber white,
potentially reflecting greater BC involvement. ..., 102
Figure 4.3-15 Four CTD sections with proximal foraminiferal isotope data for
four recorded species overlain. Horizontal ranges comprise temperatures
recorded by species foraminiferal calcite converted to temperature using
Kim and O'Neil (1997) palaeotemperature conversion. Vertical ranges are
based on published living depths of foraminifera, over which calcification
occurs and within recorded temperatures are likely in equilibrium to
surroundings. A series of CTD casts are available and proximal to isotope
sites, see Figure 4.3-8 for locations, CTD profiles collected in austral
summer (March 2009) (King et al., 2010). WOA18 data of interpolated
stations is provided to estimate winter temperatures with good agreement
between summer temperatures and measured CTD profiles (Locarnini et
al., 2019; Schlitzer and Mieruch-Schnlille, 2021). .......cccooiiiiiiiiiiiee. 103
Figure 4.3-16 Plots from Kruijt (2019) the left-hand plot shows the range of
average surface temperatures experienced by particles at their origin
locations. Black dots signify location from which the particle sinks to the
seafloor. The right-hand plot shows the distance travelled from origin
location to the black dot on the sea floor. Distances are mostly below 500
km, however higher distances can be observed proximal to the particle
release site (black dot), suggesting entrainment and circulation in eddies
WiIthin the BMC. ........eeeieeie e snnnnnnnnnnnnes 105
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Figure 4.4-1 WOA 2018 average winter (July, August, September), average
summer (January, February, March) and average annual temperature data
from 1955-2017 (Locarnini et al., 2019), with study area highlighted by
dashed black box. For comparison, species richness (bottom left) and
warm versus cold (bottom right) plots from assemblage studies. The
planktonic foraminiferal data clearly record the overlying water masses
influence with colder fauna to the southwest/west and warmer fauna
dominating the east/northeast. Note scales are different due to WOA
interpolation constraints (Locarnini et al., 2019; Schlitzer and Mieruch-
Lol o 18] L= 0 2 1 TR 110

Figure 4.4-2 Average Chlorophyll a values for the western South Atlantic
derived from satellite imagery. Modified from Saraceno et al., 2005.
Seasonal variation is observable, with the highest concentrations in
October, shortly after the peak austral winter months. Black contour lines
reflect Chlorophyll groupings from Saraceno et al., 2005........................ 111

Figure 4.4-3 Macroscale ocean currents overlain on classified South Atlantic
core top assemblages. Assemblage classifications record overlying
oceanography well with good agreement for the majority of currents. Only
areas of upwelling, in which nutrient supply becomes a greater forcing than
temperature, provide anomalies on the Argentine and Namibian coastlines.

Figure 4.4-4 5'®0roe) and &'*C(vrog) isotopes plotted by site organised on the
SW-NE transect displayed in Figure 4.2-1. Groupings from Figure 4.3-11
are approximated on each site’s plot. There is a slight preference for
Grouping |, the warmer grouping, to sites in the NE versus the SW,
however both groupings are represented across the transect, implying
presence of corresponding water masses on at least an inter-annual scale
if not intra-annually. ... 124

Figure 5.2-1 Annual sea surface temperatures off the western South Atlantic
margin. UPC 028 record, this study, identified with a black square.
Comparable literature records are identified as follows: planktonic
foraminifera palaeotemperature transfer function record (black diamond)
(Chapori et al., 2015), three Gc. inflata §'8Oppg) records (black circles)
and a dinoflagellate/pollen record (GeoB13862-1) (Voigt et al., 2015; Gu et
al., 2018c), a shelf Holocene reconstruction (black triangle) (Bender et al.,
2013). LaPAS-KF02 faunal and isotopic record (black pentagon) (Pivel et
al., 2013). Broad scale oceanographic currents are denoted by labelled
dashed lines from Stramma and England, 1999. Regional map was
constructed using the online Ocean Data Viewer from the annual 0.25
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degree World Ocean Atlas 18 dataset (Schlitzer and Mieruch-Schndlle,

Figure 5.3-1 UPC 028 age/depth plot based on obtained radiocarbon dates and
calibrated using Marine20 curve. Dark blue delimits one o error, light blue
MAFKS TWO G ITOF . ... e e e e e e e eeennnnanns 140

Figure 5.3-2 Simplified Age/depth (black) and sedimentation rate (grey) curves
based on acquired conventional radiocarbon dates, utilising the Marine20
curve, for UPC 028. One sigma and two sigma radiocarbon age error are
shown in dark blue and light blue respectfully............cccccco 141

Figure 5.3-3 Downcore assemblage groupings. A) Sample foraminifera per
gram values. B) Percentage of total foraminifera that are planktonic. C)
Warm species percentage, combing the tropical and sub-tropical species,
monitoring warm water influence. D) Variation in the relative abundance of
transitional species. E) Cold species percentage, combining polar and sub-
polar species groupings, monitoring cold water influence. F) Gr.
truncatulinoides right coiling proportion, with higher percentages equating
to warmer water influence. G) Ratio of Gg. bulloides to Gs. ruber white, a
productivity indicator alongside the change in relative abundance of benthic
species. H) Variation in species richness downcore. |) Fisher alpha values.
J) SIMpsons Index values. ...........ooooviiiiiiiiiiiiiiiiie 145

Figure 5.3-4 Downcore 5'®0rps) and &'3C(vrpg) isotope analyses of four
species representative of differing water column depths. Two surface
dwellers, the warm water Gs. ruber white, and the cold-water N.
pachyderma. Both species show slight warming trends across the
Holocene whilst the &'3C values for both species increase and peak during
the mid-Holocene. The remaining two species are deeper dwelling with Gc.
inflata a thermocline dweller and Gr. fruncatulinoides a sub-thermocline
species. Both species were split into two groupings likely representative of
differing water mass conditions due to the significant offsets between
individuals, see text for details on BC/MC classification. Trends over the
Holocene show a warming signal predominantly, peaking in the mid-
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Figure 5.3-5 Core greyscale reflectance, foraminifera per gram counts and raw
ITRAX counts of the main elements utilised by this study. ITRAX counts are
presented on log scales. Core recovery is shaded on the left-hand side of
the plot with black sections indicating missing material and grey bars areas
of cracking iN the COre. ... 155

Figure 5.3-6 Greyscale reflectance, sedimentation rate based on radiocarbon
dating, alongside ITRAX counts and ratios pertinent to sediment changes
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(Ca, Sr, Fe/Ca, Fe/Ti, CalTi) and productivity changes (Si/Ti, S/Ti, Br/Ti,
S/CI, Br/Cland Ba/Ti). ...eeeeeeeeeeieiiieee e 158
Figure 5.3-7 Summary figure of key ITRAX records, containing both
sedimentary and productivity metrics, alongside the summary foraminifera
information previously supplied. ... 161
Figure 5.4-1 UPC 028 downcore records relating to oceanographic shifts. A)
Greyscale core reflectance, with higher values indicating lighter colouring
and likely increased carbonate content. B) Foraminifera per gram numbers,
shifts to higher values indicate potential increases in productivity. C)
Planktonic species %, a relative abundance metric and the inverse of
benthic relative abundance. D) Relative abundance of warm (red),
transitional (green) and cold (blue) planktonic foraminiferal eco-groups from
assemblage counts, dashed lines are 3-point running average. E)
Percentage of right coiling specimens of Gr. truncatulinoides. F) Surface
dwelling species 5'®Orpg) values: Gs. ruber white (red) and N.
pachyderma (blue), raw data (points), mean values (line). G) Gc. inflata
5'80vrpB), raw data (points) average MC data (>2 %o, dark green line), BC
data (<2 %o, light green line), combined average (all data, mid-green line).
H) Gr. truncatulinoides 5'80rpg) data, raw point data is split: right coiling
(orange triangles), left coiling (blue triangles) and unclassified coiling (grey
triangles). Average curves are similarly split to Gc. inflata. 1) Voigt et al.,
2015, isotope data for three sites with 5-point average lines. Dates
recalibrated to the marine20 curve to align with dates for this study. BC
influenced signified by orange colouring and blue for MC....................... 168
Figure 5.4-2 Schematic storyboard for BMC migration over the Holocene.
General early Holocene trend is for southward BMC migration as UPC 028
warms. Immediately prior to the early-mid-Holocene boundary some
northward migration and cooling is suggested. The first half of the mid-
Holocene sees South Westerly Wind Belt (SWWB) suppression, leading to
further BMC southward migration. From ~6.0 ka, increasing El Nifio
Southern Oscillation (ENSO) drives increased seasonal position variability.
Into the late Holocene variability continues, with a lowering of the SST
gradient resulting in SWWB expansion. Combined with BC weakening
between ~2.3-1.0 ka leads to cooling at UPC 028 and brief northward BMC
migration, prior to establishment of modern conditions from ~1.0 ka. ..... 175
Figure 5.4-3 Compilation of Holocene productivity records for UPC 028.
Greyscale reflectance details the brightness of the core with higher values
likely indicative of increased carbonate content. Foraminifera per gram
numbers, shifts to higher values indicate potential increases in productivity.
Planktonic species % is a relative abundance metric indicative of Relative
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Sea Level rise. The relative abundance of warm (red), transitional (green)
and cold (blue) planktonic foraminiferal eco-groups from assemblage
counts, dashed lines provide a 3-point running average. Benthic %, is a
relative abundance metric, used as a productivity indicator. Gg.
bulloides:Gs. ruber white is a productivity indicator based on the species
preference for trophic states. Surface dwelling species &'3Cvrps) values for
Gs. ruber white (red) and N. pachyderma (blue), single specimen (points) is
plotted alongside mean values (line). Gc. inflata 5'*Cvppg) are presented,
single specimen (points), average MC data (dark green line) and BC data
(light green line) based on 5'80(vrpg) classifications and a combined
average (all data, mid-green line). Gr. truncatulinoides &'3Crog) data,
single specimen data is split with right coiling specimens (orange triangles),
the left coiling (blue triangles) and unclassified coiling (grey triangles). The
average curves are similarly split to Gc. inflata. ITRAX log ratios are also
presented, Ba/Ti is an ocean productivity indicator, alongside Si/Ti and
Br/Cl ratios. Additionally, S/Ti, S/Cl and Br/Cl ratios are organic content
indicators. The ENSO Holocene frequency data from Moy et al., 2002, is
presented for correlation with UPC 028 data. .............ccooeeiiiiiiiies 182
Figure 5.4-4 Modified figure from Voigt et al., 2013, detailing Mar del Plata
Canyon sites locations and the suggested varied outflow of the La Plata
river under modern conditions and strong El Nifio conditions. Site UPC 028
(black dot) is on the fringe of influence for any Plata Plume Waters and
thus is unlikely to be significantly impacted by terrestrial input, unless
unusually strong EI Nifio conditions were to occur. The green arrows
indicate regions of increased phytoplankton biomass (Voigt et al., 2013).

Figure 6.1-1 Light microscopy images of the two Gc. inflata morphotypes found
in the Southern Atlantic, taken from site GeoB13862-1 as part of the
Jonkers et al., 2021 study. Type | individuals have a larger aperture relative
to final chamber size than Type Il individuals. Classification of morphotype
is difficult, with the previous study finding difficulties classifying all
morphotypes (Jonkers et al., 2021). Scale baris 100 pm. ....................... 194

Figure 6.1-2 A) Location of stations utilised in Morard et al., (2016), core top
data originally from Chiessi et al., (2007) (circles), downcore samples from
Voigt et al., (2015) (stars), black stations were not considered in this study.
Background colour is mean annual SST from Locarnini et al., (2013). Red
symbols: Type | exclusivity, blue symbols: Type Il exclusivity, grey symbols:
Type | and Type |l present. Yellow star is UPC 028, this study. Black
arrows represent main surface currents. B) SST variability plotted against
latitude for austral summer (January) and winter (July), shading reflects
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monthly average SSTs derived from the World Ocean Atlas 2013 on a
0.25° grid, a smoothed averaged curve is presented (Morard et al., 2016).
C) Chiessi et al., (2007) Gc. inflata 5'80Ovrpg) values, dashed lines are the
sample latitudinal range recovered in this study. D) This study’s region,
inset of the grey box in panel A. Yellow circles denote sites where new core
top Ge. inflata §'80Qvppg) data was acquired, yellow star is site UPC 028
where downcore Gc. inflata 5'8Oprpg) data was also acquired. Panels A, B
and C are modified from Morard et al., (2016). Bathymetric data modified
from Hernandez-Molina et al., 2016 and McGuire et al., 2019. ............... 196
Figure 6.2-1 Spatial distribution of core topes from which Gc. inflata specimens
were obtained for encrustation classification and stable isotope analysis on
the margin. Bathymetric data modified from Hernandez-Molina et al., 2016
and McGuire et al., 2019, ... 200
Figure-6.2-2 SEM and light microscopy images of Gc. inflata from Jonkers et
al., (2021), used for classification of encrustation. Several degrees of
encrustation are classified as follows: (A) Non-encrusted, (B) minor, (C)
moderate and (D) heavy encrustation. Images display the same specimen
in two views for light microscopy, an SEM image and a SEM magnification
of the test wall. Scale bars are 100 pym for the full specimens, SEM and
light microscopy, and 10 um for details of the test wall ultrastructure
(Jonkers et al., 2021). Preservation of this study was found to be similar to
the images presented here, hence the A-D classifications were utilised. 201
Figure 6.2-3 Previous morphometric work by Morard et al., 2011 is displayed.
Plot A shows 306 specimens classified by geographic position when
sample was taken. Those collected by cruise AMT-5 above the Sub-Polar
front were given a Type | classification, whilst those below the front were
categorised as Type Il. This is a Log-Log Biplot of aperture/terminal ratio
vs. specimen major axis with illustrations provided for aperture/terminal
chamber ratio. The grey dashed line depicts the boundary of maximum
separation between the two genotypes. Plot B are histograms and
Gaussian kernel densities showing the log-ratio between aperture/terminal
chamber length and specimen major axis, alongside SEM images of two
example morphotypes. This figure and caption are taken/modified from
Morard et al., 2011 to show the potential overlap in size ranges between
MOIPNOLPYES. ... e e e e e e e eeeeees 202
Figure 6.3-1 Stable isotope data from the spatial core top study (CT, green) on
the margin and downcore temporal UPC 028 study (DC, purple), with UPC
028 core top data present in both studies highlighted (Both, yellow). ..... 204
Figure 6.3-2 Density distributions of all Gc. inflata results from core top and
downcore samples (yellow), black tick marks indicate individual data.
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5'80vrpe) data displays bimodal peaks, the largest centred on ~2.8 %o,
whilst the smaller, broader peak is centred on ~1 %.. Two peaks suggest
two populations within the 5'80 data. 5'*C(vrpg) data displays one large
peak at ~1.6 %o and the majority of results fall between 1-2 %o &'3C(vros).
Core top (CT, green) vs. downcore (DC, purple) stable isotope data
distribution, x-axis tick marks identify individual data. Bimodal 3'®Ovpps)
nature is preserved in both CT and DC. CT &'3C(vrpg) data produces a
broad unimodal peak with a skew toward higher values, DC data suggests
a minor bimodal distribution. ... 205
Figure 6.3-3 K-means cluster analysis for Gc. inflata when all data are
incorporated. Two clusters were used for the analysis based on NbClust
assessment (see inset). Clusters derived appear to be divided based on
5'80(vroB) as the principal factor. Cluster 1 predominantly falls <1.70 %o
5'80poe) Whilst Cluster 2 predominantly lies >2.33 %o 5'8O(vroeg) aligning
with Morard et al., (2016). ......uuuiiiiiiiiiiiiiiie e 206
Figure 6.3-4 Gc. inflata likely morphotypes estimated based on 8'8Ovppg) limits
set in Morard et al., (2016). Compared to Figure 6.3-1 it appears both the
core top and downcore data comprise of morphotype | (Type |, <1.70 %o
5'80vrps)) and morphotype Il (Type I, >2.33 %o 5'80vrps)), two data points
are ascribed as uncertain, falling between the ranges of Type | and Type Il
of Morard et al., (2016)........coooiiiiiiii 207
Figure 6.3-5 K-means cluster analysis of all Gc. inflata stable isotope data for
the western South Atlantic margin. Two clusters form, corroborating results
in Figure 6.3-4. Dashed lines indicate 5'8Ovrpg) limits for inference of Type
| (<1.70 %o) and Type Il (>2.33 %o), as published in Morard et al., (2016).
Inset shows results of multiple indices approach to determine optimal
number of clusters for K-means analysis. Using all UPC, Chiessi et al.,
(2007) and Jonkers et al., (2021) data. .......ccooeeeeeeeeeeeeeeeee e 208
Figure 6.3-6 Spatial distribution of morphotypes using 8'®0O(vrpg) ranges from
Morard et al., (2016) for classification. A majority of individuals are
classified as Type Il (60 specimens) versus Type | (39 specimens) with the
remainder classified as Uncertain (2 individuals). Type Il individuals
predominate sites in the shallower northwest of the study area, with
increasing proportions of Type | specimens to the east of the margin.
Central circle indicates the site classification if all individual points were
averaged, through this method comparison with historical studies is
possible. It is clear that a number of sites would produce a Type U average
signal, not representing individuals recovered from the site. Bathymetric
data modified from Hernandez-Molina et al., 2016 and McGuire et al.,
2010 209
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Figure 6.3-7 UPC 028 temporal single specimen 8'8Ovppg) data for Gc. inflata,
separated isotopically into the two likely morphotypes represented. Coeval
samples record individuals of both morphotypes inferring water mass
migration is common through geological time, with the isotopic offset
between populations preserved. Two samples are identified which display
ONlY ONE MOIPNOLYPE. ...t 210

Figure 6.3-8 5'®0vroe) and &'3Cvros) individual Gc. inflata results categorised
by degree of encrustation, both core top and downcore data. Visually, two
clusters are present, split by 8'80, with the grouping >2 %o 8'®Ovros)
dominated by more heavily encrusted individuals. ...................euvuiiiiinnnne 211

Figure 6.3-9 Stable isotope value distributions categorised for encrustation level
following Jonkers et al., (2021) scheme. Plot features all recorded Gc.
inflata values obtained by this study. Note encrustation level A (non-
encrustation) features only two representatives, whilst D (heavily encrusted
individuals) accounts for 113 individuals. ... 212

Figure 6.3-10 Distribution of core top and downcore encrusted individuals for
both 8'®0Ovrps) and &'3C(vrpe) values. Top panels: Total number of core top
specimens is 91 measurements, the individual representatives for
categories A and U respectively were removed due to too few data points
for distribution plotting. Lower panels: Total number of downcore
specimens is 97 measurements, including core top measurements for site
UPC 028. The one category A representative was removed, insufficient for
IStrIDULIONS. ... e 214

Figure 6.3-11 Spatial dispersion of Gc. inflata encrustation states, higher levels
of encrustation observed in northern and northwest sections, whilst
southern sites, and those further offshore, have higher proportion of
individuals with lower levels of encrustation. Bathymetric data modified
from Hernandez-Molina et al., 2016 and McGuire et al., 2019. ............... 216

Figure 6.3-12 Downcore 5'80rpg) data categorised by encrustation level. >2 %o
5'80vppB) Measurements dominated by heavily (D) and medium encrusted
specimens (C). <2 %o 5'80vrps) measurements show more varied
encrustation states, with higher proportions of C and instances of minor or
no encrustation. Proportion of encrustation type by sample interval is
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Figure 6.3-13 8'80Orpe) and 3'3Cvrpg) plot of data categorised for assumed
morphotype based on previously published expected ranges of §'®Ovpps)
(Morard et al., 2016). Circles = Type |, squares = Type Il and triangles =
Type U. Colours denote encrustation state, red = A, no encrustation, yellow
= B, minor encrustation, green = C, medium encrustation, blue = D, heavily
encrusted, black = U, encrustation unknown...............cccccciiiiinnieenenenes 219
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Figure 6.3-14 Composition of each morphotype by classification of encrusted
individuals. Type Il individuals display an 86.6 % propensity for heavily
encrusted individuals, twice that of Type I. Whilst Type | is dominated by
Medium (C) and Heavily (D) encrusted individuals, the type records higher
proportions of lesser encrusted and unknown categorisations................. 219

Figure 6.4-1 Location of previous Gc. inflata core studies relating to BMC
migration (Chiessi et al., 2007; Voigt et al., 2015), morphotype classification
(Morard et al., 2016; Jonkers et al., 2021), and encrustation impact
(Jonkers et al., 2021). Location of this study is highlighted (Black Box,
containing UPC cores) alongside broad position of regional ocean currents
(Peterson and Stramma, 1991), UPC sites lie on the southern Brazil
Current limb and is seasonally influenced by northern Malvinas Current
iINtrusion (Chapter 4). ... 220

Figure 6.4-2 All available Gc. inflata 5'80rps) and 5'3C(vros) isotope data for
the western South Atlantic margin classified by study. UPC All (yellow
diamonds) represents core top and downcore isotope data from this study,
Jonkers et al., (2021) data (pink squares) comprises core top and
downcore data, Chiessi et al., (2007) comprises core top only data (black
diamonds). Dashed lines denote Morard et al., (2016) 8'8Ovrps) range for
Type | specimens (<1.70 %o 5'0vrog)) and Type Il (>2.33 %o &'8Ovrps)),
with few data falling between, clustering is observed despite multi-
specimen averaged Gc. inflata data................cccccc 222

Figure 6.4-3 Isotope inferred morphotype classifications. Chiessi et al., (2007)
and results from this study (UPC) based on &'80 values, following Morard
et al., (2016) ranges. Jonkers et al., (2021) visually categorised samples
before 8'80 values derived. Majority of samples align with the 80 values.
Exception is Type 1? values which originate from core GeoB13862-1 (grey
star Figure 6.4-2), represented by empty red circles...........cccevviiiieee..n. 223

Figure 6.4-4 Modified figure from Morard et al., (2016). A) Spatial distribution of
literature core top Gc. inflata data from Morard et al., (2016). Red symbols
represent Type | morphotypes, blue symbols signify Type || morphotypes,
grey star indicates a mix of morphotypes. Grey box represents this studies
area. Black arrows detail main oceanographic processes from Chiessi et
al., (2007), background colour is mean annual SST from Locarnini et al.,
(2013). B) Taken from Morard et al., (2016), SST variability plotted against
latitude for austral summer (January) and austral winter (July), shading
corresponds to monthly average SSTs from the World Ocean Atlas 2013
on a 0.25° grid with a smoothed averaged curve. C) Core top 8'8Ovrps)
isotope results categorised for inferred morphotype plotted for this study
(transparent circles) alongside data compiled within Morard et al., (2016)
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(solid circles), and Jonkers et al., (2021) (triangles). Type | (Red), Type I
(Blue) and Type U (Yellow). Diamond symbols reflect stars in Panel A and
are from the Voigt et al., (2015) study. Black circles indicate Chiessi et al.,
(2007) core top data with no morphotype classification in Morard et al.,
(2016). Type 1? individuals from Jonkers et al., (2021) show higher than
expected 5'80pps) morphotype values. Dashed black lines indicate
latitudinal range of UPC core top study area...........ccccooevveeiiiiiiiieeeeeeeeees 224
Figure 6.4-5 Overview of morphotype distributions according to 8'®Oros)
classification ranges from Morard et al., (2016). Comparison with Chapter 4
assemblage mapping results shows comparable distributions of inferred
Type | with (A) higher percentages of warmer species and (B) increased
species diversity, associated with the BC. Inferred Type Il predominance
aligns with lower warm water species occurrences on the west of the
margin (A), and lower diversity of species in shallower waters (B),
associated with the MC. ... e 227
Figure 6.4-6 UPC 028 downcore Gc. inflata §'®Ovpps) data classified into
inferred morphotypes show a clear separation. Plotted alongside is the
nearby downcore record of GeoB13862-1 (Voigt et al., 2015). GeoB13862-
1 record produced &'8Orpg) values by averaging ten individual
foraminifera per data point, results of which have been used to obtain likely
morphotype. Dashed lines denote averages for Type | (pink), Type U
(yellow) and Type Il (blue). Voigt et al., (2015) data produces significant
numbers of Type U morphotypes likely the result of averaging of data
(yellow diamonds). Averaged UPC 028 samples (green dots) produce
similar 8'®0(vrpg) values, suggesting Voigt et al., (2015) data was derived
from mixed morphotype populations. Solid lines are the average UPC Type
| (red) and Type Il (blue), with averages notably lower and higher
respectively, than the Voigt et al., (2015) multi-specimen averages,
implying multi-specimen approaches smear the data, likely creating more
intermediary Type U values.............cooovviiiiiiiiiiiiiiiiiiiieeeeeeee 229
Figure 6.4-7 Schematic representations of possible morphometric assemblages
based on overlying water mass dominance and relative Gc. inflata
populations. Number of foraminifera represent population size, weight of
coloured arrow indicates relative dominance of labelled water mass.
Coloured chart indicates recorded assemblage proportions. A) Equal
distribution of foraminifera within water masses and equal water mass
dominance provides equal morphotype assemblage representation. B)
Equal assemblage proportions resulting from higher population in the less
dominant water mass. C) Equal dominance of competing water masses,
but higher populations within one promotes assemblage dominance of one
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morphotype. D) Equal foraminiferal populations but greater dominance of
one water mass produces assemblage dominated by one morphotype.
Grouped isotopic analysis and averaged results negate identification of
subsidiary populations within assemblages, smoothing over recorded
COMPIEXITY. .o 231
Figure 6.4-8 5'®0O(vrpe) values plotted with encrustation state to determine
whether encrustation systematically increases recorded §'8Oepg) values.
Whilst encrustation appears minorly correlated (thin dashed lines) with
increasing 5'80 values, when split into the two morphotype groupings, it is
unlikely the sole cause for increasing 5'80 values. Morphotype 8'80Ovrps)
boundaries (thick dashed lines) <1.70 %o (Type |) and >2.33 %o (Type II).
Category U values removed due to uncertain encrustation state............. 233
Figure 6.4-9 Replotted Jonkers et al., (2021) encrustation categorised 8'8Oprpg)
and &'Cvrps) data replotted with all UPC data. UPC data is further
categorised from Non-encrusted (A), light- (B), medium- (C) and heavily-
encrusted (D) specimens, and unclassified data (U). All density scales are
the same. UPC sites show broader 5'80 ranges, likely due to single
specimen approach. Heavily encrusted forms show propensity for higher
580 values, whilst less encrusted states skew to lower 5'80 values. .....235
Figure 6.4-10 A) Encrustation distributions overlain on warm species
assemblage data percentages, cooler assemblages in shallower waters are
dominated by heavily encrusted specimens i.e. Category D. B)
Encrustation categories and species richness shows shallower MC
dominated regions contain higher frequencies of heavily encrusted
specimens, whilst warmer BC waters align with lower encrustation
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Figure 6.4-11 Classified temporal data from this study (UPC categories: A, non-
encrusted, red circles; B, minor encrusted, yellow circles; C, medium
encrusted, green circles; D, heavy encrustation, blue circles; U,
unclassified encrustation, black circles) and GeoB13862-1 downcore
encrustation data (Jonkers encrusted, blue triangles; Jonkers mixed
encrusted, orange triangles; Jonkers non-encrusted, red triangles) (Jonkers
et al., 2021). In both datasets, heavily encrusted forms predominate higher
580 values. Additionally, both sites record a variety of encrustation states
at depth. This study (circles) reports higher encrustation variability <1.7 %o
5'80vrpB) Values and at greater proportions, whilst the GeoB13862-1
displays a number of values between morphotype ranges (dashed lines,
Type | <1.7 %o 8'®0Ovrpe) and Type Il >2.33 %o 6'8Ovpros) (Morard et al.,
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Figure 6.4-12 Encrustation and assumed morphotype classification data for
UPC cores. More heavily encrusted specimens (D) are found with higher
880 values, suggesting possible Type Il correlation and alignment with MC
580 values. Although heavy encrustation is visible in either assumed
morphotype, the <1.7 %0 5'®Ovrps) Type | grouping shows higher
proportions of lower encrustation, aligning with Type | assignment and BC
580 values of Jonkers et al., (2021)......c.ccceeveeirieeieiiecie e 240

Figure 6.4-13 BMC sites (GeoB13862-1 and GeoB6311-2) from Jonkers et al.,
(2021), south of this study. Classified by morphotype and encrustation state
show variable encrustation states with 5’80 values. A high number of Type
|? data points >2.33 %o 5'80(vrps) all originating from the same site may
suggest encrustation plays a role in increasing 8'80 values, occupying
space previous studies would expect indicative of Type Il morphotypes
(Morard et al., 2016). However, given the difficulty in visually discerning
morphotypes, all Type |I? specimens originate at site GeoB13862-1 and the
examples of encrusted forms at lower 8'80 values, it seems encrustation
does not uniformly cause the isotope offset. ..., 241
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Chapter 1 Introduction

1.1 Thesis Rationale

The Uruguayan margin, and large swathes of the Western South Atlantic, are
historically understudied; with low-resolution transects and few sediment samples
available to document planktonic foraminiferal communities along the continental
margin. This has led to poor coverage in global datasets (i.e. ForCens/
MARGO/IODP), especially when compared to Northern Hemisphere sites at
similar latitudes (Haddam et al., 2016; Garcia Chapori and Laprida, 2021). This
uneven coverage has been highlighted by the International Panel on Climate
Change (IPCC) as a key area for refinement, to better capture regional variation
within climate models and expand palaeoclimate records (Solomon et al., 2007;
Jansen et al., 2007; Masson-Delmotte et al., 2014). The study utilises a number
of cores made available by the British Ocean Sediment Core Research Facility
(BOSCORF), donated by BG Group and ANCAP, from commercial petroleum
explorations along the Uruguayan margin. The donation includes two hundred
gravity short cores and represents a novel opportunity to expand understanding
of regional, and wider South Atlantic, oceanographic changes.

This study utilises a number of core tops and high resolution sampled cores from
the BOSCOREF core repository, with work split into three discrete work packages
to tackle the listed aims and objectives. The first package focuses on gravity core-
top data, to analyse modern day planktonic foraminiferal abundances,
assemblages and stable isotopes from the region. This package will set a
benchmark for comparison of past communities and provide insight into regional
homo/heterogeneity of records. The second will explore how planktonic
foraminiferal assemblages have altered over the Holocene, with respect to the
modern, recording how water column properties have changed, and the impact
on species distributions accordingly in response to oceanographic change. The
third package will focus on understanding morphological and isotopic change
within an oceanographically complex region. Specifically, whether there is any
evidence of oceanographic shifts altering the representation of planktonic
foraminifera morphotypes through test parameter and isotopic changes within a
species. The Brazilian Malvinas Confluence (BMC) is the meeting of two
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boundary currents, and has in previous works been shown to migrate seasonally,
and over longer time intervals (Figure 1.1-1) (Olson et al., 1988; Peterson and
Stramma, 1991; Piola and Matano, 2019), changing the properties of water
bathing the site, likely resulting in disturbances to the abiotic conditions species
must tolerate (Piola and Matano, 2019). A number of contributing mechanisms
for BMC migration have been proposed, over a variety of timescales, and will be
discussed in detail in later chapters (Chapter 2 and Chapter 5). By sampling at
high resolution downcore the project aims to distinguish whether changes in
Holocene climate impact the test morphology and stable isotope values of
Globoconella inflata and whether this can be attributed to oceanographic shifts.
Clarifying recent literature assessments of the species and the application of the
species in tracing oceanographic shifts (Morard et al., 2011; Morard et al., 2016;
Schiebel and Hemleben, 2017; Jonkers et al., 2021).
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Figure 1.1-1 A simplified broad scale depiction of South Atlantic oceanography with the
competing and contrasting Brazilian and Malvinas currents colliding to form Brazilian-
Malvinas Confluence (BMC) (Stramma and England, 1999; Piola and Matano, 2019). This
BMC region is highlighted in orange with confluence and the region from which the
BOSCOREF cores were donated depicted by the black box .
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1.2 Aims and Objectives

This thesis aims to analyse the spatial and temporal variance in planktonic
foraminiferal assemblages during the Late Quaternary, from an understudied
portion of the Uruguayan margin (Hernandez-Molina et al., 2016). The sediments
recovered from the region were deposited within a complex oceanographic and
sedimentological setting (Hernandez-Molina et al., 2016). When combined with
shifts during the deglaciation from the Last Glacial Maximum the margin has
undergone significant changes (Lantzsch et al., 2014; Hernandez-Molina et al.,
2016; Warratz et al.,, 2017; Gu et al., 2018c), which are hypothesised to
significantly impact foraminiferal assemblages.

With planktonic foraminifera being a widely utilised tool in the study of
oceanography and climate change (Bé and Hutson, 1977; Pearson, 2012;
Schiebel and Hemleben, 2017), the aim of this thesis is to assess how spatially
variable the assemblages are within the complex modern mixing regime. The
temporal aspect of these changes will be evaluated by assemblage and isotope
records, alongside radiocarbon dating, to build a detailed environmental record
for the region using a single core sampled in high resolution. This will be of use
to regional palaeoclimate reconstructions and in understanding how Southern

Atlantic oceanography altered in response to global deglaciation.

Through the tracking of an individual species morphology and isotopic variability
the project aims to assess the temporal impact of the migrating BMC, the afore
mentioned heat exchange or mixing zone of the Western South Atlantic, has on
the species recovered from a single site. This study will expand on previous work
that identified isotopic offset of morphotypes of Globoconella inflata across the
BMC (Morard et al., 2011; Morard et al., 2016), alongside the stable isotope
impact of encrustation categorisation (Jonkers et al., 2021) by analysing the
stable isotopes of single specimens. It will target this question by completing a
high resolution, temporal, single specimen isotope analysis to observe whether
encrustation classification and BMC migration resulted in isotopic change at a
single site.



1.3 Aims and research questions:

To assess the spatial variability of planktonic foraminiferal core top records

across an oceanographically complex region.

- Do planktonic foraminiferal core top records reflect overlying
oceanographic currents, displaying spatial heterogeneity between sites, or
does the record provide a homogenous signal across the margin?

To investigate the evolution of the Brazilian-Malvinas Current over the last 10
Kyr
- How does the planktonic foraminiferal record reflect Holocene Brazilian-

Malvinas Confluence evolution over the last 10 Kyr?

To assess the influence of regional oceanographic controls and test
encrustation on the isotopic signals of Globoconella inflata.

- Is encrustation the likely dominant factor in variation of Globoconella
inflata single specimen stable isotope values rather than regional

oceanographic controls with distinct morphotype populations?



Chapter 2 Literature Review

2.1 The Uruguayan Margin

The cores in this study are located between 36-37°S latitude and 54°W30’-52°W
longitude in the Punta del Este basin, from a region with complex oceanography
close to the outflow of the second largest South American river (Depetris and
Griffin, 1968). As the region straddles the oceanic/continental margin it is
necessary to consider both continental and oceanographic climatic controls in
order to understand modern day and palaeoenvironmental influences on the

region.

Brazil.¢

0 250 500 km
[

Figure 2.1-1 a) Generalised South Atlantic oceanography with the main components
realised. The BMC mixing region is highlighted by the orange oval, with the study region
inset highlighted back a black box. The position of currents is modified from Stramma and
England, (1999). b) the regional oceanography, modified from Hernandez-Molina et al.,
(2016) and location of core UPC028 (black dot), the core study region is also highlighted
(black box). Shelf currents south of 33°S reflect the colder SASW (Piola et al., 2000).

2.2 Modern Oceanography

The modern South Atlantic oceanography, shown in Figure 2.1-1, has been

extensively modelled over the last 30 years as an important part of wider ocean

circulation and global heat exchange, with the Brazilian Malvinas Confluence

(BMC) a key feature of the Western South Atlantic (Olson et al., 1988; Stramma

and England, 1999; Wainer et al., 2000; Chiessi et al., 2007; Piola and Matano,

2008; Lumpkin and Garzoli, 2011). The influence of regional oceanography is key
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in defining the sediment deposition for the study region with oceanic currents
shown to limit direct fluvial delivery of sediment by directing Plata Plume Water
northward (Voigt et al., 2013; Razik et al., 2015), and enabling deposition and
remobilisation of sediment through contouritic processes (Hernandez-Molina et
al., 2009; Preu et al., 2013; Hernandez-Molina et al., 2016; Warratz et al., 2017).
In  addition, contrasting regional oceanography impacts species
presence/absence of planktonic foraminifera with species often thermally or
nutrient limited, resulting in potential assemblage variations through time (Chiessi
et al., 2007; Kucera, 2007; Chiessi et al., 2014; Morard et al., 2016; Schiebel and
Hemleben, 2017).

Defined as a mixing region the BMC is comprised of south flowing, warm, salty
waters combining to form the Brazilian Current (BC) and the northward flowing,
cool, relatively fresh waters of the Malvinas current (MC) in one of the most
energetic regions of the world’s oceans (Gordon, 1981; Peterson and Stramma,
1991; Stramma and England, 1999; Silveira et al., 2000; Piola and Matano, 2008;
Matano et al., 2010; Paniagua et al., 2018; Piola and Matano, 2019; Frozza et
al., 2020). The BC is comprised of two distinct warm water packages, Tropical
Water (TW) and South American Central Water (SACW), that differ in density and
depth. When compared to the MC, both TW and SACW are significantly different
in terms of temperature and salinity (Table 2.2-1) (Stramma and England, 1999;
Piola and Matano, 2008). The joining of the BC and MC currents is marked by a
sharp salinity front, projecting eastward from the margin at approximately 38°S
into the Argentine Basin (Olson et al., 1988; Stramma and England, 1999; Piola
and Matano, 2008; Piola et al., 2013; Guerrero et al., 2014; Matano et al., 2014;
Hernandez-Molina et al., 2016; Paniagua et al., 2018). In addition to contrasting
thermohaline properties the MC is often cited as being significantly richer in
nutrients, either through chlorophyll observations (Brandini et al., 2000; Garcia et
al., 2004; Saraceno et al., 2005) or through fish catch/ecological metrics (Acha et
al., 2004; Matano et al., 2010).

Below the surface waters the complexity of the BMC continues with interaction of
several northward flowing, sub-/polar currents including the Antarctic
Intermediate Waters (AAIW), Upper Circumpolar Deep Water (UCDW), Lower
Circumpolar Deep Water (LCDW) and Antarctic Bottom Waters (AABW) coming
into contact with southern flowing, and comparatively warmer, North Atlantic



Deep Water (NADW) and recirculated AAIW (Piola and Matano, 2008; Preu et
al., 2013). Each of these water masses are described in the water column by
salinity and temperature properties, often with sharp gradients between adjacent
currents (Table 2.2-1).

Combined, the BMC represents a key feature in the thermal, salinity and nutrient
exchange between the sub-tropics and sub-polar regions of the South Atlantic
and results in a complex, intense mixing region on the margin (Stramma and
England, 1999; Brandini et al., 2000; Piola and Matano, 2008; Paniagua et al.,
2018; Piola and Matano, 2019). This intense mixing generates mesoscale eddies,
alongside seasonal latitude variation of the central BMC region, derived from
variable seasonal strengths of confluence currents (Olson et al., 1988; Peterson
and Stramma, 1991; Hernandez-Molina et al., 2016; Piola and Matano, 2019).

Table 2.2-1 Table of regional water mass temperature and salinity signatures from the
literature for water mass classification.

Potential Salinity
Name Temperature (°C) (PSU) Reference
Plata Plume 20-25 <33.5 Physical properties (Piola et al.,
Water 2008)
Sub-tropical Shelf <13 33.9-36 Physical properties (Piola et al.,
Water 2008)
Sub-Antarctic 6-16 33.4-33.8 Physical properties (Piola et al.,
Shelf Water 2008)
Tropical water >20 >36 Physical properties (Piola and
Matano, 2019)
South Atlantic 5-18 34.3-35.8 Physical properties (Emery, 2015)
Central Water
Malvinas Current 5.6-15 <34.2 Physical properties (Gordon, 1981;
Paniagua et al., 2018; Piola and
Matano, 2019)
Antarctic 2-6 33.8-34.8 Physical properties (Emery, 2015;
Intermediate Paniagua et al., 2018)
Water
North Atlantic 1.5-4 34.8-35 Physical properties (Emery, 2015)
Deep Water
Antarctic Bottom -0.9-1.7 34.64-34.72 Physical properties (Emery, 2015)
Water
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Figure 2.2-1 Schematic surface shelf currents modified from Piola et al., 2008. Black box
approximates region cores were collected from, black circle represents site UPC 028.
Dashed lines indicate the 40 mbsl and 200 mbsl. Plata Plume Water (PPW) is advected
north, Sub-Antarctic Shelf Water (SASW) converges with Sub-Tropical Shelf Water (STSW)
north of the BMC at approximately 33 °S (Piola et al., 2008).

Whilst the BMC lies off the margin, a similar system operates in the shallow
waters (~<200 m) off the continental shelf, with two opposing shelf currents
converging, although evidence suggests minimal mixing (Piola et al., 2000; Piola
et al., 2008). This convergence is between Sub-Antarctic Shelf Water (SASW), a
cooler, fresher and nutrient enriched (T<16 °C, S<33.8) water mass originating
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from the Patagonian shelf, meeting the warmer, saltier and nutrient depleted Sub-
tropical Shelf Water (STSW) (T>13 °C, S<33.9) from the Brazilian margin at the
Sub-tropical Shelf Front (STSF) (Piola et al., 2000; Piola et al., 2008). This front
is located to the north of the study region with an average position of
approximately 33 °S, with minor seasonal migration (Piola et al., 2000; Lantzsch
et al., 2014). There is no firm connection certifying a coupling of the STSF and
BMC, (Matano et al., 2010; Bender et al., 2013; Voigt et al., 2015), although some
authors have connected the two features (Bender et al., 2013; Franco-Fraguas
et al., 2014; Lantzsch et al., 2014). These water masses are unlikely to overlie
any cores within the study region directly, due to the water depths involved
(~>1000 mbsl), however limited indirect influence may be seen at those sites
closer to shore (Piola et al., 2008).

As previously indicated the cores originate north of the Rio de la Plata estuary,
the outflow for the Parana River and the Uruguay River. This estuary handles
drainage from 3,100,000 km? of tropical and sub-tropical South America in the
form of the Rio de la Plata basin, with a discharge of 22,000 m3 s*! (Depetris and
Griffin, 1968; Acha et al., 2004; Cruz et al., 2007). The influence of the Rio de la
Plata outflow, sometimes termed Plata Plume Water (PPW), appears to be
largely restricted to the continental shelf (<200 m) through prevailing seasonal
wind directions, mixing with and freshening both the SASW and STSF nearshore
(Piola et al., 2000; Palma et al., 2008; Bicego et al., 2021). The selection of cores
within the study site are located on the continental slope in water depths varying
from ~1100-3050 mbsl and thus unlikely to experience PPW influence. The Rio
de la Plata drainage basin incorporates large sections of Northern Argentina,
Southern Bolivia, the entirety of Paraguay, much of Southern Brazil and most of
Uruguay (Depetris and Griffin, 1968). Therefore, it stands to reason that the
climate regime of these regions can be expected to influence the output of the
river, influencing sedimentary outflow of the Rio de la Plata and the freshwater
input along the margin. However, it has been suggested that the sediments
deposited on the continental slope are more likely to be sourced and under the
influence of strong contouritic currents than river discharge in the modern (Krastel
et al., 2001; Krastel et al., 2011).



2.3 Continental Climate

There are a number of atmospheric systems influencing South America,
impacting the continental climate and offshore oceanography (Garreaud et al.,
2009). Here a summary description is provided for the relevant systems likely to
influence the study site, either through proximal location or through distal in/direct
interaction. Schematic locations of these systems in South America are
presented in Figure 2.3-1.

One of the major modern environmental phenomena affecting South America is
the South American Monsoon System (SAMS), a seasonal precipitation event
over the austral summer months of October-April, but most intense during
December, January and February (Jones and Carvalho, 2013; Baker and Fritz,
2015). The monsoon covers a large portion of sub-/tropical South America, taking
in much of the Amazon basin and extending down to the La Plata Basin, causing
strong seasonal variability in precipitation across this region (Marengo et al.,
2012; Baker and Fritz, 2015). The SAMS is sensitive to land-sea thermal
gradients, resulting in sensitivity to changes in insolation causing migration to the
SAMS north and south (Cruz et al., 2005; Vuille et al., 2012).

This system is bounded to the north by the Inter-Tropical Convergence Zone
(ITCZ), a persistent global belt of converging trade winds proximal to the equator
(Vuille et al., 2012; Villela, 2017). This band is key in moisture fluxes into the
SAMS and is principally driven by meridional SST gradients (Vuille et al., 2012).
Bounding the SAMS to the south is the South American Convergence Zone
(SACZ), an elongated band of convection and associated cloud bands leading to
significant precipitation (Villela, 2017). The SACZ, which like the ITCZ, shows
inter-annual latitudinal positional variation, influencing the position of the SAMS,
and therefore inter-annual heat transport and precipitation (Barros et al., 2000;
Doyle and Barros, 2002; Vera et al., 2006; Garreaud et al., 2009; Marengo et al.,
2012).

Several continental studies have analysed changes in the SAMS with a view to

analyse climate and precipitation patterns over tropical/sub-tropical South

America (Cruz et al., 2005; Cruz et al., 2007; Cruz et al., 2009; Bird et al., 2011;

Strikis et al., 2011; Marengo et al., 2012; Vuille et al., 2012; Kanner et al., 2013;

Baker and Fritz, 2015). Changes in intensity of the monsoon has the capacity to

impact agricultural land usage, hydroelectric generation and regional water
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availability in the modern; thus understanding the SAMS variability is the focus of
ongoing research (Sylvester, 2009; Marengo et al., 2012; Jones and Carvalho,
2013). However, changes in SAMS position, or indeed the bounding ITCZ and
SACZ, over the course of the Holocene will impact the palaeoclimate and
corresponding palaeo-proxy records proximal to the continental margin.
Understanding the connections between the atmospheric and marine systems

will be key in understanding Holocene climate shifts.

Another key atmospheric feature of South American climate is the Southern
Westerly Wind Belt (SWWB), a mid-latitude (typically 40-60 °S) system that
extends from the surface to the stratosphere (Thompson and Solomon, 2002;
Garreaud, 2007; Garreaud et al., 2009; Razik et al., 2013; Voigt et al., 2015). This
system migrates throughout the year reaching a northernmost latitude of ~30 °S
during austral winter before contracting below ~40 °S during austral summer
(Garreaud et al., 2009; Lamy et al., 2010). SWWB position and strength are
typically controlled by meridional SST gradients (Garreaud et al., 2009; Lamy et
al., 2010). SWWB and SACZ form a see-saw in their migrations with the SWWB
pushing north during austral winter and retreating with SACZ advance over
austral summer (Garreaud et al., 2009; Sylvester, 2009; Razik et al., 2013).

A final climate factor is the El Nifio Southern Oscillation (ENSO), this is a cycle of
alternating warm (El Nifio) and cold (La Nifia) events originating in the tropical
Pacific that lead to changes in global atmospheric and ocean processes
(McPhaden et al., 2006; Garreaud et al., 2009). This ENSO leads to significant
precipitation and temperature variability over much of modern South America
(Garreaud et al., 2009). Establishment of modern ENSO conditions likely
occurred ~7-5 Kya, depending on threshold utilised, impacting the precipitation,
winds and ocean currents surrounding South America (Moy et al., 2002; Wanner
et al., 2008; Gyllencreutz et al., 2010; Bender et al., 2013; Voigt et al., 2013;
Bicego et al., 2021). Additionally, the number of events and their amplitude
increases toward the modern (Moy et al., 2002), likely having further impact on
regional climate and oceanography. A full overview of the mechanisms
influencing the modern continental climate of South America can be found in
Garreaud et al., (2009).
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Figure 2.3-1 Schematic of the modern climatic regime over South America. Atmospheric
flows are delimited by dashed lines. The Inter Tropical Convergence Zone (ITCZ) (pink)
summer and winter mean positions and Low Level Jet (LLJ) (yellow) are based on
Sylvester, (2009). South Atlantic Convergence Zone (SACZ) average position is detailed by
a green dashed line (Sylvester, 2009; Barros et al., 2000; Villela, 2017; Pivel et al., 2010).
The South Westerly Wind Belt (SWWB) position is presented by black dashed lines, with
increasing weight implying greater wind strength (Sylvester, 2009; Voigt et al., 2015). The
South American Monsoon System (SAMS) is a precipitation feature highlighted by the blue
region, the position of this system is controlled by surrounding atmospheric patterns
(Barros et al., 2000; Vera et al., 2006; Sylvester, 2009). Orange shaded region defines
latitudinal location for heat build-up during El Nifio Southern Oscillation (ENSO) events,
with atmospheric-ocean teleconnections impacting South Atlantic systems (Marengo et
al., 2012). Simplified oceanic currents on the western margin are detailed by solid lines
based on Stramma and England, (1999), with the tropical Northern Brazilian Current (NBC),
polar Antarctic Circumpolar Current (ACC), tropical/sub-tropical Brazilian Current (BC)
and sub-polar Malvinas Current (MC) depicted. The average position of the Brazilian-
Malvinas Confluence (BMC) is also illustrated with an orange oval. The black box
represents the location of cores used in this study.
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2.4 Atmosphere-Oceanography Interactions

The position of the BMC, and the linked ocean-atmosphere interactions, is a key
tenet of regional palaeoclimate study. The combination of these systems
influences continental climate, ocean circulation patterns, thermocline ventilation
and sedimentary processes (Peterson and Stramma, 1991; Chiessi et al., 2007;
Jullion et al., 2010; Hernandez-Molina et al., 2010; Bender et al., 2013; Franco-
Fraguas et al., 2014; Burone et al., 2018). However, the BMC location is not fixed,
displaying latitudinal variation seasonally and the average position varying over
multi-decadal and longer timescales (Olson et al., 1988; Peterson and Stramma,
1991; Garcia et al., 2004; Toledo, 2008; Lumpkin and Garzoli, 2011; Morard et
al., 2016; Piola and Matano, 2019).

Numerous drivers for BMC positional variation have been suggested including:
1) changes to various wind stress curl fields within the South Atlantic, influencing
the position of the SWWB and entire subtropical basin Sea Surface Temperature
(SST) anomalies (Sylvester, 2009; Lumpkin and Garzoli, 2011; Bender et al.,
2013; Razik et al., 2013; Voigt et al., 2015), 2) changes to ITCZ and SACZ
position, influencing migration of the intervening SAMS and changing moisture
and heat transport surrounding the continent (Zhou and Lau, 1998; Sylvester,
2009; Garcia and Kayano, 2010; Laprida et al., 2011), 3) variation in ENSO in the
Pacific, indirectly impacting the sub-tropics of the South Atlantic and impacting
currents (Garreaud et al., 2009), and 4) Atlantic Meridional Ocean Circulation
(AMOC) mode switching, weakening or strengthening the BC (Chiessi et al.,
2014; Chiessi et al., 2015; Mulitza et al., 2017; Santos et al., 2017). The variety
of mechanisms are often interlinked and speak to the complexity of the regional
climate and oceanography. However, it is important to note that this variation in
position determines the water masses influencing a given site, with knock on
impacts for regional climate, planktonic foraminiferal distribution and regional
productivity, both in the modern and through time (Toledo, 2008; Laprida et al.,
2011; Morard et al., 2016).
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2.5 Current Margin Sedimentology and Processes

Contourites represent accumulations or remobilisation of sediments by persistent
action of alongslope bottom-water ocean currents, contrary to turbidites which
transport sediment downslope as density flows (Figure 2.5-1) (Rebesco et al.,
2014). Contourites are comprised of muddy, silty or sandy sediments, typically
due to the low strength bottom-water currents involved (Rebesco et al., 2014;
Hernandez-Molina et al., 2016). The Uruguayan margin is largely comprised of
contourite deposits and intervening plastered drift deposits that extend from the
Upper Slope to the Lower Slope-Rise Transition (Hernandez-Molina et al., 2016).
Regionally, there are multiple submarine canyon systems, that despite major

riverine input from the Rio de la Plata have no clear continental shelf connection,

instead propagating via head-ward slope failure (Krastel et al., 2011; Lantzsch et
al., 2014).
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Figure 2.5-1 Modified from Hernandez-Molina et al., 2016. A morphosedimentary map
displaying regions of contouritic sediment deposition (drifts and terraces) alongside
erosive feature like canyons and mass transport deposits on the Uruguayan margin
(Hernandez-Molina et al., 2016). Dashed black box indicates the region in which cores were
collected and the black circle represents the approximate location of site UPC 028.
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The means through which contourite deposits form, makes them ideal for recent
past climate study due to high sediment accumulation rates providing fairly
continuous, high resolution records (Rebesco et al., 2014). As such, this region
is an ideal location to futher investigate Late Quaternary palaeoclimate,
palaeoceanographic and biotic records of the South West Atlantic. Use of
contourites for palaeoclimate and palaeoceanography studies extend along the
South American margin in publications on the Argentine (Hernandez-Molina et
al., 2009; Hernandez-Molina et al., 2010; Bozzano et al., 2011; Krastel et al.,
2011; Lastras et al., 2011; Preu et al., 2012; Piola et al., 2013; Preu et al., 2013;
Voigt et al., 2013; Pérez et al., 2015; Warratz et al., 2017), Uruguayan
(Hernandez-Molina et al., 2016; Creaser et al., 2017; Morales, Chang, Soto,
Corréa, et al., 2017) and Brazilian margins (Viana and Faugéres, 1998; Viana,
Hercos, et al., 2002; Viana, 2002; Viana, Jr, et al., 2002; Knutz, 2008; Contreras
et al., 2010; Borisov et al., 2013; Rebesco et al., 2014)

A broad summary of the contouritic and drift morpho-sedimentary facies of the
Uruguayan continental margin is discussed in Burone et al., (2018), largely
building on Hernandez-Molina et al., (2016), Franco-Fraguas et al., (2014) and
Lantzsch et al., (2014) amongst others. Dominant regional grain sizes tend to be
sand and silt size with some biogenic components (Franco-Fraguas et al., 2014;
Burone et al., 2018). The coverage of these studies is not entirely inclusive of the
sampled area with some studies only extending to 1900 m water depth for direct
sampling and relying on geophysical study for deeper depths. The above studies
do however, further encourage the use of high-resolution spatial and temporal
studies to expand understanding of this complex margin (Lantzsch et al., 2014;
Franco-Fraguas et al., 2014; Hernandez-Molina et al., 2016; Burone et al., 2018).

The upper slope of the contouritic region north of the core locations is
predominantly influenced by the low energy MC, whilst regions that appear
scoured and erosive are suggested to experience higher energy BC conditions
(Franco-Fraguas et al., 2014). The sedimentology found in Franco-Fraguas et al.,
(2014) suggests a coarser grain size than that found within the studied cores,
where silts and fine sands dominate alongside a small biogenic and organic
component to the sediment (Franco-Fraguas et al., 2014). This is likely due to the
study occupying shallower shelf waters, whereas this study deeper water depths
further south on the continental slope (~1250-3000 m water depth).
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2.6 Margin Geological History
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Figure 2.6-1 South American onshore and offshore sedimentary basins alongside tectonic
segments and rifts, overlain on regional topography/bathymetry. Major Fracture Zones:
FAFZ, Falkland-Agulhas Fracture Zone; RGFZ, Rio Grande Fracture Zone. Minor Fracture
Zones: CFZ, Colorado Fracture Zone; VFZ, Ventana Fracture Zone; SFA, Salado Fracture
Zone; RPTS, Rio de la Plata Transfer System; MFZ, Meteor Fracture Zone; ChFZ, Chui
Fracture Zone; FFZ, Florianépolis Fracture Zone. Arch/Highs: 1. Patagonia Oriental; 2. Rio
Negro; 3. Tandilia; 4. Plata; 5. Martin Garcia; 6. Polonio; 7. Rio Grande; 8. Florianopolis.
This study focuses on material recovered from the Punta del Este basin (PdE), offshore
Uruguay. Figure taken from Morales, Chang, Soto, Veroslavsky, et al., 2017.

Geographically the cores are located within the Punta del Este basin which, like
the rest of the Uruguayan margin, has a long and complex geological history. This
begins with the rifting and breakup of Gondwana and the opening of the South
Atlantic Ocean, subsequently forming a passive margin during the Lower
Cretaceous (137 to 126 Ma) (Blaich et al., 2009; 2013). Four segments were
identified within the South Atlantic, each separated by fracture zones (Moulin et
al., 2005; Morales, Chang, Soto, Corréa, et al., 2017). These segments facilitated
extension and opening of the South Atlantic, beginning in the southernmost
segment (Falkland/Malvinas Segment) and propagating north through the
South/Austral Segment, Central Segment and finally through the Equatorial
Segment (Nurnberg et al., 1991; Hinz et al., 1999; Blaich et al., 2009; Morales,
Chang, Soto, Corréa, et al., 2017). The Punta del Este Basin is the northernmost
failed rift basin of the Austral Segment, trending NW-SE and transected by the
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Rio de la Plata Transfer System, offsetting several of the structures and features
therein (Figure 2.6-1) (Soto et al., 2011; Morales, Chang, Soto, Corréa, et al.,
2017).

The Punta del Este basin is commonly split into four phases of tectonic and
stratigraphic evolution: pre-rift, synrift, transition and post-rift or similarly named
(Stoakes et al., 1991; Soto et al., 2011; Pérez, 2013; Conti et al., 2017; Morales,
Chang, Soto, Veroslavsky, et al., 2017; Morales, Chang, Soto, Corréa, et al.,
2017). Much of the stratigraphy for the Punta del Este basin has been correlated
between two drilled wells, the Gaviotin and Lobo wells, and correlated with
horizons visible in seismic traces. Large sections of the margin evolution have
been summarised in even greater detail within the following sources: Stoakes et
al., (1991); Raggio et al., (2011); Pérez, (2013); Hernandez-Molina et al., (2016);
Morales, Chang, Soto, Corréa, et al., (2017); Morales, Chang, Soto, Veroslavsky,
et al.,, (2017) amongst others. Research has principally focused on three themes:
the break-up of Gondwana and opening of the South Atlantic, contourite
processes and morphology, and hydrocarbon exploration along the South
Atlantic margin.

Due to the length of the cores in this region it is unlikely these older sediments
have been sampled, unless significant erosive surfaces were encountered. The
basin stratigraphy has been identified and detailed in Figure 2.6-2, split into the
four phases of basin formation to provide reference of the deposited lithologies
present (Figure 2.6-2).
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Figure 2.6-2 Stratigraphic chart for the Punta del Este basin. Lithology based on proximity,
basin stage, likely environment of deposition and corresponding seismic horizon. Cores
are unlikely to encounter samples older than the Quaternary and
poorly/unlithified muds and sands. Taken from Morales, Chang, Soto, Corréa, et al., 2017.
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2.7 Planktonic foraminifera

Planktonic foraminifera are single-celled biomineralising marine zooplankton,
prevalent from the tropics to polar latitudes with a fossil record that stretches back
approximately 170 My (Bé, 1982; Sen Gupta, 2003; Schiebel and Hemleben,
2017). The highest abundances and diversity of planktonic foraminifera peak in
the upper mixed-layer of the ocean (<100 m) with a few species specialised to
live below the photic zone (Birch et al., 2013; Schiebel and Hemleben, 2017).
During growth the organism constructs a calcium carbonate (CaCO3) shell or
‘test’, with additional test chambers added as the individual matures, presenting
a diverse array of distinct morphologies with varying degrees of ornamentation
(Wolfgang H Berger, 1969; Schiebel and Hemleben, 2017). Ciritically for
palaeoenvironmental studies, the precipitation of the CaCOzs test is influenced by
abiotic factors, consequently geochemical analysis of the test can shed light on
the surrounding ambient seawater temperature and chemistry during growth (Aze
et al., 2011; Schiebel and Hemleben, 2017; Schiebel et al., 2018). Planktonic
foraminifera, along with other biomineralising planktonic organisms, contribute
significantly to material exported to the sea floor, with their tests extremely
abundant in calcareous biogenous sediments (Wolfgang H. Berger, 1969;
Berger, 1971; Schiebel and Hemleben, 2017; Schiebel et al., 2018). The steady
accumulation of these sediments, particularly in stable settings, makes it common
for millions of years of evolutionary and palaeoclimatic history to be captured (Aze
et al., 2011; Pearson, 2012). A remarkable fossil record, proxy hosting potential
and globally ubiquitous nature make planktonic foraminifera an excellent study

group for testing evolutionary theories and reconstructing marine environments.

2.8 Taxonomy

Taxonomically, the modern fauna features approximately 50 extant
morphologically distinct species, with further genotypes being distinguished using
genetics and molecular methods (Schiebel and Hemleben, 2017; Schiebel et al.,
2018). Preservation of genotypes in the fossil record is problematic due to the
loss of biological material post death, limiting fossil records to morphological
distinctions (Schiebel and Hemleben, 2017; Schiebel et al., 2018). Common
morphological characteristics are used to delineate existing species concepts
within the literature, with examples of characteristics including: test shape, wall
structure, number of chambers, aperture position and size, number of apertures,
19



presence/absence of spines or keels amongst other attributes (Wolfgang H
Berger, 1969; Schiebel and Hemleben, 2017). The morphological taxonomy of
the group has often been under revision to standardise the taxonomy globally, as
species are synonymised and split from one another, altering the phylogeny of
this group, as new studies incorporate additional data. This process has been
ongoing in the literature for decades, but gained impetus with research
community led efforts to standardise terminology through a series of atlases for
the Cenozoic. To date the Palaeogene, Eocene and Oligocene Atlases have
been completely revised (Olsson et al., 1999; Pearson et al., 2006; Wade et al.,
2018) with a revision of the Neogene currently underway, building on the last
major revision of Kennett and Srinivasan, (1983). Due to the core lengths,
previous collection work (McGuire et al., 2019), and in the absence of an updated
Neogene Atlas this study will rely heavily on modern texts such as Schiebel and
Hemleben, (2017), and associated literature, with cores expected to be entirely

Quaternary in age, unless cores pierce significantly older sediments.

2.8.1 Ecology

Modern planktonic foraminiferal species distributions have been shown to be
strongly tied to ecological preferences including SST, nutrients and vertical
temperature profiles (Kucera, 2007). The dominant parameter defining planktonic
foraminiferal distributions is temperature (Boltovskoy et al., 1996; Boltovskoy et
al., 2000; Sen Gupta, 2003; Kucera, 2007; Schiebel and Hemleben, 2017).
Through analysis of modern species preferences and habitats it is possible to
estimate past biogeographic and oceanographic conditions (Sen Gupta, 2003;
Kucera, 2007; Schiebel and Hemleben, 2017). Estimations assume limited
taphonomic reworking and that past species were similarly constrained as
modern species (Schiebel et al., 2001; Kucera, 2007; Van Sebille et al., 2015;
Schiebel and Hemleben, 2017). Table 2.8-1 provides eco-groups for a number of
key species in this study, that will be used for isotope analysis. Expected eco-
groups isotopic positions are plotted in Figure 2.8-1 and SEM images of key
species to have stable isotopes conducted are presented in Figure 2.8-2.

Through planktonic foraminiferal assemblage counts this study will attempt to
reconstruct the modern oceanographic assemblage and using the spatial

distribution of foraminiferal abundances. Once constructed, this modern

20



representation will be applied to downcore samples at a single site to test whether

oceanographic variations are recorded within the planktonic record.

Table 2.8-1 Key species for stable isotopes and their associated eco-groups, dwelling
depths and whether they host symbionts based on the literature.
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Figure 2.8-1 Expected modern relationships between known foraminiferal ecologies and
isotopic signatures. Variation is expected seasonally, most notably impacting the &

80rpB) values, reflecting temperature change. Plot based on similar reproductions in
Pearson et al., (2012) and Birch et al., (2013).
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Figure 2.8-2 SEM plate with corresponding scales. A) Gs. ruber white, B) N. pachyderma
C) Gc. inflata and D) Gr. truncatulinoides. Corresponding to species listed in Table 2.8-1.

2.8.2 Morphometrics

Morphometrics is the quantitative analysis of form relating to part or whole of an
organism and can be utilised to study how form changes in a population through
time or space. Planktonic foraminifera provide a readily available source of
morphometric information, due to tests representing the whole organism, being
readily preserved into the fossil record and being abundant both spatially and
temporally (Schiebel and Hemleben, 2017; Schiebel et al., 2018). Body size
variability is a visible proxy of an organism’s life history, with changes to growth

rate, maturation and death evidenced in preserved body dimensions (McKinney,
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1990; Schmidt et al., 2008). Organisms should achieve peak growth under
optimum environmental conditions and therefore obtain idealised body forms,
with reductions in size or aberrations (i.e. deformities) occurring under more
stressful parameters (Hecht, 1976; Schmidt et al., 2004; Schmidt et al., 2008).
Test size and shape of planktonic foraminifera therefore reflects changes in
physiology, ecology, with evolutionary change becoming apparent over greater
periods of time (Schmidt et al., 2006). Whilst this study will not involve such large
timescales, observation of morphometric change may be prevalent within a high-
resolution study as environmental stresses change with boundary shifts between

distinct neighbouring water masses.

Measuring morphometric variability of individual specimens within a species of
planktonic foraminifera provides a history of response to changing environmental
conditions. Application across multiple species enables an assessment of water
column changes and the ecological shifts of species toward or away from optima
with regard to events and trends through time. Furthermore it has been suggested
that planktonic foraminifera have had stable optima for approximately the last 300
ky for most species, and the last 120 ky for all species (Schmidt et al., 2003;
Schmidt et al., 2008). Thus, size shifts throughout the core are likely to be directly
comparable to modern day species counterparts. Through observation of multiple
species morphology and knowledge of the regions climatic/oceanographic shifts
it may be possible to observe which species are pushed toward or away from
their optima i.e. the winners or losers of habitat change during BMC migration at

a single site.

2.8.2.1 Alternative morphometric study

The above suggested technique of measurement of quantitative morphometric
characteristics of multiple species to reconstruct environmental change follows a
more traditional format. However, this style of measurement would benefit from
paired morphological and single specimen isotopic measurements in order to
infer the potential drivers behind any change. Similar studies have been
undertaken on single specimens of modern and Cenozoic planktonic
foraminifera, using morphometric change alongside shifting isotope
measurements to infer shifts in ecological niches (Woodhouse et al., 2021). This

study demonstrated that shifts between eco-groups in both morphology and
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isotopic signatures can be documented through time and across regions of

complex oceanography.

Previous morphometric studies on the western South Atlantic margin have used
multiple specimens per data point within their geochemical analysis (Morard et
al., 2016; Jonkers et al., 2021). Morard et al., (2016), analysed Gc. inflata tests
from across the BMC to build on findings by Chiessi et al., (2007) that a 2 %o '30
offset was visible in the species across the confluence. Morard et al., (2016),
tested to see whether two genotypes of the species, one to the north of the
boundary and one to the south (Morard et al., 2011), explained this offset using
morphometric characters to split the two cryptic species alongside geochemical
data. The results show some separation, however the lack of single specimen
analysis hampers the study, with the authors suggesting such an approach would
improve the extraction of ecological signals (Morard et al., 2016). Subsequent
analysis by this study could help disentangle this signal with a BMC site.

Additional work was conducted by Jonkers et al.,, (2021) on the impact of
encrustation on the stable isotopes, using the two morphotypes of the cryptic
species to assess the regional variability. They found that specimens could be
split into four extremes, encrusted and non-encrusted morphotype | from the BC
and encrusted and non-encrusted morphotype Il from the MC. No examples of
non-encrusted specimens of morphotype Il were recovered (Jonkers et al., 2021).
Encrustation impacted the stable isotope signature by up to 2 %o &'®Orps)
compared to the non-encrusted forms within the BMC (Figure 2.8-3) (Jonkers et
al., 2021). Work to disentangle the level of encrustation and its influence on

cryptic species 5'®0 values requires single specimen analysis.

This study took the extreme end members for the majority of their analysis i.e.
fully encrusted or no encrustation, however they provide a means to semi-
quantitatively assess encrustation into four categories (A-D) quickly (Figure
2.8-4). A study assessing spatial and temporal variability could implement this
quick encrustation classification to see if it consistently explains a 2 %o offset in
5'80(vrpB) Measurements alongside, or independent from, further morphometric
analysis. In the absence of cryptic species analysis, the isotopic values by their
associated water mass enable some classification into likely morphotypes of the

cryptic species.
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Figure 2.8-3 Results from Jonkers et al., (2021). Upper panel: water column monthly
temperature/depth plots for five western South Atlantic margin sites with averaged
apparent calcification depths for encrusted and non-encrusted forms. Middle panel: stable
5'80(vrpB) density curves. Outside the BMC encrustation shows little impact on 5'30 values.
Lower panel: 8'3C(vroe) density curves, little impact of encrustation vs non-encrustation.

Figure 2.8-4 Taken from Jonkers et al., (2021). SEM and light microscope images of Gc.
inflata specimens with degrees of encrustation. A) no encrustation, original test preserved.
B) light encrustation, original test wall features visible. C) moderate encrustation, calcite
overgrowths on test wall give shiny character. D) heavy encrustation, smooth walled
specimen depicted. Scale bars: 100 um whole tests, 10 pm wall structure SEM images.
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2.8.3 Regional planktonic foraminiferal studies

Specific to this work are several relatively low resolution oceanographic
investigations along the Western South Atlantic margin, broadly tracing modern
water masses and relating them to planktonic foraminiferal assemblages
(Boltovskoy et al., 1996; Boltovskoy et al., 2000). Boltovskoy et al., (1996),
collected ninety-six plankton tows from twenty stations between 30-60°S in 1993,
recreating a similar North Atlantic project (Bé and Hamlin, 1967; Boltovskoy et
al., 1996). The following year Boltovskoy et al., (2000), collected thirty-eight
plankton tow samples, resolving variation in the upper 100 m of the water column
(Boltovskoy et al., 2000). Comparison of the data shows little interannual
variability at similar latitudes of the most common species relative abundances,
suggesting minor variation in distribution of surface plankton (Boltovskoy et al.,
2000). Although a relatively small dataset for quantifying the whole of the South
Atlantic margin, it is useful to note that species present in the plankton are
indicative of SST and the water mass they occupy, and this framework will be
used to underpin assemblage/water-mass associations in this thesis. A series of
assemblage zones indicative of the water mass present were proposed based on
the two studies with approximate latitudinal ranges (Table 2.8-2) (Boltovskoy et
al., 1996).

Table 2.8-2 Approximate latitudinal Sea Surface Temperature ranges. Ranges are based
on planktonic foraminiferal assemblages from two cruises conducted during the Southern
Hemisphere late spring (Boltovskoy et al., 1996; Boltovskoy et al., 2000).

7 Approximate latitude range (°S) Approximate latitude range (°S)
one November 1994 (38 samples) November 1993 (96 samples)
Subtropical <35 <34
Cold subtropical 35-37
Transitional 34-37
. 37-39
subtropical
Transitional 39-47 37-49
Sub-Antarctic 47-54 49-55
Antarctic 54-60 >55

Additional studies using core top material include Chiessi et al., (2007), in which
samples taken along the continental margin had oxygen and carbon isotopes run
to determine whether any species record the BMC. Several species were found
to depict various aspects of the water column including Globigerinoides ruber
pink, Globigerinoides ruber white and Trilobatus sacculifer/trilobus for northern

warm BMC stratified waters, Globigerina bulloides for southern cool subsurface
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waters and Globoconella inflata and Globorotalia truncatulinoides (left and right
coiling variants) indicated deeper waters across the entirety of the transect
(Chiessi et al., 2007). It was in these two later species that an oxygen isotope
offset of ~2 %o was observed across the BMC and prompted further study of Gc.
inflata and potential genotypic and morphologic variation of the species across
the BMC in the hopes of tracing past oceanographic processes by Morard et al.,
(2011; 2016); Jonkers et al., (2021). Whilst separate genotypes of Gc. inflata
were indeed found either side of the BMC with subtle morphological variation
(Morard et al., 2011; Morard et al., 2016) it has recently been suggested the
~2 %o 8'80 signal is a result of non-depth dependent test encrustation (Jonkers
et al., 2021). The work of these authors further suggests the utility of planktonic
foraminifera on the Uruguayan margin, both spatially and temporally, still has
utility in tracing palaeoceanographic movements and an increase in sample

density would help further resolve this.

Laprida et al., (2011), reconstructed middle Pleistocene SST (~300-120 ka)
based on assemblages collected from a core from 3400 m water depth to the
south of the Plata estuary, and indeed our sampling area, at 38° 29.7°S / 53°
40.7'W. Following Boltovskoy et al., (1996), the assemblages are dominated by
sub-Antarctic species, with the ratio of N. pachyderma left coiling vs. left and right
coiling used to determine colder, MC influenced conditions at the site between
300-120 ka (Boltovskoy et al., 1996; Laprida et al., 2011). The paper suggests a
BMC shift north, inciting 4-6 °C cooling, as MC waters dominate the time period,
explaining the shift of planktonic foraminiferal assemblages (Laprida et al., 2011).
However, it should be noted the dating on this core relies on biostratigraphy, with
the authors noting the potential for reworking within their site due to slumping
proximal to the core (Laprida et al., 2011). However, the study dates to
significantly earlier than the expected dates of this study, with no Holocene
material recovered (Laprida et al., 2011).

Chaporietal., (2015; 2021), utilise planktonic foraminiferal assemblage data from
a proximal site on the Argentine margin, GeoB2806-4, to reconstruct estimates
of Mean Annual Temperature over the Holocene. These studies indicate an
overall warming trend from the early Holocene, peaking by the mid-Holocene
before a slight cooling trend to the modern, although resolution is coarse at ~1
ky. They find evidence for BMC migration across the Holocene, with a more
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northerly position during the early Holocene and a migration south to a more
southerly position during the mid-Holocene (Chapori et al., 2015; Garcia Chapori
and Laprida, 2021). This agrees with another study based on Gc. inflata isotope
data from the Argentine margin, that cites a similar timing of movement in relation

to changes in atmospheric patterns (Voigt et al., 2015).

Pivel et al., (2010), used 5'80 isotope data from Gs. ruber white specimens to
construct a SST record offshore south-eastern Brazil, encompassing the last 20
ky at comparatively low resolution. Their findings suggest a warming trend from
the early Holocene, with the largest rise occurring over the mid-Holocene (Pivel
et al., 2010). Through comparison with other records they suggest SAMS activity
is at its most intense during the Last Glacial Maximum (LGM) and late Holocene,
aligning with changes to insolation, with the intervening period featuring a
weakened monsoonal system (Pivel et al., 2010).

Portilho-Ramos et al., (2019), provides a reconstruction of productivity on the
adjacent south-eastern Brazilian margin for the last 70 ky based on planktonic
foraminiferal assemblages. This was done by correlating the relative abundance
of upwelling favouring species, such as Gg. bulloides, with species known to
favour oligotrophic conditions i.e. Gs ruber, T. sacculifer and Ge. siphonifera
(Portilho-Ramos et al., 2019). They find that during the last glacial period
evidence for greater upwelling is present through increased eutrophic species
abundances vs. oligotrophic species and a drop in subsurface temperatures. The
mechanism for this is thought to be related to oceanographic shifts, enabling a
greater influx of silicic acid via SACW transport further north (Portilho-Ramos et
al., 2019). A similar study was also conducted further north on the Brazilian
margin by Toledo, (2008), which utilised the ratio of Gs. ruber white to Gg.
bulloides to infer productivity shifts over the last 30 ky. In this instance their record
also infers an increase in productivity over the last glacial as nutrient poor tropical
sourced waters were impeded in favour of nutrient enriched waters sourced from
further south (Toledo, 2008).

Frozza et al., (2020), primarily focus on bioerosion of planktonic foraminifera but
also produce a south-eastern Brazilian margin record through assemblage
analysis. This record covers the last 46 ky approximately and infers a warming
signal over the Holocene alongside a decline in regional productivity (Frozza et
al., 2020). An additional south-eastern Brazilian margin record, Chiessi et al.,
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(2014), reconstruct BC variability during the last 5 ky, providing a late Holocene
record. Through 8'80 isotopes and Mg/Ca data from planktonic foraminifera they
infer a ~730 year cyclicity relating to BC vs. Northern Brazil Current (NBC)
strength, driven by changes in AMOC, which they infer through alignment with
North Atlantic records (Chiessi et al., 2014).

Wider global databases of foraminiferal assemblage and ecological data, such as
the ForCens, Margo, Cortese, Neptune databases, and various combinations
thereof lack the detailed coverage of the Western South Atlantic Margin (Haddam
et al., 2016; Siccha and Kucera, 2017). Whilst previous planktonic foraminiferal
studies from sites along the western South Atlantic margin predominantly agree
on warming from the early to mid-Holocene, the temporal scale and dispersed
nature of studies provides motivation to record BMC migration, on a higher spatial
and temporal resolution. Further sampling on the margin would enable
determination of whether observed patterns are consistent spatially across the
margin, and through high-resolution sampling, temporally down core.
Additionally, this warming story is not necessarily reflected in other proxies
reported on the margin, which will be discussed in Section 2.8-2 (Kilian and Lamy,
2012; Varma et al., 2012; Bender et al., 2013; Razik et al., 2013; Lantzsch et al.,
2014). As such the limited published data for planktonic foraminiferal
assemblages enables a niche for this study to contribute new high-resolution
spatial data in this oceanographically dynamic region, by taking advantage of the
high-density core sampling.
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2.9 Palaeoclimate Stable Isotope Geochemistry

The following section aims to briefly outline the theory behind stable isotope
geochemistry in relation to palaeoclimate studies, and in particular the planktonic
foraminiferal record. As previously highlighted, foraminifera precipitate a test of
calcium carbonate, the isotopic composition of which is determined by the
isotopic composition of surrounding seawater present during calcification
(Pearson, 2012). Oxygen isotopes (with the corresponding proportions), 'O
(99.757 %), 8'70 (0.038 %) and 380 (0.205 %) form part of this calcification
process, with the relative abundance within a test controlled by fractionation
processes (Pearson, 2012). A detailed review of the fractionation processes can
be found in Pearson (2012), however one of the main factors impacting oxygen
isotope proportions in seawater are evaporation and condensation. §'°0, being
fractionally lighter, evaporates more readily than the heavier 3'®0, which
condenses more readily. As a result of repeated evaporation/condensation
fractionation processes from low latitude oceans the poles at high latitudes, water
vapour becomes increasingly depleted in 580, and thus ice sheets that form from
that depleted water vapour retain a isotopically light composition (Pearson, 2012).

Over millennial timescales ice sheets wax and wane in response to climatic
forcings, with growth of ice sheets concentrating 580 within the world’s oceans,
whilst ice sheet loss results in lower 8'80 values as melting of enriched 'O ice
dilutes the global reservoir (Pearson, 2012). Because foraminifera, and other
calcifying organisms, diagenetically preserve the ratio of oxygen isotopes at time
of formation, it is possible to assess past isotope values over geological time and
compare palaeoclimates of the past to the modern (Pearson, 2012). It is further
possible to derive past temperatures from oxygen isotope ratios, using lab
derived equations (Kim and O’Neil, 1997). A more detailed explanation of the
history and processes of oxygen isotopes, in relation to foraminifera, can be found
in Pearson (2012), whilst the use of isotopes by this study is discussed in Section
3.5.
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2.9.1 The Holocene

2.9.1.1 Global temperature records

The Holocene palaeoclimatic story has often been cited as crucial in
understanding the natural climate system variability, in order to understand and
quantify the impact of anthropogenic climate change (Mayewski et al., 2004;
Wanner et al., 2008; Shakun and Carlson, 2010; Marcott et al., 2013; Liu et al.,
2014; Marcott and Shakun, 2015; Wanner et al., 2015). Reconstructing the
degree of global Holocene palaeoclimate change, and defining the spatial and
temporal extent of palaeoclimatic change, has proved difficult for the scientific
community. This is in part due to apparent inconsistencies between paleo-proxy
data and modelled results relating to global palaeoclimatic shifts (Liu et al., 2014).
Palaeo-proxy signals indicate a global warming trend into the mid-Holocene
before an apparent cooling toward the modern, this is in disagreement with model
predictions which use retreating ice sheets and rising CO> values to predict mid-
late Holocene warming (Marcott et al., 2013; Liu et al., 2014). This apparent
discrepancy between measurements and modelling lead to the coining of the
term Holocene Temperature Conundrum within the literature (Liu et al., 2014).

Attempts to resolve this conundrum have involved: 1) identification of seasonal
and/or regional biases in proxy data, 2) factoring in the heavy northern
hemisphere sampling bias for proxy data and impacts on climate models,
3) ongoing tuning of climate sensitivity within current climate models to
realistically incorporate the above factors (Liu et al., 2014; Wanner et al., 2015;
Bader et al., 2020; Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020; Bova
et al., 2021). Recent data from |IODP site 363 suggests the global Holocene
Conundrum is likely a reflection of seasonality dominating records, with warming
across the entire Holocene (Figure 2.9-1) (Bova et al., 2021). This was first in
response to deglaciation and in the latter half of the Holocene (from 6.5 kya to
the modern) a response to rising CO- levels (Bova et al., 2021).

Accounting for this seasonality, model estimates for global and latitudinal bands
suggest minimal warming within the tropics, over the Holocene, with greater
warming occurring in the mid- and high-latitudes, particularly for the northern
hemisphere (Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020; Bova et al.,
2021). Proxy records still suggest warming peaking during the middle Holocene,

with the highest values occurring at approximately 6.5 ka, however producing
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modelled seasonal SST and modelled mean annual SST suggests warming
continues over the entire Holocene, driven by greenhouse gases, orbital forcing
and loss of ice-sheets (Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020;
Bova et al., 2021).
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Figure 2.9-1 Holocene Temperature Conundrum global records. A) Previous global
temperature proxy records with 10 uncertainty shaded, showing warming peaking in the
mid-Holocene (~6.5 ka). B) Seasonal (SSTsn) and Mean Annual Sea Surface Temperature
records (MASST) reconstructed by Bova et al., (2021). C) A collection of simulated
Holocene temperature records. D) Holocene sea level curves accounting for decreasing
global ice volume and combined change in the radiative forcing from CO2, CHs and NO:.
Figure taken from Bova et al., (2021) with references provided within.
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2.9.1.2 Potential Holocene South American atmospheric interactions

Study of the modern system can be utilised to infer past changes over the course
of the Holocene. The modern climate of South America is interconnected, both
across the continent, but also tied into the regional oceanography (Peterson and
Stramma, 1991; Stramma and England, 1999; Garreaud et al., 2009; Sylvester,
2009; Garcia and Kayano, 2010; Marengo et al., 2012; Razik et al., 2013; Jones
and Carvalho, 2013; Voigt et al., 2015; Garcia Chapori and Laprida, 2021).
Examples of such systems include the ENSO, indirectly impacting the eastern
sub-tropics in the South Atlantic from the Pacific side of the continent (Garreaud
et al., 2009); the SAMS influencing heat and moisture transport, which is in turn
impacted by ITCZ positional variation to the north, and the SACZ to the south
(Zhou and Lau, 1998; Sylvester, 2009; Garcia and Kayano, 2010). One of the
final systems impacting regional climate and oceanography is the SWWB that
limits southward thermal expansion and drives polar advection northward
(Sylvester, 2009; Voigt et al., 2015). Changes in latitudinal temperature gradients
alter the positions of these regional climate systems, with migrations impacting
the position and corresponding strength of associated oceanographic currents
i.e. BC and MC, leading to north/south shifts of the BMC across the Holocene
(Voigt et al., 2015; Piola and Matano, 2019). Similarly changes in ENSO
frequency and amplitude through time has the potential to impact atmosphere-

ocean interactions (Moy et al., 2002; McPhaden et al., 2006).

2.9.2 Holocene Continental Precipitation

Climate variability over millennia has been proposed to impact a number of
factors relating to continental climate, including the position of oceanographic
frontal systems (Lamy et al., 2010; Bender et al., 2013; Razik et al., 2013;
Lantzsch et al., 2014; Chiessi et al., 2014; Voigt et al., 2015); the precipitation
and foliage cover of the continental interior (Lamy et al., 2001; Cruz et al., 2009;
Lamy et al., 2010; Strikis et al., 2011; Kilian and Lamy, 2012; Vuille et al., 2012;
Gu et al., 2017; Novello et al., 2017; Gu et al., 2018c) and the erosiveness and
transport capacity of the Rio de la Plata (Chiessi et al., 2009; Lantzsch et al.,
2014; Razik et al., 2015). Whilst not the focus of this study, changes in the
continental climate may influence the conditions planktonic foraminifera dwell in

offshore and as such variability in these systems needs to be understood. A
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series of papers relating to South American continental climate since the LGM
can be found in Sylvester, (2009).

Evidence for climate variability has been derived from a variety of sources
including modern SST and rainfall records (Robertson and Mechoso, 2000;
Wainer and Venegas, 2002; Doyle and Barros, 2002; Garreaud, 2007; 2009;
Marengo et al., 2012), marine (Lamy et al., 2001; Chiessi et al., 2009; Baker and
Fritz, 2015), speleothems (Cruz et al., 2005; 2007; 2009; Lachniet et al., 2009;
Strikis et al., 2011; Vuille et al., 2012; Kanner et al., 2013; Baker and Fritz, 2015;
Akers et al., 2016; Novello et al., 2017), ice cores (Vuille et al., 2012; Baker and
Fritz, 2015), palynological records (Lamy et al., 2010; Baker and Fritz, 2015; Gu
et al., 2017; 2018b; 2018c) and lake varves (Bird et al., 2011; Vuille et al., 2012;
Baker and Fritz, 2015). A number of these records provide an indirect estimate
of SAMS rainfall variability, chiefly the speleothem records, through 'O
variability (Cruz et al., 2007). This is possible due to moisture sourcing for the
SAMS having a distinct 8'®0 signature compared to extra-tropical rainfall,
meaning inference of changing seasonal relative rainfall contributions is possible

based on the 5'80 signature preserved (Cruz et al., 2007).

Providing a broad scale overview, there are few records extending back into the
Quaternary beyond the mid-Holocene, but those available show the LGM as a
wetter period than the early-mid Holocene (Cruz et al., 2005; Novello et al., 2017).
This is likely due to the ITCZ and SACZ being driven further south, due to the
impact of orbitally driven decreased northern hemisphere insolation values and
the associated cooling (Cruz et al., 2005; Novello et al., 2017). The inter-
hemispheric temperature gradient is then shifted, enabling enhanced convection
in the southern tropics, providing increased precipitation and a stronger SAMS
(Cruz et al., 2005; Novello et al., 2017). The precipitation patterns shift during the
early Holocene, with generally drier conditions in south eastern South America,
as northern hemisphere warming leads to ITCZ and SACZ migration, driving the
average SAMS location and corresponding precipitation northward (Cruz et al.,
2005).

The majority of, but not all, studies show an increasing intensity of the SAMS over
the mid to Late Holocene, with increasing aridity in Northern South America, and
rising precipitation values further south, driven by increasing summer insolation
values impacting SAMS and ITCZ location (Cruz et al., 2005; 2007; 2009; Chiessi
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et al., 2009; Bird et al., 2011; Strikis et al., 2011; Vuille et al., 2012; Kanner et al.,
2013; Razik et al., 2013; Lantzsch et al., 2014; Baker and Fritz, 2015; Mulitza et
al., 2017). This shift during the late Holocene to a more intense SAMS, and wetter
conditions, has also been attributed to increased ENSO variability (Vuille et al.,
2012; Kanner et al., 2013).

The result of this precipitation variation on the La Plata drainage basin is higher
river discharge prior to the onset of the Holocene, tied to changes a more
southward position of the SAMS (Chiessi et al., 2009; Razik et al., 2013; Lantzsch
et al., 2014). This feedback is also evidenced in late Holocene records when
precipitation increases after the relatively drier early-mid Holocene (Razik et al.,
2013; Lantzsch et al., 2014). Such variation in discharge may impact records
nearer shore, or in the likely path of the PPW on the Uruguayan and Brazilian
shelves and may need to be considered when analysing productivity records.

2.9.3 Holocene oceanography

Oceanographic change is known to have occurred since the Pleistocene, and
extendeding into the Holocene, reflecting a number of changes as the world
warmed from the last ice age (Milne et al., 2005; Clark et al., 2009; Lambeck et
al., 2014; Harrison et al., 2019). Regional records are available for offshore
Argentina, Uruguay and Southern Brazil, a number of these papers suggest
movement of oceanographic fronts and/or sea-level change (Isla, 1989; Milne et
al., 2005; Cruz et al., 2009; Laprida et al., 2011; Razik et al., 2013; Bender et al.,
2013; Chiessi et al., 2014, Lantzsch et al., 2014; Chapori et al., 2015; Voigt et al.,
2015; Morard et al., 2016; Warratz et al., 2017; Prieto et al., 2017; Gu et al.,
2018c; Frozza et al., 2020). This leads to uncertainty in the degree and direction
of front movement, with similar contrast in the nature of relative sea-level (RSL)
change. However, given the depth of sites investigated here (>1000 mbsl), it is
unlikely the scopes of RSL change proposed (+/- 4-6 m) would impact these deep
water sites. Through these papers a number of mechanisms are suggested and

this will be explored in the later sections.

2.9.3.1 Sea level change

Sea-level change is well documented in response to global deglaciation following
conclusion of the LGM, a period defined as 26-19 ka, during which global ice
sheets reached maximum extents (Denton et al., 2010; Lambeck et al., 2014;
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Harrison et al., 2019). From this global glacial maximum, changes in insolation,
increases in meltwater input, changes to inter-hemisphere ocean and
atmospheric circulation, and increases in atmospheric CO2 causing thermal
expansion, combine to cause global mean sea level rise over the remainder of
the Pleistocene and into the Holocene (Denton et al., 2010; Rovere et al., 2016;
Harrison et al., 2019). This rise is displayed in a global mean sea level ice-volume
equivalent plot, shown in Figure 2.9-2, on which a number of Pleistocene and
Holocene climatic events, that occurred during the deglaciation, are framed
(Harrison et al., 2019). As the bulk of these events occur prior to the Holocene
record of this study, these are not discussed in detail.
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Figure 2.9-2 Global Mean Sea Level curve for the Pleistocene and Holocene, incorporating
the Last Glacial Maximum (LGM), and subsequent deglaciation through a number of Melt
Water Pulses (MWP). Additionally, a number of major climate events are highlighted
including the Heinrich events (H1-3), the Bglling-Allered warm period (B-A) and the
Younger Dryas cold period (Y-D) for reference. The Holocene timeframe of this study is
unlikely to incorporate the bulk of this sea level rise, however this does provide a wider
framework. This plot was taken from Harrison et al., 2019.

Alongside this global mean sea level rise, more local and regional factors
influence RSL rise. These can include isostatic uplift and subsidence, in relation
to tectonics, uplift adjustment due to ice sheet unloading, and sea level change
due to local gravitational factors (Guilderson et al., 2000; Denton et al., 2010;
Lambeck et al., 2014; Rovere et al., 2016). Examples of these processes are
detailed in Figure 2.9-3. It is important to use regional RSL curves that take
account local variations. There are few reliable RSL studies proximal to the study

region, however Milne et al., (2005) provide estimates for the whole of South
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America, whilst Prieto et al., (2017) review those RSL records available for the
neaby Rio del Plata, incorporating Uruguayan and Argentine records (Milne et

al., 2005; Prieto et al., 2017).

GIA - Glacial conditions
Global ESL fall
|

i

Far field ?

GIA - Interglacial conditions
Melted Global ESL rise
Ice sheet

Far field 3?
A

Continental plate

Tectonic uplift Tectonic subsidence
w1 | |(coseismic T2 2
No ESL 12 ( ) No ESL -
change " 11
Oceanic plate
—

Continental plate

Mantle dynamic

topography

No ESL
change

Crust

\M

Sediment
compaction
Uncompacted
ﬁediments
Compacted

sediments

Sediment
redistribution

Erosion

No ESL
change

» Deposition

Karst
isostasy
No ESL

Karst
unloading
% change
\NSI\

Volcanic isostasy

TAN
—

Crust

No ESL
change

Extraction of natural resources

Extraction well No ESL

Pre-extraction surface

* Land uplift \ Flow of mantle material

+ Land subsidence + ESL change

— 3 Direction of plate movement

[ Mantle [ ] Oceanicplate ~ [_—] Sediments
[ ]cCrust [ ] Continental plate [II] Bedrock
[ 1lcesheet v (I)VIraétre;?(le;emoved
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another or oppose one another to impact RSL. Taken from Rovere et al., 2016.
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2.9.3.2 Regional Relative Sea Level

Continuing deglacial trends from the LGM, the Holocene broadly observes global
sea level rise, however the extent of this change varies regionally (Fairbanks,
1989; Pirazzoli, 1993; Morner, 1996; Milne et al., 2005; Bracco et al., 2011;
Hanebuth et al., 2011; Stanford et al., 2011; Bender et al., 2013; Lambeck et al.,
2014; Prieto et al., 2017; Khan et al., 2019; Harrison et al., 2019). Regional
records from along the western South Atlantic margin suggest this sea-level rise
peaks within the mid-Holocene, although the exact timing and size of this
highstand varies by study and latitude (Guilderson et al., 2000; Cavallotto et al.,
2004; Milne et al., 2005; Angulo et al., 2006; Nagai et al., 2009; Bracco et al.,
2011; Martinez and Rojas, 2013; Bender et al., 2013; Bracco et al., 2014; Castro
et al., 2014; Colombo et al., 2014; Prieto et al., 2017).

Prieto et al.,, (2017) reviewed the data collected from the Argentine and
Uruguayan margins, again finding the timing and amplitude of the mid-Holocene
highstand was poorly constrained. This was in part due to the variety of methods
that had previously been utilised, and because the data employed in
reconstructions across the region was sourced from differing envrionments
(Prieto et al., 2017). The authors conducted a thorough review of available data
types, with the associated radiocarbon dating, filtering out likely erroneous data
and applied consistent radiocarbon curves (Prieto et al., 2017). Data was then
compared to local palynological records and predictions from Glacial Isostatic
Adjustment (GIA) models, finding good agreement (Prieto et al., 2017).

The broad timing of the highstand across the literature is between 7-5 ka, with
models, GIA predictions and trends inferred from the palynological/diatom
records implying sea level in the Rio del Plata began to fall over the last 6 ky
(Prieto et al., 2017). RSL data derived from the Rio del Plata region suggests,
when reached, highstand was ~4-6 m above present day (Prieto et al., 2017).
The total RSL change from the early Holocene to mid-Holocene highstand, given
the uniform sea level rise observed, is unlikely to exceed 20 m and thus unlikely
to be observed in >1000 mbsl sites (Cavallotto et al., 2004; Angulo et al., 2006;
Bracco et al., 2011; Martinez and Rojas, 2013; Bender et al., 2013; Bracco et al.,
2014; Lantzsch et al., 2014; Colombo et al., 2014; Prieto et al., 2017; Harrison et
al., 2019).
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From the highstand, the literature agrees RSL fell during the remaining mid-
Holocene and late Holocene to the modern, however the nature of this fall is
debated. Several authors suggest a smooth, continuous RSL decline (Cavallotto
et al., 2004; Angulo et al., 2006; Gyllencreutz et al., 2010; Martinez and Rojas,
2013; Colombo et al., 2014), whilst some imply a oscillating RSL fall, with brief
smaller rises offsetting the general declining RSL pattern (Gyllencreutz et al.,
2010; Bracco et al., 2011; Bracco et al., 2014). As Bracco et al., (2014), point out
in their reply to Martinez and Rojas, (2013), the curves are largely similar in the

overall trends displayed.

However, the use of palynological and diatom records from nearby salt marsh
sediments help clarify the nature of RSL fall, with Acritarchs and Dinocysts
peaking during highstand (Figure 2.9-4). These are then replaced by algae and
pollen as RSL falls, with limited pulses that would suggest oscilation in RSL
(Prieto et al., 2017). Additionally, this palynological/diatom data is in agreement
with a non-parametric “Loess” smoothing model, based on available elevation-
time plots that, predicts a consistent decline in RSL (Figure 2.9-4). The alternative
model Prieto et al., 2017 utilised was a Gamma model, however this does not
take into account subsurface data, and thus was not favoured, additionally the
Loess model was in close agreement with GIA model predictions (Prieto et al.,
2017).

From this relatively proximal study (Prieto et al., 2017), it is possible to infer RSL
change is similar at the UPC sites. Although given the water depths, and distance
to shore from slope position, of the UPC sites it is not expected to impact this

studies results, with site records maintaining marine status in entirety.
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Figure 2.9-4 Palynological and Diatom data from two salt marsh sites either side of the Rio
del Plata estuary and utilised to reconstruct Relative Sea Level (RSL) by Prieto et al., 2017.
NPPs refers to Non-Pollen Palynomorphs with the grey band indicating highstand inferred
from the palynomorphs and diatoms. Loess and Gamma refer to two statistical models
employed by Prieto et al., 2017 to determine RSL, with the former closely aligning with
Glacial Isostatic Adjustment models, and the latter likely differing due to subsurface data
omission. Taken from Prieto et al., 2017.

2.9.3.3 BMC shifts

Debate within the literature centres around the potential migration of the BMC in
response to complex changing ocean-atmospheric influences. Whilst the majority
agree some migration occurs, the direction, magnitude of migration and timing of
movement along the margin are debated, with a number of mechanisms utilised

to explain records. Additional confusion seems to come from authors coupling the
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BMC with the STSF (Bender et al., 2013; Lantzsch et al., 2014; Franco-Fraguas
et al., 2014). The STSF however, has not been shown to be connected with the
BMC further offshore, and thus migrations suggested in this shallow, nearshore
front do not necessarily reflect conditions further offshore (Piola et al., 2000;
Matano et al., 2010; Voigt et al., 2015).

The prevailing process based on planktonic foraminiferal stable isotopes and
palynological studies suggest BMC migration moves south from the current
position over the mid-Holocene. This is linked to a weakening of the SWWB,
shifting the maximum wind stress curl southward, a weakened ENSO state over
the early/mid-Holocene and a strengthened BC; this enables the southward
migration from ~0.75° north of the present day latitude at ~10 ka, to ~0.5° south
at ~5 ka within the mid-Holocene (Figure 2.9-5) (Cane, 2005; Sylvester, 2009;
Lamy et al., 2010; Lumpkin and Garzoli, 2011; Voigt et al., 2015; Gu et al., 2018c).
Additional Brazilian margin records imply a weakening of westerlies during the
mid-Holocene (de Mahiques et al., 2009). However, as Kilian and Lamy, (2012),
point out in their collation of South American SWWB records from Patagonia, and
Varma et al.,, (2012), also confirm, the SWWB signals are not always in
agreement, with contradictory records for SWWB reconstruction over the
Holocene a challenge (Kilian and Lamy, 2012; Varma et al., 2012; Voigt et al.,
2015).

After the mid-Holocene, a number of changes occur impacting atmospheric
patterns and oceanographic processes, complicating the potential migration of
the BMC. Insolation changes result in a cooling northern hemisphere, which in
turn drives the ITCZ southward, and through Hadley cell weakening translates to
a stronger SWWB in the mid-latitudes (Sylvester, 2009; Lee et al., 2011).
Southern hemisphere mid-latitude temperatures in the late Holocene cool slightly,
causing a number of shifts to occur impacting the SWWB position (Lamy et al.,
2010). This cooling is coeval with eastern tropical Pacific warming, establishing
more modern like El Nifio conditions, and increasing the SST meridional gradient
in the low-mid latitudes, reducing the suppression of the SWWB at high latitudes
enabling migration north (Lamy et al., 2001; Lamy et al., 2010; Voigt et al., 2015).
This southward ITCZ movement also brings the aforementioned southern
migration of the SAMS resulting in increased precipitation (Lantzsch et al., 2014).
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Figure 2.9-5 Schematic showing how the South Westerly Wind Belt (SWWB) may have
migrated over the Holocene and impacted the BMC position based on supporting literature
(Lamy et al., 2010; Voigt et al., 2015; Gu et al., 2018c). Green dot: approximate location of
this studies cores. Blue line: Malvinas Current (MC). Red line: Brazilian Current (BC)
Dashed oval: BMC mixing region. Black dashed arrows are the SWWB, increasing weight
denotes increased wind strength. During the early Holocene the study region was likely
under BMC conditions, albeit slightly cooler than present. In the mid-Holocene SWWB
suppression southward results in BMC migration south, bathing the study in warmer BC
waters. Late Holocene the BMC migrated further north with increasing SST meridional
gradients expanding the SWWB (Lamy et al., 2010; Voigt et al., 2015), toward present BMC
position. However, increased ENSO amplitude and frequency from the mid-Holocene likely
resulted in increased variability in BMC position (Moy et al., 2002; Voigt et al., 2015).

Contrasting the expansion of the SWWB, a mechanism for further variability may
be present in the late Holocene due to southward migration of the ITCZ. This
could potentially weaken the NBC, increasing the strength of the BC, and drive
the BMC position southward, although this process also seems to oscillate
through the late Holocene (Chiessi et al., 2014). The increased variability of BMC
positioning in the literature appears to originate from entanglement of a number
of processes as mentioned above. Voigt et al., (2015), and Gu et al., (2018),
capture this in two proximal records to this study, utilising planktonic foraminifera
and palynology separately. They both imply a migration of the BMC north from
the mid-Holocene southern position, overshooting the modern position by ~1° at
1.5 ka and then migrating south again toward the modern position of ~38 °S. (Moy
et al., 2002; Voigt et al., 2015; Gu et al., 2018c). It seems likely this increase in
BMC variability is tied to the ENSO increasing in variability and amplitude from
~6 ka onward (Moy et al., 2002; Cane, 2005), leading to increased variability
observed in BMC position (Voigt et al., 2015).

A number of studies on the continental shelf have suggested contrary trends over

the Holocene, with migrations of the STSF going in the opposite direction to

studies analysing the BMC further offshore (Bender et al., 2013; Razik et al.,

2013; Lantzsch et al., 2014). Those sites that imply northward STSF migration
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are typically nearer shore and from water depths <700 m, commonly cite two
mechanisms controlling the STSF position (Bender et al., 2013; Razik et al.,
2013; Lantzsch et al., 2014). The first mechanism utilises sea-level rise over the
early and mid-Holocene, all studies agree sea level rise occurs over the early to
mid-Holocene on the eastern South American margin (Angulo et al., 2006;
Gyllencreutz et al., 2010; Bender et al., 2013; Martinez and Rojas, 2013; Bracco
et al., 2014; Colombo et al., 2014; Prieto et al., 2017). Within these STSF studies
the sea level rise broadens the available shelf space and leads to an
intensification of SASW pushing further north, driving the STSF northward
(Bender et al., 2013; Razik et al., 2013; Lantzsch et al., 2014). The second
mechanism to migrate the STSF northward over the early and mid-Holocene, is
via a northward expansion of the SWWB (Bender et al., 2013; Razik et al., 2013;
Lantzsch et al., 2014), counter to the studies of Voigt et al., (2015), and Gu et al.,
(2018). Whilst the sea level rise, and disconnected nature of the STSF and the
BMC, could permit contrary directions of migration, the inferred opposite trends
in SWWB is difficult to resolve and will need investigation.
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Chapter 3 Methodology

3.1 Site Selection and Donation

The project aims of testing the spatial and temporal heterogeneity of planktonic
foraminiferal assemblages necessitate a high density of cores. Core density is
key in enabling assessment of assemblage variability between proximal sites,
and in determining relationships between foraminiferal communities and complex
regional oceanographic processes (Kucera, 2007; Schiebel and Hemleben,
2017). Ideally, cores will have been collected using the same methodology and
during the same time interval to minimise potential biases or sedimentological/

biological events between sampling (Schiebel and Hemleben, 2017).

Few scientific expeditions can sample at the required spatial resolution due to the
expense of offshore expeditions and the premium of extensively coring the
seafloor. However, in 2014 ANCAP and BG Group donated over two hundred,
industry-collected, sediment piston cores from the Uruguayan Margin to UK
research. Over 800 m of cored material, from an area approximately 7100 km?,
collected on cruise J14092 is housed at the British Ocean Sediment Core
Research Facility (BOSCORF) and provides a unique opportunity to test a variety

of spatial and temporal research questions (Figure 3.1-1).

The region covers water depths from 800 to 3200 m on the continental slope and
comprises a range of settings including: plastered drifts, contourite terraces,
mass transport deposits, channels and erosive surfaces. For the purposes of this
study regions of drift sediments were targeted to avoid sedimentary reworking
and winnowing by contourite and turbiditic processes, based on previous work

along the margin (Hernandez-Molina et al., 2016; McGuire et al., 2019).
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Figure 3.1-1 Site location in relation to Uruguayan coastline. Grey box defines the region

from which 200 cores were collected by BG group and ANCAP. Additionally, the regional
simplified oceanography is overlain. Modified from Hernandez-Molina et al., 2016.
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3.2 Core Selection, Sampling and Scanning

3.2.1 Core selection

From the 200 cores available several core-tops had already been sampled and
thus were unavailable for study, this included many of the margin transects. An
initial fifteen surface samples were requested and supplied by BOSCORF
covering a variety of sub-environments within this dynamic erosive/deposition
region. Cores were selected to sample the margin length (WSW-ENE) and target
drifts and terraces for good preservation of foraminifera in the silts and clays.
Sections including the slope base, mass transport deposits and scarps were
omitted to avoid reworked material blurring the modern signal (Hernandez-Molina
et al., 2016). A few canyon bases were targeted to determine if these features
incised into significantly older sediment. After the initial investigation a further 20
core tops were requested for the spatial study (Figure 3.2-1), covering the margin
breadth and a range of water depths, increasing sampling resolution.
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Figure 3.2-1 Site bathymetry and Core selection. Black circles denote cores for which a
core top was acquired. White circles display additional sites within the collection. In total
35 sites have been sampled for core tops, these cores are listed in Table 3.2-1. Bathymetric
data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.
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Table 3.2-1 Core tops selected for analysis listed by core identifier. Thirty-five core tops
were selected to cover the length, breadth and depth of the margin. Latitude and longitude
are given in decimal degrees and water depth is in meters.

Cruise | Core Number Latitude (°N) Longitude (°E) | Water depth (m)
J14092 UPC 001 -36.92448 -53.40836 -2053.05
J14092 UPC 003 -36.86874 -53.26260 -2205.15
J14092 UPC 013 -36.33201 -53.00631 -1574.92
J14092 UPC 022 -36.46070 -52.88230 -2027.53
J14092 UPC 023 -36.39428 -52.81722 -2046.34
J14092 UPC 024 -36.32602 -52.74928 -2252.95
J14092 UPC 025 -36.22284 -52.53185 -2445.71
J14092 UPC 028 -36.15147 -52.46271 -2353.00
J14092 UPC 032 -36.61858 -52.92106 -2513.29
J14092 UPC 033 -36.59669 -52.89966 -2582.33
J14092 UPC 035 -36.91654 -52.91118 -3026.75
J14092 UPC 053 -36.53901 -53.02343 -2115.24
J14092 UPC 058 -36.72520 -53.20857 -2255.28
J14092 UPC 063 -36.54007 -53.16968 -1255.00
J14092 UPC 066 -36.54913 -53.17811 -1257.00
J14092 UPC 081 -36.83252 -53.31780 -1895.64
J14092 UPC 091 -36.87895 -53.02436 -2644.10
J14092 UPC 093 -36.32239 -52.58188 -2572.48
J14092 UPC 102 -37.12170 -53.09456 -2933.09
J14092 UPC 122 -36.50425 -53.21101 -1154.19
J14092 UPC 123 -36.45636 -53.16293 -1194.30
J14092 UPC 124 -36.63271 -53.41462 -1710.71
J14092 UPC 125 -36.84831 -53.63301 -1121.22
J14092 UPC 134 -36.40651 -52.47728 -2731.00
J14092 UPC 139 -36.52917 -52.70616 -2499.00
J14092 UPC 141 -36.70213 -53.03904 -2431.08
J14092 UPC 142 -36.76356 -52.98125 -2682.11
J14092 UPC 143 -36.59872 -53.23702 -1356.17
J14092 UPC 145 -36.49421 -52.98218 -1595.39
J14092 UPC 153 -37.02070 -53.00667 -3046.37
J14092 UPC 155 -36.93111 -53.15800 -2557.21
J14092 UPC 161 -36.42000 -53.12850 -1241.64
J14092 UPC 170 -36.23158 -52.41256 -2535.00
J14092 UPC 176 -36.17517 -52.54017 -2351.00
J14092 UPC 180 -36.19210 -52.43453 -2433.00

Three cores were selected for downcore appraisal and sampling. These were
selected to obtain good coverage in the northeast (UPC 028), centre (UPC 023)
and southwest (UPC 122) of the margin, to cover the extent of the oceanographic
mixing within the region. The cores, in drift sediment, all penetrated at least 3.5
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m into the sea floor with variable recovery rates and breaks between core
casings, as shown in Table 3.2-2. UPC 028 was selected for further assessment
due to high sedimentation recovery and few core breaks, providing the most
continuous record to assess oceanographic and ecological changes.

Table 3.2-2 Cores selected for downcore sampling with location, approximate seafloor

depth penetration and sediment recovery.

Core Number | Latitude ('N) | Longitude (’E) Approx. Depth Sediment
penetrated (cm) recovered (%)
UPC 023 -36.39428 -52.81722 470 86
UPC 028 -36.15147 -52.46271 489 86
UPC 122 -36.50425 -53.21101 367 78

3.2.2 Core sampling and scanning

Core top samples comprising of 20 cm? of sediment were taken from the first core
section, sampling the centre of the core barrel to minimise core contamination
from sediment smearing from the casing walls. Downcore sampling involved core
sections being individually split along the longest axis using a Geotek core
splitter, one half was preserved as an archive section and the other set aside for
sampling. Immediately after splitting and prior to sampling one of the two halves
was placed through a Multi-Sensor Core Logger XYZ scanner, imaging the core
and measuring magnetic susceptibility, before the core was substantially
degraded. Core photos are shown in Appendices (Appendix H.1). Downcore
sampling involved taking 20 cm? of sediment from the centre of the core barrel
every 5-7 cm, where the core permitted. In total 175 samples were taken (Table
3.2-2), in addition to 35 core tops. Due to high demand for core top samples only
one sample was permitted regardless of section length/ quantity of core top
Post
Micropalaeontology Laboratory at the University of Leeds. All samples were

material. sampling samples were further processed in the

placed into sealed plastic bags to prevent sample mixing and inhibit drying on
shipping/transport back to the University of Leeds.

Table 3.2-3 Total number of 20 cm® samples taken from the three cores, split by section.

Number of samples from cores
Sections UPC 023 UPC 028 UPC 122
1 1 1 1
2 13 14 14
3 12 12 8
4 20 15 11
5 9 9 10
6 10 18 N/A
Totals 65 69 44
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3.3 Washing

The wet samples were weighed using a Fisherbrand SG-402 top pan balance in
the original pot/bag to obtain a wet weight for each sample and an associated
empty 500 ml plastic beaker was weighed. The wet samples were removed from
the travel pots/plastic bags and washed using distilled water into the empty plastic
beakers. During washing the samples were disaggregated by hand until the
sediment was primarily suspended in the distilled water, following this samples
were placed into an oven at 60 °C to dehydrate the sample. This stage used as
little water as possible to speed up the drying process typically taking
approximately two to three days.

Once dry, samples were reweighed to obtain a dry weight before a final wash
with distilled water. For this final wash the samples were rinsed out of the plastic
beakers over a large 63 pym sieve removing the finest fractions, predominantly
organics, silts and clays, from the sample. The >63 um fraction was then rinsed
back into the beaker and dried in the oven at 60 °C. Once dry, the sample was
weighed a final time before splitting. The dried residue was sieved over a 125 ym
dry sieve with the <125 ym put aside. The remaining >125 pm portion was split
into two equal parts using a micro-splitter, the first part is labelled as assemblage
split and the second as an isotope split. These splits are stored separately in

glass phials and provide a representative subsample of the whole sample.
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3.4 Microscopy and foraminiferal identification

The assemblage was further split, typically to an eighth or quarter split before
analysis under a Zeiss Stemi 305 binocular reflected light microscope. Entire
splits were counted, aiming for a minimum of 300 individuals, as a representative
subset of the wider population (Patterson and Fishbein, 1989; Flores et al., 2016).
Additionally, forams per gram were calculated using the dry sample weights to
assess variability in population between sites and downcore utilising the following
equation (Equation 3.2.2-1). A table of foraminifera dried weights, splits and
number of individuals from which the Foraminifera per gram was calculated is

provided in the appendix for core tops and downcore samples.

NCindividuals

F - _
oraminifera per gram total dry weight * sample split

Equation 3.2.2-1 Equation for foraminifera per gram of sample. Total number of
foraminifera, benthic and planktonic, was divided by dry sample weight of split counted.

Species taxonomy was classified using Schiebel and Hemleben Planktic
Foraminifers in the Modern Ocean (Schiebel and Hemleben, 2017). Key
characteristics utilised in species identification include: overall test shape,
number and arrangement of chambers, test colouring, wall texture,
presence/absence of spines, number and position of apertures,
presence/absence of other features such as bullas and keels as described within
relevant atlases and literature (Kennett and Srinivasan, 1983; Schiebel and
Hemleben, 2017). The >125 ym fraction was selected for assemblage analysis
to remove most juvenile foraminifera, aid in taxonomic identification and capture
an approximation of maximum diversity (Al-Sabouni et al., 2007; Schiebel and
Hemleben, 2017).

3.4.1 Foraminiferal temperature groupings and palaeo-depth

The assemblage data for all samples was logged for inter-sample comparison,
with species classified for temperature preference using modern planktonic tows
data from the Southern Atlantic and previous core top databases (Boltovskoy et
al., 1996; Boltovskoy et al., 2000; Kucera, 2007; Schiebel and Hemleben, 2017).
Based on the water masses within the region, five temperature preference sub-
groupings were used to provide three groupings for analysis, incorporating known
latitudinal displacement and depth habitats occupied during life (Table 3.4-1).

These were grouped as follows: warm — comprising any tropical to sub-tropical
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species, cold — comprising any polar or sub-polar species, and transitional —
known species associated within mixing regions of water masses i.e. the Brazilian
Malvinas Confluence (BMC).

Table 3.4-1 Species classification into temperature groupings. Groupings based on
previous South Atlantic plankton tow data from 1. Boltovskoy et al. (1996), 2. Boltovskoy
et al. (2000) and from ecological descriptions in 3. Schiebel and Hemleben (2017).

Water mass
groupings

Temperature

Sub-groupings Planktonic foraminiferal species

Globigerinoides ruber (pink)'2, Globorotalia crassaformis®,
Globorotalia menardi®, Globorotalia tumida®, Trilobatus
sacculifer'?

Candeina nitida®, Globigerina falconensis'?3, Globigerinella
calida®, Globigerinella siphonifera'?, Globigerinita minuta®,
Globigerinoides conglobatus'?, Globigerinoides conglobatus’-?,
Globigerinoides ruber (white) "2, Globorotalia hirsuta®,
Globoturborotalita rubescens'?, Neogloboquadrina dutertrei'?,
Orbulina universa'?, Tenuitella clarkei®, Tenuitella parkerae®

Transitional |Transitional

Globoconella inflata'?, Globigerinita glutinata'?, Globigerina

bulloides'?, Globorotalia scitula'?, Globorotalia truncatulinoides
1,2

Cold water |[Sub-polar Neogloboquadrina incompta'2, Tenuitella quinqueloba’+?
JEEE Neogloboquadrina pachyderma'2

Using the above groupings foraminiferal assemblages were compiled for both the

core top data set and the down core analysis of UPC 028. This comprised of
individual species relative abundance as percentages within the sample being
summed into temperature sub-groupings. From this information an individual site
can be classified into one of the five sub-groups and an inference on which water

mass is likely influencing the site can be made.

In order to assign individual sites to one of the five sub-groups a series of rules
based on the summed assemblage percentages was utilised, these are listed in
Table 3.4-2. These rules were determined using knowledge of species
temperature preferences and based on the principal that if species preferences
are not met at a given water depth colder favouring species may sink to a cooler
water depth (Rebotim et al., 2017). This possibility requires additional ecological
constraints to be met i.e. light, nutrients, salinity etc. Species requiring warmer
conditions are limited to the maximum surface water temperature, and therefore
cannot occupy alternate water depths in cooler conditions (Schiebel and
Hemleben, 2017; Rebotim et al., 2017). Transitional taxa were given the lowest
priority due to their generalist nature and known favouring of the BMC, rather than
either the BC or MC, as seen in other studies (Boltovskoy et al., 1996; Boltovskoy

et al., 2000; Chiessi et al., 2007; Schiebel and Hemleben, 2017).
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Table 3.4-2 Rules for classifying a given sample based on planktonic foraminiferal
assemblage percentages. Rules are applied sequentially until a sample fits the given
classification, warm water species are favoured due to strictest temperature requirements,
followed by cooler water species before the generalist transitional taxa are considered. A
sample can have 240% transitional taxa and still be classed otherwise if one of the earlier
rules is also true.

Order applied Site classification Assemblage percentage
1 Tropical If Tropical 218

2 If Tropical + Sub-tropical 218

3 Polar If Polar 240

4 Sub-polar If Polar + Sub-polar 240

5 Transitional If 240 and previous rules are not true

3.4.1.1 Palaeo-depth (P %)

In addition to reporting individual assemblage compositions benthic foraminifera
were tallied to provide a crude water depth indicator through the relative
abundance of planktonic foraminifera. This equation is given as Equation 3.4.1-1:

Total number of planktonic foraminifera

P(%)=< )*100

Total number of foraminifera

Equation 3.4.1-1 The relative abundance of planktonic foraminifera. A means to derive an
estimate to relative sea-level between samples.

This equation provides the percentage of planktonic foraminifera in relation to all
foraminifera within the sample and can be used to infer water depth, with
increasingly open marine systems displaying higher planktonic percentages.
Approximate percentage planktonic values >50% likely indicate outer neritic
water depths (100-150 m), ~80% indicates upper bathyal depths (150-500 m,
depending on productivity) and >80% is indicative of open marine conditions
(Culver, 1988; Gibson, 1989; Leckie and Olson, 2003; Toledo, 2008).

3.4.1.2 Benthic percentages

The relative benthic percentage can be similarly be calculated and can be utilised
to assess palaeo-depth (van der Zwaan et al., 1990; Toledo, 2008) and palaeo-
productivity (Berger and Diester-Haass, 1988; Toledo, 2008; Frozza et al., 2020).
This presented alongside other palaeo-productivity metrics can be used to infer
shifts in overlying water column conditions (Equation 3.4.1-2).

Total number of benthic foraminifera

B(%)=< )*100

Total number of foraminifera

Equation 3.4.1-2 The relative abundance of benthic foraminifera. As with Equation 3.4.1-1
provides a means to derive palaeo-depth estimates relating to relative sea-level and/or
used in conjunction with other proxies to asses palaeo-productivity.
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3.4.1.3 Gs. ruber white:Gg.bulloides ratio

The ratio of Gs. ruber white to Gg. bulloides was compiled from assemblage
counts for use as a productivity indicator (Toledo, 2008; Frozza et al., 2020). Gs.
ruber white has been shown to favour oligotrophic states (Kroon et al., 1991;
Toledo, 2008), whilst Gg. bulloides prefers eutrophic conditions (Kroon et al.,
1991; Toledo, 2008) resulting in an inverse relationship between the two species.
This is a relatively simple metric to calculate from the relative assemblage
information, and the ratio can inform on the palaeo-productivity of a region,
showing good agreement with the relative abundance of benthic foraminifera
(Toledo, 2008; Frozza et al., 2020).

3.4.1.4 Gr. truncatulinoides coiling direction ratio

Gr. truncatulinoides is a deep dwelling, sub-thermocline species that has five
genotypes globally (de Vargas et al., 2001; Ujiié et al., 2010; Ujiie¢ and Asami,
2014). Whilst the fossil record does not permit ready analysis of genetic material,
certainly not within the scope of this study, the genotypes are hydrographically
limited and manifest as two easily identifiable morphotypes (Ujiié et al., 2010;
Ujiié and Asami, 2014). This is primarily based on the coiling direction of the test,
with left coiling forms dominating southern sourced waters in the South Atlantic
and right coiling specimens occurring alongside left coiling specimens in the mid-
latitudes ~20-40 °S (Ujiié et al., 2010). Using knowledge of the modern latitudinal
dominance of coiling directions, presented in Ujiié and Asami (2014) and Ujiié et
al., (2010) and based on the MARGO core top database assemblage counts
(Kucera et al., 2005), assessment of palaeo-oceanographic migration through

time can be made.
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3.4.2 Mapping and Inverse Distance Weighting Interpolation of
analysis

In order to estimate the likely spatial variability in and around individual core tops
and interpolate between sites Inverse Distance Weighting (IDW) was applied.
IDW is a widely used non-geostatistical interpolator that estimates the value of
an attribute of an unsampled location based on values of nearby sampled sites.
The values of sampled sites are inversely weighted based on the distances
between sites with nearer locales having a greater influence on the estimation
than more distal sites (Li and Heap, 2008). An example of how IDW works and

the calculations utilised is presented in Figure 3.4-1.

o Ziazi/d])
~,@/ab)

45 35 p=2
5 _ (27/202)+(18/352)+(11/45%)+(15/50%)+(24/55?)

5 20 f (1/209)+(1/352)+(1/457)+(1/502)+(1/55)

5 _ 0.10155986
55 ©0.00454073

?=22.366

Figure 3.4-1 Schematic of Inverse Distance Weighting (IDW) Interpolation calculation and
associated formula complete with example. z; is the attribute measured, for this study
either relative abundance, §'0, or derived temperature (°C). d; is the distance from the
unknown location to the sampled site. p is the power parameter responsible for weighting
the samples proximal to distal, based on the assumption that samples proximal to the
unknown site will be a better estimation (Mitas and Mitasova, 2005; Li and Heap, 2008).

For assemblage counts IDW interpolation was applied to species relative
abundances to infer species abundances and eco-group patterns of unsampled
regions. IDW was selected due to the preservation of site values through
interpolation, the ability to handle irregularly spaced Uruguayan Margin samples,
its local focus in weighting and its univariate nature (Shepard D, 1968; Li and
Heap, 2008). IDW interpolation was run in QGIS mapping software, using a point
shape file containing the assemblage/isotope data split by site and species to
produce rasters limited in extent to the study regions bathymetry. The power
value used was two, the default value for IDW interpolation (Figure 3.4-2) (Li and
Heap, 2008). This power level, combined with a pixel size of 0.001 in the X and
Y direction for the raster, ensures a smooth plot whilst maintaining computational

run speed.
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Impact of Power on Relative Weightings
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Figure 3.4-2 Effect of altering the power value for IDW interpolation calculation and the
impact on the relative weighting of sampled sites, with increasing distance from the
unknown site.

Once the individual raster file was produced a contouring equation was employed
to define regions based on the interpolated parameter i.e. relative abundance,
temperature or 5'80 stable isotope values. Contour spacing was determined from
the range of attribute values interpolated and kept consistent intervals where
possible. These contour IDW interpolation plots provide a heat map of estimated
regional heterogeneity for the given parameter, and can be used to determine

relationships with oceanographic water masses.

Using IDW interpolation does contain some caveats, chief among them being
values outside the maximum and minimum values cannot be interpolated, leading
to under- and over-estimation at the extremes of the interpolation. For example,
if peak or minimum relative abundances have not been sampled by the selected
sites the interpolation can only estimate values between the maximum and
minimum relative abundance, a greater sampling level will reduce the likelihood
of this significantly impacting the data. Similarly, whilst IDW can be employed in
regions with irregular spacing it provides the best estimations when clustering of
sample sites is at a minimal as this permits better estimates of samples proximal

or distal to such clusters (Li and Heap, 2008).
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3.4.3 Statistical analysis of assemblages

Diversity analysis of all assemblages utilised PAST statistical software in order to
obtain metrics for inter-sample comparison. The first metric is richness, a simple
count of taxa within an assemblage and defined by S. The total number of
individuals within a sample is given as n and the total number of individuals within

a taxon is given as n;.

3.4.3.1 Dominance and Simpsons Index of Diversity

The first formula used is Dominance, measuring whether taxa are equally
represented within a sample, with values 0< x 21. A value of zero indicates all
taxa are equally present whilst a value of 1 indicates the community is dominated
by a single taxon (Magurran, 2004). Dominance is given using Equation 3.4.3-1.

_ uin(n; — 1)
b= nn—1)

Equation 3.4.3-1 Equation for calculating Dominance within a sample.

Simpson’s index of diversity, 1-D, inverts dominance and forms a clearer diversity
index with values approaching zero indicating low diversity, whilst those
approaching 1 tend toward infinite diversity (Equation 3.4.3-2) (Simpson, 1949;
Magurran, 2004; Hammer and Harper, 2007).

xini(n; —1)

Simpson's index = 1 — n(n—1)

Equation 3.4.3-2 Simpsons index equation for measuring diversity of a sample.

3.4.3.2 Shannon-Wiener Index

Shannon-Wiener index (H’) is a widely used metric for measuring diversity that
considers the number of taxa and the relative abundance of each taxa. The
lowest H’ value is zero, when only one taxon is present in a sample and thus
no/low diversity. The maximum value is given as Hmax = InS and has no upper
limit, being the log of the number of species, assuming all species have the same
number of individuals (Hammer and Harper, 2007). However, given communities
have a limited number of species, values typically fall between 1.5-3.5 (Gaines et
al., 1999). Shannon-Wiener values were calculated due to the prevalence in
diversity studies, although the metric is biased if all species in a community are

not accounted for (Magurran, 2004). The Shannon-Wiener index suffers from
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combining richness and evenness, but can make interpretation of change difficult
with either component impacting the index (Magurran, 2004). That said it is
possible to further use Shannon-Wiener index in the calculation of additional
parameters, provided natural logs are used, to decompose and better interpret
whether changing evenness, richness or both are the contributing factor to
changing diversity (Magurran, 2004). Equation 3.4.3-3 gives the formula for

calculating H’ is as follows:

Equation 3.4.3-3 Shannon-Wiener index diversity equation for considering number and
abundance of taxa.

3.4.3.3 Pielou’s Equitability

Pielou’s equitability is an index of evenness applied to the Shannon-Weiner index
and is normalised for species richness, meaning it measures the evenness of
individuals divided by the taxa present (Equation 3.4.3-4) (Pielou, 1966;
Magurran, 2004; Hammer and Harper, 2007). Values range from zero, where
there is no evenness, to one, where there is total evenness (Help et al., 1998).
Its formula is as follows:
J = k
InS

Equation 3.4.3-4 Pielou's measure of population evenness for large collections. This
formula enables estimations of population evenness from average conditions and can be
calculated using Shannon-Wiener index (H’) and the log of the total number of species
(InS) (Pielou, 1966; Magurran, 2004).

3.4.3.4 Fisher’s Alpha Index

Fisher Alpha is a diversity index that provides a test of species richness of a given
site. It follows a log distribution and can be used to estimate the number of
additional species that would be found with increased sampling effort (Equation
3.4.3-5) (Magurran, 2004; Hammer and Harper, 2007). It can be calculated using
the following formula:

S=al 1+N
= aln(1+2)

Equation 3.4.3-5 Fisher's Alpha Index, S is the total number of species, a is the alpha index
a calculated constant, N is the number of individuals sampled (Magurran, 2004; Hammer
and Harper, 2007).
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3.4.3.5 K-means Analysis

K-means cluster analysis is a statistical method that iteratively enables unlabeled
data to be clustered into a set number of groups, based on similarity and the
number of expected groupings. The process aims to find the lowest variance
within the assigned number of groupings, a useful analysis for confirming
suspected groupings within morphometric data (Hammer and Harper, 2007). K-
means clustering was performed on extracted stable isotope data to statistically
assess clustering relationships of Gc. inflata data. This was completed within the
R statistical software, using the cluster and clValid packages to complete the
analysis. For k-means cluster analysis the number of clusters must be preset to
determine association of data points to individual clusters. In order to establish
the optimal number of clusters the NbClust R package was used, comparing the
results of 26 indices. This analysis was set between two and fifteen clusters to
determine the minimal number of clusters each index recommended. Once
number of clusters was defined the same starting point for the iterative cluster
analysis was used, enabling results to be repeated, with 50 iterations run to

ensure reliability of the clusters produced.

59



3.5 Stable Isotope analysis

3.5.1 Sample Preparation

In order to better reconstruct the oceanography of each site and build up a history
of the oceanography of the region, the oxygen (5'80) and carbon (5'3C) stable
isotopes of planktonic foraminiferal calcite were analysed. The isotope split was
sieved using a sieve stack comprising of 125-250 ym, 250-300 ym and 300-600
pum size fractions. Individual specimens were picked preferentially from the larger
size fractions, in line with published literature suggesting species best represent
ambient conditions at certain size fractions, typically 212-350 ym (Birch et al.,
2013). Four species were chosen to represent distinct layers in the water column
with a minimum of at least five individuals from each species picked and set aside
for washing (Table 3.5-1). Where possible individuals were visually examined,
using optical light microscopy, to avoid any obvious diagenetic overgrowths which
would impact oxygen and carbon isotope measurements (Pearson, 2012; Birch
et al., 2013; Ezard et al., 2015; Schiebel and Hemleben, 2017).

Table 3.5-1 Species used for isotope analysis to obtain a water column profile, including
temperature grouping and whether species do/do not host symbionts.

Planktonic Foraminifera Temperature Symbiont/Non- Depth
Species Grouping Symbiont Hosting
Globigerinoides ruber white Warm Symbiont Hosting | Surface Waters
Neogloboquadrina pachyderma Cold No Symbionts Surface Waters
Globoconella inflata Transitional No Symbionts Thermocline
Globorotalia truncatulinoides Cold No Symbionts Sub-thermocline

Once picking was completed each individual foraminiferal test was placed into a
glass v-bottomed phial filled with deionised water and placed into a rack within
an ultrasonic bath. Once full the bath was switched on for a period of no more
than ten seconds, if the foraminifera being washed were delicate this may be as
little as five seconds. This process was employed to remove any surface organics
or detrital material stuck to the surface of the tests. Following washing the tests
were extracted and dried in the oven at 60 °C for twenty-four hours.

After drying the forams were individually weighed using a Sartorius ME5
microbalance before being placed in a mass spectrometer v-bottomed vial and
sealed. The weight and position of each sample was recorded for use with the
mass spectrometer and standards of Carrara Marble of similar mass were also
prepared. For each run a maximum of 60 tubes could be processed requiring an

initial three standards and a further two for each five foraminiferal samples ran.
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3.5.2 Mass Spectrometry

Stable isotope data was generated using an Elementar Isoprime 100 with Dual
Inlet and Multicarb sample preparation device in the Cohen Laboratories, at the
University of Leeds. Single specimen samples were reacted with anhydrous
phosphoric acid at 90 °C. Samples were calibrated relative to Carrara Marble
calcite standard (Elemental Microanalysis — B2214) with mean values of 8'*Cveps
+2.10%0 (0%0 0.07) and 5'®0vpps -2.01 (0%o0 0.1). Repeatability of standards is
generally better than 0.05%. (1 S.D) for 8'3C and 0.1%. (1 S.D) for 3'80. Data is
reported to the Vienna Pee Dee Belemnite (VPDB) scale.

5'80 data was converted to temperature using the Kim and O’Neil (1997)
equation for synthetic calcite with the caveat that symbiont hosting forms may
require offsetting (Equation 3.5.2-1) (Kim and O’Neil, 1997; Pearson, 2012). This
equation was selected as the temperature range of 10-40 °C represents a
suitable range for expected water mass temperatures (Pearson, 2012). Defined

as follows:

T(eC) = 16.1 - 4.64(6*%0,, — 6%04y) + 0.09(6'%0,., — 5*804y,)?

Equation 3.5.2-1 Simplified oxygen isotope Palaeo-temperature conversion equation.
5'80.c represents foraminiferal test calcium carbonate oxygen isotope value, 5'%Osw is the
oxygen isotope value of surrounding seawater, remaining values are constants (Pearson,
2012).

In order to parameterise 3'®0sw two values must be known, interaction of these
two values is shown in Equation 3.5.2-2. The components of 5'®Osw are dw and
c. dw is the local water mass value of 5'80, from global modelling, with a value
of 0.51 %o 8'80 calculated for offshore Uruguay (LeGrande and Schmidt, 2006;
Chiessi et al., 2007; Rohling, 2013). Parameter c, is a conversion factor to
transform Vienna Standard Mean Ocean Water (VSMOW), the universal
seawater standard, to VPDB, the universal carbonate standard, with a value of
0.27 (Kim and O’Neil, 1997; Bemis et al., 1998; Pearson, 2012).

51805W = ow—c¢

Equation 3.5.2-2 Equation to determine &'80Osw for Uruguayan Margin. dw is the ratio of 'O
to 180 local to sample sites. c is the conversion factor to convert 5'®Ovsmow to §'®Oveps
(Kim and O’Neil, 1997; Bemis et al., 1998; Pearson, 2012).
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3.6 Particle transport modelling

In a bid to quantify the impact planktonic foraminiferal post-mortem transport may
incur on assemblage and isotopic analysis, particle transport modelling was
employed to reconstruct potential settling trajectories of planktonic foraminifera
from the seabed, back to the surface waters the species occupied during their
lifecycle. This enabled analysis of where core top sediment foraminifera may
have originated to see whether conditions were dissimilar to those reported
immediately above the core site. The model itself was written and run by a
masters student from the University of Utrecht as part of a masters research
project (Kruijt, 2019). Project involvement was significant and centred around
supplying core locations, literature on the basin and oceanographic processes
within, advising on foraminifera species selection, size, weight and likely sinking
velocities. It also required this project’s core top counts and isotope values to
compare with modelled results, refine the process and assess reliability of the
model. Species selected, and properties assigned, for the model are listed in
Table 3.6-1, with further information available in Kruijt, 2019.

The model utilised an Ocean General Circulation Model (OGCM) with a resolution
of ~0.1 ° across 54 depth layers between 75 °S to 75 °N. This output was in the
form of an OGCM for the Earth Simulator, utilised to map the impact of eddies
within the energetic BMC region. The project used a hindcast simulation based
on historical daily mean atmospheric data from the second half of the twentieth
century (Kruijt, 2019). Parcels software in Python was utilised to track particles
along settling trajectories. Particles used to represent sinking planktonic
foraminifera were released from a central site to the margin (36.5 °S, 52.5 °W)
and back-tracked to the surface, this central site was taken to broadly represent
the portion of the margin from which cores were recovered (36-37 °S,
52-53.5 °W). Additionally, from the deepest known dwelling depths published in
the literature particles were assumed to be alive and traced for a further period of
time representative of the foraminifera’s lifespan (~15-30 days typically,
depending on species), a table of these properties is provided (Table 3.6-1)
(Schiebel and Hemleben, 2017; Kruijt, 2019). On the timing of particle release
Kruijt, 2019 state “particles are released every three days over a time span of ten
model years and their location and local conditions are stored every model day”.
Through this work particles were tracked back, taking snapshots of water column
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properties, mapping potential origin locations and SSTs of foraminifera. Example
of model process is shown in Figure 3.6-1.

5'80 isotope values acquired at the University of Leeds (Section 3.5) were
compared to modelled 3'80 values to assess offsets that could be the result of
transport and expatriation of foraminifera, within this complex oceanographic
setting (Van Sebille et al., 2015; Kruijt, 2019). Modelled 380 values used
temperature and salinity assessments from the model to construct calculated
5'80,, values based on known fractionation processes, before this 8'80,, is fed
into a 8'®0¢ equation to predict the likely 30 value recorded by a particle
(LeGrande and Schmidt, 2006; Kruijt, 2019). Assemblages were also utilised in
the model/empirical data comparison through assessment of the dominant water
mass signal recorded in the thermally limited planktonic foraminifera. Combined
with modelled temperature ranges and known foraminiferal preferences (Kucera,
2007; Schiebel and Hemleben, 2017), it was possible to estimate which eco-
groups should be present given average dwelling conditions vs. the relative eco-
group dominance the assemblages presented (Kruijt, 2019).

Table 3.6-1 Modified table of species specific values used within the model from Kruijt,
2019, further information can be found within the volume. References within the table are
as follows 1) Takahashi and Be, 1984, 2) Gyldenfeldt et al., 2000, 3) Rebotim et al., 2017, 4)
Schiebel and Hemleben, 2017, 5) Bijma et al., 1990, 6) Groeneveld and Chiessi, 2011, 7)
Boltovskoy et al., 2000.

Species Name General | Gs. ruber white | N. pachyderma | Gc. inflata
Sinking speed (m/day) | 200’ 200° 2502 2504
Dwelling depth (m) 503 503 1003 300°
Lifespan (days) 30* 15° 30* 304

Growth rate Linear Linear Linear Linear
Ecology Sub-tropical*” Sub-polar*” Transitional*”
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Figure 3.6-1 lllustration of the particle back-tracking model. The model takes snapshots
from the particle’s original location on the seafloor, and using ocean currents, calculates
potential sinking trajectories alongside water temperatures experienced. We can thereby
trace likely location origins of planktonic foraminifera and compare isotope measurements
to evaluate expatriation potential (Modified from Kruijt, 2019).
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3.7 ITRAX scanning

Knowledge of elemental variations down core through construction of
chemostratigraphic records are valuable in the reconstruction of local and
regional environmental reconstructions, including sediment providence studies.
ITRAX is a commercial scanner, with scans providing optical and radiographic
imaging, in addition to elemental variations from sediment cores. The use of an
ITRAX scanner permits collation of these records without disturbing or destroying
sediment cores, whilst analysing element variations at up to 200 ym intervals
(Croudace et al., 2006; Croudace and Rothwell, 2015).

Elemental variations are obtained through excitement of materials when exposed
to incident x-rays, in this case from a radioactive Molybdenum source. This
excites individual atoms with electrons lost from inner atomic shells, and the
created vacancies filled by electrons from outer shells. The subsequent
electromagnetic radiation emitted is dependent on the atomic number and thus
each element releases a characteristic wavelength (Croudace and Rothwell,
2015). The x-ray source can be varied for analysis of different elements, but the
standard is Molybdenum at 30 kV and 30 mA for most environmental analysis as
this captures a significant portion of elements (Croudace et al., 2006).

Three cores were ITRAX scanned in their entirety at BOSCORF, these cores
were UPC 023, UPC 028 and UPC 122.

3.7.1 Core preparation

To obtain the scanned data recently split archive half barrel cores were removed
from the core repository. These archive cores were allowed to warm to room
temperature, as they had been stored in refrigeration, and had the split surfaces
smoothed to remove undulations and ensure distance to the detector was as
uniform as possible. Additionally, a 1.5-6.0 ym polypropylene film was placed on
the core surface to prevent dehydration, prior to loading onto the ITRAX sample
cradle (Croudace and Rothwell, 2015).

3.7.2 Scanner and Scanning process

The split core is slowly fed into the scanner using a motorised transport bed,
passing the core past four sensors in the central measuring tower. These include
an optical-line camera, a laser topographic scanner, an X-ray line camera and a

high count-rate XRF detection system (Croudace et al., 2006). The operating
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system follows a procedure in which the core length, voltage for the X-ray tube
and initiation of the topographic scan of the core are input and initiated. The
topographic scan is important to ensure the XRF sensor remains at a constant
distance to the core surface and the instrumentation is not damaged during
scanning. The next step involves selecting likely elements present in the sample
and choosing a best-fit spectral peak, calibrating against reference regions of the
core (Croudace et al., 2006). Similarly, the radiographic camera must be
referenced by removing the core from the X-ray beam. Once this is all complete
the data storage location is selected and the XRF count time is set and the

instrument can commence scanning (Croudace et al., 2006).

The settings selected for the running of UPC 023, UPC 028 and UPC 122 was a
voltage of 45 kV with a current of 40 mA for the X-ray. The measurement interval
was set at 0.5 cm intervals with an XRF exposure time of 30 seconds to the
Molybdenum source under 30 kV and 30 mA. The process of running three
complete cores took approximately 72 hours of machine run time. Figure 3.7-1
details a schematic of the scanner and examples of the equipment and cores

processed.

3.7.3 Data processing

Data was outputted as comma delimited text files for each core section and
stitched together using Microsoft excel, forming a record for core. Section
numbers, section depths and total depths were calculated and added. For each
core section the validity column was checked and if data rows equalled zero the
data was removed, values of zero correspond to sections of core below detector
tolerance limits. This was typically only found at section tops and bottoms, or
within significant cracks where the underlying core liner was visible. Values of
Mean Squared Error (MSE) were checked and if greater than five the
corresponding elemental values were removed. This can be caused by counts
per second (cps) varying due to reference materials differing to those measured,

uneven cut core surfaces and crack related effects (Croudace et al., 2006).

Elemental data with low or excessively high cps were removed, this was defined
by cps values being two standard deviations from the section mean. Instances of
data removal were low, typically occurring where the scanner interacted with the
core caps. Similarly, values were investigated where the core topography

significantly changed i.e. around section breaks or significant cracks.
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Figure 3.7-1. A) Schematic of ITRAX scanner instrumentation and main components. B)
ITRAX Scanner similar to that housed at BOSCORF, with sensor housing and sample
loader open. C) Example of an archive half barrel core.

3.7.4 Elements for Analysis

Elements of interest include those whose interpretation relates to the production
of biogenic carbonate, productivity measures and ratios that can infer production
of organic matter. The following ratios and raw element count information were
selected based on the literature (Table 3.7-1). Counts were compared to Titanium
(Ti), a conservative element compared to redox sensitive elements i.e. Iron (Fe)
(Croudace and Rothwell, 2015), where possible to enable comparison between
data. Elemental data is presented as log ratios to reduce error in interpretation of
intensities (Weltje and Tjallingii, 2008), with the exception of Calcium (Ca) and
Strontium (Sr). This raw data is plotted to show the co-varying nature, a signal for

biogenic carbonate production (Croudace and Rothwell, 2015).
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Table 3.7-1 ITRAX XRF element counts and element ratios with palaeoenvironmental
implications.

Element/ratio | Importance Relevant literature

Ba/Ti Palaeo-productivity marker, Ba has been | Thomson et al., 2006; Croudace
shown to be associated with organic et al., 2006; Croudace and
matter. Rothwell, 2015

Br/Cl Peaks indicate organic rich layers, Thomson et al., 2006; Rothwell
deviating from salinity ratio expected in et al., 2006; Croudace and
marine sediments as Br is associated Rothwell, 2015

with photosynthetic processes.

Br/Ti Br/Ti is a organic productivity indicator, Agnihotri et al., 2008; Croudace
particularly in margin environments. and Rothwell, 2015
Caand Sr Co-variance of element counts implies Croudace and Rothwell, 2015

biogenic carbonate source. Deviation

suggests terrestrial input of Ca to system.

CalFe Used for quantifying marine vs. Rothwell and Rack, 2006; Marsh
terrigenous sediment input to a site. et al., 2007; Voigt et al., 2013;
Croudace and Rothwell, 2015
CalTi Biogenic vs. lithogenic sediment, less Piva et al., 2008; Croudace and

likely than Ca/Fe to be impacted by redox | Rothwell, 2015

influences.

Fe/Ca Ratio used to assess terrigenous vs. Rogerson et al., 2006; Dickson
biogenic sediment input. et al., 2010; Croudace and

Rothwell, 2015

Fe/K Continental rainfall proxy, high values Blanchet et al., 2009; Croudace
indicate wet conditions vs. low values and Rothwell, 2015; Warratz et
relating to dust and more arid states. al., 2017
Used as a cross core correlator.

FelTi Changes in terrigenous input and Thomson et al., 2006; Marsh et
potential Fe mobilisation due to al., 2007; Blanchet et al., 2009;
diagenesis i.e. the formation of pyrite. Croudace and Rothwell, 2015

S/Ti Presence of pyrite or increased organic Moreno et al., 2007; Croudace
matter. and Rothwell, 2015

S/CI A proxy used to assess pyrite Passier et al., 1999; Thomson et
authigenesis and/or organic matter al., 2006; Croudace et al., 2006;
compared to sea-salt ratios. Croudace and Rothwell, 2015;

Shi et al., 2016

Si/Ti Used in preference to Si/Al ratios due to | Rothwell and Rack, 2006; Marsh
low counts, a proxy for siliceous et al., 2007; Moreno et al., 2007;
productivity. Agnihotri et al., 2008; Croudace

and Rothwell, 2015

68



3.8 Radiocarbon dating

Radiocarbon, 'C, is a naturally occurring radioactive carbon isotope and the
product of Nitrogen atoms in the upper atmosphere interacting with cosmogenic
rays (Anderson, 1953). The abundance of the radioisotope declines following a
half-life of 5,730+40 years, as the radioisotope decays into a stable isotope of
nitrogen ('“N) (Hajdas et al., 2008; Fabel, 2015). "C is quickly oxidised in the
atmosphere to either CO or CO- and through photosynthesis C enters the food
chain. As such radiocarbon is incorporated into living organisms through food
chains, an organisms death stops the intake of '*C and thus marks the start of
the radiocarbon clock from which subsequent "“C activity is counted (Hajdas et
al., 2008). Radiocarbon dating measures the abundance of '“C radioisotope in
relation to the more common stable carbon isotopes ('2C and '3C). Limits to
radiocarbon dating are based on the 5,730+40 years half-life, with an upper age
limit of 50,000 BP (Hajdas et al., 2008) (Figure 3.8-1).
Organism maintains
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Figure 3.8-1. Radioactive decay of Radiocarbon. Post death radiocarbon present within an

organism/fossil declines following a set half-life of 5730 years. Through this process age
can be determined using the ratio of “C to the more stable '3C and '2C isotopes.
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Radiocarbon dating was deemed necessary for this study due to a number of
reasons. Firstly, the record was deemed likely to only incorporate Holocene
material, meaning biostratigraphic dating was unfeasible due to a lack of
extinctions and first occurrences of species. Secondly, to track possible BMC
migrations and relate these to Holocene events, and other Holocene records,
required reliable dating.

3.8.1 Sample preparation (University of Leeds)

Five range finding dates were awarded from the NERC Radiocarbon Facility
amounting to £2510 for core UPC 028. These dates were at the following specific
horizons: 97 cm, 197 cm, 310 cm, 400 cm and 487 cm. Each of the five samples
required a minimum of 4 mg of planktonic foraminifera picked to obtain 1 mg of
carbon post processing, as such each of the five samples was picked clean of
planktonic foraminifera. Ideally the sample would have produced enough
individuals of a single species to meet the required weight, however this was not
possible, and all five samples have a mix of species.

Once picked all foraminifera were ultrasonically washed to clean the tests and
remove as much organic/detrital material as possible before being dried in an
oven at 60 °C. These samples were placed into a weighed labelled Exetainer®
before being reweighed using a Fisherbrand SG 402 balance to acquire sample

weight.

3.8.2 Processing at Radiocarbon Facility

Standards of similar weight to the foraminifera samples were weighed out and
composed of Carrara Marble at the National Environment Isotope Facility
Radiocarbon (Environment) in East Kilbride. The samples and standards were
converted to graphite cathodes at the NEIF Radiocarbon (Environment)
laboratory before being passed, due to the low yield weights, to Dr Xiaomei Xu of
the Keck Carbon Cycle AMS Facility at the University of California, Irvine, USA
for 14C analysis.

3.8.3 Radiocarbon Measurement

Radiocarbon measurements were carried out using an Accelerated Mass
Spectrometer and results reported as conventional radiocarbon years BP
(relative to AD 1950). Sample '3C/'C ratio was also simultaneously measured to
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in correct for isotopic fractionation during graphitization and Accelerated Mass
Spectrometer (AMS) measurement processes.
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Figure 3.8-2 Simplified schematic of an Accelerated Mass Spectrometer. A) shows the
loaded sample wheel graphite cathodes. B) process of creating negative ions from the
graphitised sample for acceleration. C) schematic for the entire AMS with the accelerator,
injector, stripper and sensors for analysis. Ci) injection magnet for removing molecules
that are heavier or lighter than the target molecule. Modified from Fabel, 2015.

3.8.3.1 Accelerated Mass Spectrometer process

The graphite cathode samples are inserted onto an AMS sample wheel alongside
standards and loaded into an ion source, which is then closed and pumped down
to vacuum (Figure 3.8-2 A). The cathode is bombarded with positive Caesium
ions, these are then focussed into the beam line and extracted (Figure 3.8-2 B).
The now negative sample ions are accelerated through an injector to 66 keV

(~1000 km/s) using electrodes and magnets separating particles by mass through
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velocity, targeting particles with a mass of fourteen (Figure 3.8-2 Ci) (Fabel,
2015).

The ions pass through an accelerator tank accelerating to ~7500 km/s and
exposed to a positive charge in a gas stripper (Figure 3.8-2 C). Collisions strip
the ions of electrons converting them to a positively charged particle. The settings
of the terminal voltage are key in removing a minimum of three electrons,
destroying other molecular ions other than '“C, which can be separated based
on differing mass charge ratios (Fabel, 2015).

Out of the gas stripper the ions are further accelerated reaching speeds in excess
of 17000 km/s. At this point it is possible to separate the C* ions according to
momentum, with '2C* and "3C* ions collected in faraday cups. The C* gas
continues onto the gas ionisation detector where the particles are slowed using
a gas, each atom ionises with the gas with the resulting electrons counted. The
14C/13C ratio is used to calculate the radiocarbon age of a sample when compared

to the standards in the sample wheel (Fabel, 2015).

3.8.3.2 Calibration and reservoir effects

OxCal program version 4.4 was used to correct conventional radiocarbon age to
calibrated BP and produce a corresponding age depth plot (Ramsey, 2008;
Ramsey, 2009). Due to location of the core and composition of the sample the
Marine20 calibration curve was selected, which incorporated a reservoir age of
500 years (Heaton et al., 2020). This reservoir age is slightly larger than previous
studies, which used regional estimates from Marine13 of 405 years (Bender et
al., 2013; Reimer et al., 2013). A Poisson sequence, or P_Sequence, was used
to interpolate deposition for estimating deposition rates with an intial k value of 1
with variance of the k value permitted to two log1o either side. This method
assumes random deposition with approximate proportionality to depth, given the
variable methods of deposition within the area (i.e. contourites, turbidites and
pelagic settling) this seemed the most appropriate when compared to a Uniform
Sequence model (Ramsey, 2008; Rebesco et al., 2014). The resulting age depth
model was set to provide interpolated dates between samples at a 0.5 cm
resolution for the length of the core from an assumed sampling date of 2013.5,
approximately when the cores were sampled on the Uruguayan margin. Output
dates were converted to calibrated years before present (cal BP) within the OxCal

software.
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3.9 SEM imaging

Scanning Electron Microscope (SEM) imaging was utilised to confirm species

concepts and provide high resolution imagery for the purposes of this thesis.

3.9.1 Sample preparation

Individuals were picked from core tops to minimise the potential for overgrowths
and ensure best preservation based on visual comparison with individuals further
downcore. Where possible multiple individuals were selected to capture several
viewing angles on the SEM. Tests were picked initially using distilled water onto
a slide that was dried overnight in an oven at 60 °C. The following day individuals
were mounted onto SEM stubs using ethanol to ensure specimens were dry prior

to coating.

Samples were taken to the Leeds Electron Microscopy & Spectroscopy Centre
and sputter coated in ~10 nm of gold, samples were then loaded into the Tescan
VEGA3 XM SEM and pumped down to vacuum. Stubs were coated in gold to
minimise the impact of charging i.e. electrons accumulating due to Calcium
Carbonate foraminiferal tests being non-conductive, and preserve the quality of

images collected.

3.9.2 SEM imaging and processing

Images were captured at magnifications appropriate to the test size, with contrast
and image brightness adjusted to preserve image quality and reduce effects of
electron backscatter. Voltage was kept constant at 10 kV for all images to ensure
resolution. Captured images were exported as TIFF files for manipulation in
graphics software, captured images contain the image scale and SEM settings.
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3.10 CTD data and processing

Historical CTD data for the study site is available due to a single CTD transect
bisecting the region from March 2009, collected by the RRS James Cook on
cruise JC032 (King et al., 2010). This data is comprised of pressure (equivalent
to depth below sea level), temperature, potential salinity and oxygen datasets
and was available for download from the National Oceanography Centre British
Oceanographic Data Centre (BODC). Of the nine CTD stations available, six
stations were within the study region and from depths comparable to the core top
sites. These six stations were processed initially in excel before the R ggplot2

package was utilised for plotting of temperature-salinity plots.
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Figure 3.10-1 Grid of interpolated stations used in webODV online software to generate
seasonal and annual regional SST plots in the absence of local CTD data for multiple
seasons or years. Grid provides 0.25 degree coverage across the study region and
supplements acquired CTD data where possible (Locarnini et al., 2019; Schlitzer and
Mieruch-Schniille, 2021).

In order to obtain additional water column data, to capture margin seasonality
and annual averages, the World Ocean Atlas 18 (WOA18) datasets were

accessed through the webODV platform (www.explore.webodv.awi.de). This

uses modelled ocean variables over the last 62 years to provide an estimate on
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a variety of parameters such as sea surface temperatures (SSTs), sea surface
salinities (SSS) and temperatures/salinities at regular depth intervals (Locarnini
et al., 2019; Schlitzer and Mieruch-Schnille, 2021). The 0.25-degree grid was
utilised for all figures representing SSTs, either on a seasonal or annual basis,
using the WOA18 dataset. A gridded field using weight-average gridded was
utilised to produce figures, incorporating all available stations. Figure 3.10-1
presents the spacing of stations utilised in the weight-average gridding. In the
absence of in-situ measurements this provides a means of comparison for
planktonic foraminiferal isotope results and analysis relating to the seasonal and
inter-annual variability of Uruguayan margin oceanographic variability.
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3.11 Morphological imaging and analysis

For assessment of Gc. inflata morphospecies in Chapter six, individual
specimens were required to be imaged and a number of parameters digitally
parameterised in order to distinguish between two distinct morphotypes, based
on aperture size (Morard et al., 2011; Morard et al., 2016; Jonkers et al., 2021)
(Figure 3.11-1). Imaging would utilise a Zeiss Axio Zoom V16 microscope with
attached Cannon EOS 100D camera at 19.4x magnification. A minimum of 25
individuals of foraminifera were to be imaged in umbilical and side views for
robust statistical analysis (Brombacher et al., 2017). The images would then
subsequently be analysed using ImagePro Premier software collecting
measurements on test area, perimeter, length of major axis in edge view, aspect
ratio, aperture size and terminal chamber major axes (Figure 3.11-2). These
measurements would be taken largely automatically with images checked by eye
to ensure entire tests are measured correctly. Each foraminifer is allocated a
number so as all measurements are assigned to the correct specimen, this is key
as it would enable subsequent isotope analysis to be assigned to the digital

parameters per specimen.

Analysis beyond collation of parameters would use landmark analysis on the
terminal chamber of the foraminifera test with TPS and Morphod, following
Morard et al. (2016) in order to split the two morphotypes (Morard et al., 2016).

Unclassified

Figure 3.11-1 Visual delineation of the two Gc. inflata morphotypes from Core GeoB13862-
1, with Type | typically displaying a larger, more open aperture than Type Il. Image is taken

from Jonkers et al., 2021 and the scale bar is 100 pm.
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Figure 3.11-2 Example measurements that would have been collected. Red denotes test
area, orange line is test perimeter, yellow arrow is maximum diameter, blue area is aperture
size, black arrows show measurements of the terminal chamber. Blue arrow shows length,
green arrow shows width, which combined can provide the test aspect ratio.
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Chapter 4 Uruguayan Margin spatial variability of planktonic

foraminifera

4.1 Aim

In this chapter | will investigate planktonic foraminifera assemblage compositions,
the stable carbon and oxygen isotopes values of species representing different
ecological niches, and modelled planktonic foraminifera settling trajectories, to
establish whether it is possible to identify the complexity of the overlying
oceanography in core top sediments distributed across the Punta del Este
Basin.This chapter aims to assess the spatial variability of planktonic foraminiferal
core top records across an oceanographically complex region to investigate how
faithfully foraminiferal assemblages record overlying water masses. Answering

the broader question:

- Do planktonic foraminiferal core top records reflect overlying
oceanographic currents, displaying spatial heterogeneity between sites, or
does the record provide a homogenous signal across the margin?

The Brazilian-Malvinas Confluence (BMC) is a key feature of South Atlantic
circulation with heat, salinity and nutrient exchange between the sub-tropics and
sub-polar regions (Stramma and England, 1999; Brandini et al., 2000; Piola and
Matano, 2008; Paniagua et al., 2018; Piola and Matano, 2019). This meeting of
two contrasting surface currents, the sub-tropical, southward flowing Brazilian
Current (BC) transporting heat and high salinity waters interacts with the sub-
polar derived and northward flowing Malvinas Current (MC), a comparatively
nutrient rich and colder water mass. The result is a complex mixing region with
intense eddy generation, and a migratory oceanographic front that shifts
seasonally and inter-annually based on the competing strength of the two
currents (Figure 4.1-1) (Olson et al., 1988; Peterson and Stramma, 1991;
Hernandez-Molina et al., 2016; Piola and Matano, 2019).

Tracing this important, but highly variable oceanographic feature requires reliable
proxies and extensive spatial sampling. This study uses core top records, across
one degree of latitude along the Uruguayan Margin, and planktonic foraminiferal
ecological preferences, to test whether this overlying oceanography is preserved
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in the sedimentary record, or whether this signature is obscured through mixing

within the confluence. | will use known planktonic foraminiferal assemblage

ecological affinities for regional water masses, stable isotopic analysis of

planktonic foraminiferal tests, and, where present, regional CTD data to align

converted 8'80 foraminiferal values to regional water masses. Additional work

with colleagues at the University of Utrecht employs particle transport models to

trace whether transport of foraminiferal tests is likely to impact assemblage and

isotope data in such an oceanographically dynamic region.

Aims and questions:

1.

Assess the spatial variability of planktonic foraminiferal assemblages and
stable oxygen and carbon isotopes across the margin.

Are proximal sites variable in the recovered assemblage and stable
isotope results?

. Correlate with overlying oceanography to assess how reliably core top

data corresponds to major oceanographic features.

Do the recovered results reliably reflect modern oceanographic settings?
Utilise transport modelling to determine the likely transport distances for
planktonic foraminifera and whether this is to impact the reliability of
assemblage and isotope data in an oceanographically dynamic region.

Is transport a significant factor influencing results and blurring signals
recorded?
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Figure 4.1-1 Southwestern Atlantic oceanography is dominated by the Brazilian Malvinas
Confluence (BMC), the meeting of counter flowing surface currents (Piola and Matano,
2019). a) southern hemisphere ocean circulation reproduced from Stramma and England,
(1999). The BMC migrates within this framework seasonally and inter-annually. b) sea
surface temperature austral winter months of July to September show BMC equatorward
migration, with nearshore MC expansion and offshore BC overshoot influencing the study
region. c) warm austral summer months of January to March show a more poleward BMC
position, with the site experiencing more BC influence. The studied region straddles this
seasonal and inter-annual BMC shift on the Uruguayan margin, (black solid box, panels b
and c). d) and e) are temperature transects (green line) across the study region displaying
seasonal temperature depth changes. Panels b-e were constructed using the online Ocean
Data Viewer from the seasonal 0.25 degree World Ocean Atlas 18 (WOA18) dataset
(Stramma and England, 1999; Schlitzer and Mieruch-Schniille, 2021).
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4.2 Materials and Methods

Of the 200 cores sampled in the Punta del Este basin a sub-set of 35 core top
sediments were selected for direct sampling across the margin length (SW-NE)
at a variety of water depths (800-3200 m) (Figure 4.2-1). Each core top comprised
of 20 cm?® of sediment, principally composed of fine sands, silts, bioclastic
carbonates and organic sediments. Core top samples represent an inter-decadal

(~13.5 years/cm) record based on downcore work.

-35.8 | | | 1 [\ 1 - 1 L _ J_ _
Legend - /] 7 7

® Sampled Core Tops ¢ CTD Station A\ (

-36— o Collection Locations
Core Tops = Core Top
Transect Line |2

-36.2-"
-36.4-]
-36.6-{

36,8+

3724/

/

)07 10 /20km A
-37.4— D S DU lj T =T 1
-53.8 -53.6 -53.4 -563.2 -53 -52.8 -52.6 -52.4 -52.2 -52

Figure 4.2-1 Bathymetric map showing the spatial distribution of the cores within the
British Ocean Sediment Core Research Facility (BOSCORF) collection along the
Uruguayan margin. The collection comprises some 200 cores of which 35 core tops (black
circles) were sampled for assemblage and isotope analysis along the margin length. The
core top sampling followed a SW-NE transect as represented by the dashed line. A
Conductivity Temperature Depth (CTD) hydrographic line runs through the study areain a
NW-SE direction as indicated by the orange diamonds. Blue colouring relates to depth.
Bathymetric data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.

Each of these samples were analysed for assemblage counts, planktic:benthic
ratios and a number of diversity metrics. Spatial interpolation was employed to
observe regional patterns and predict likely patterns for unsampled areas,

constructing a core top ecological model for comparison with the known surface
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oceanography on the margin. Additionally, a subset of samples had stable
oxygen and carbon isotope analysis performed on four species for water column
properties reconstruction. Where possible this involved the use of single
specimen isotope analysis in order to interrogate the per mil averages reported
in broader latitude multi-specimen studies, and to discern foraminiferal end-
member isotope measurements with water masses spatially (Chiessi et al., 2007;
Morard et al., 2016).The methods utilised in this chapter are detailed in the
methods chapter and cross-referenced here (Table 4.2-1). Samples for which
assemblage and isotope analysis was conducted are listed in Table 4.2-2.

Table 4.2-1 List and location of methods utilised for analysis in Chapter 4.

Method Section # Sample Sites Species targeted
material analysed

Foraminiferal sample | 3.4 Core top 35 All

preparation & sediments

assemblage

ecological analysis

Stable isotope 3.5 Single and 15 Globigerinoides ruber,

preparation and multi- Globoconella inflata,

analysis specimen Globorotalia truncatulinoides,
foraminifera Neogloboquadrina

pachyderma

Digital Spatial 3.4.2 Data All All

Mapping and

Interpolation
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Table 4.2-2 List of sites sampled for core top assemblages, and stable isotope analysis of
four planktonic foraminiferal species. The isotope analysis is for the purpose of

reconstructing water column properties within the study region.

Site Latitude (°) | Longitude (°) Depth (m) | Assemblages | Isotopes
UPC 125 -36.85 -53.63 -1121.22 Yes No
UPC 001 -36.92 -53.41 -2053.05 Yes Yes
UPC 102 -37.12 -53.09 -2933.09 Barren Barren
UPC 081 -36.83 -563.32 -1895.64 Yes Yes
UPC 003 -36.87 -53.26 -2205.15 Barren Barren
UPC 155 -36.93 -53.16 -2557.21 Yes No
UPC 153 -37.02 -53.01 -3046.37 Yes No
UPC 124 -36.63 -53.41 -1710.71 Yes No
UPC 058 -36.73 -563.21 -2255.28 Yes Yes
UPC 091 -36.88 -53.02 -2644.10 Yes No
UPC 035 -36.92 -52.91 -3026.75 Barren Barren
UPC 143 -36.60 -53.24 -1356.17 Yes No
UPC 142 -36.76 -52.98 -2682.11 Yes Yes
UPC 141 -36.70 -53.04 -2431.08 Yes Yes
UPC 063 -36.54 -563.17 -1255.00 Yes Yes
UPC 066 -36.55 -563.18 -1257.00 Yes Yes
UPC 122 -36.50 -53.21 -1154.19 Yes Yes
UPC 123 -36.46 -53.16 -1194.30 Yes No
UPC 053 -36.54 -53.02 -2115.24 Yes Yes
UPC 032 -36.62 -52.92 -2513.29 Yes No
UPC 161 -36.42 -53.13 -1241.64 Yes No
UPC 033 -36.60 -52.90 -2582.33 Yes Yes
UPC 145 -36.49 -52.98 -1595.39 Yes Yes
UPC 022 -36.46 -52.88 -2027.53 Yes Yes
UPC 013 -36.33 -53.01 -1574.92 Yes No
UPC 139 -36.53 -52.71 -2499.00 Yes No
UPC 023 -36.39 -52.82 -2046.34 Yes Yes
UPC 024 -36.33 -52.75 -2252.95 Yes No
UPC 093 -36.32 -52.58 -2572.48 Yes Yes
UPC 134 -36.41 -52.48 -2731.00 Yes No
UPC 025 -36.22 -52.53 -2445.71 Yes No
UPC 176 -36.18 -52.54 -2351.00 Yes No
UPC 170 -36.23 -52.41 -2535.00 Yes No
UPC 180 -36.19 -52.43 -2433.00 Yes No
UPC 028 -36.15 -52.46 -2353.00 Yes Yes
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4.3 Results

4.3.1 Assemblage counts and regional diversity

Of the 35 sites selected for analysis, 32 provided =300 individual planktonic
foraminifera to reliably conduct assemblage analysis representative of the
population (Schiebel and Hemleben, 2017), with the remaining three sites
subsequently classified as barren. In total 13,213 planktonic foraminifers were
counted and classified into 24 species, additionally 11,351 individual benthic
foraminifera were logged to enable planktic:benthic ratios to be calculated for
each site (Appendices B.1).

The number of species found at each site was mapped and interpolated as an
initial estimator for margin diversity. The aim was to identify geographical regions
of low or high diversity of species and correlate with oceanography, based on
previous literature linking a higher number of species to warmer water masses
(Kucera, 2007; Schiebel and Hemleben, 2017). Species numbers are illustrated
in Figure 4.3-1 with the maximum number of taxa recorded at a given site being
22 at UPC 093 and a minimum number of 10 at UPC 124, the average across all
sites was 17. Interpolating species richness between sites and plotting alongside
the bathymetric contours, shows sites in shallower water have lower numbers of
taxa present (<17 species) versus those in deeper waters. The selected transect
route across the margin lies between 1500 and 2000 mbsl, the result of which is
sites at comparable latitude but in differing water depths display differing numbers
of species. Analysis of these species ecologies is required to assess whether this

is the result of water mass variability or purely water depth.

Based on the assemblage counts, the fragmentation of the sample and the
diversity metrics seen below, UPC124 was removed from further eco-group
analysis due to suspected taphonomic processes that have resulted in
preferential preservation of a single species (>76% of the assemblage). This is
likely the result of being located in a canyon base, with erosion and transport
activity favouring preservation of the robust Globoconella inflata over other

contemporaneous more fragile species.
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Figure 4.3-1 The number of species recorded at each site is mapped with major bathymetry
lines overlain. Interpolation between sites produces grey dashed contour lines that
indicate number of taxa recorded, with the blue-red colouring similarly based on number
of taxa present to distinguish areas of low diversity (blue) versus more diverse regions
(red). Initial analysis shows concentration of low diversity sites to the West/Northwest,
above 1500 mbsl, whilst sites toward the east show higher diversity of taxa. Bathymetric
data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.

Relative abundance data collected for the remaining 31 sites is detailed below
(Figure 4.3-2). As outlined in the methods, the assemblages were split by eco-
groups. A spatial plot of the study region is presented with sites classified
according to procedures outlined in the methods (Figure 4.3-3). Assemblage data
shows a trend of increasing tropical and sub-tropical species to the northeast,
with an associated drop in polar and sub-polar species. Transitional forms largely
remain consistent between 40-60% of the assemblage. The transect shows
significant spatial variability between sites, with changeable proportions of the
five groups within a single degree of latitude. Combining the tropical and sub-
tropical groups into a warm water species group, the increasing influence of
warmer waters to the northeast is clear. The decline of polar and sub-polar

species is matched by increases in warm water forms at more northerly sites.
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The most prevalent species across all sampled sites along the margin (with
average relative abundances) are: Gc. inflata (~31.1%), N. pachyderma
(~18.6%), Gt. glutinata (~13.2%), N. incompta (~8.8%), Gg. bulloides (~6.4%)
and Gs. ruber white (~5.0%). Proportions of these taxa at each site vary
significantly over the margin, in the case of Gc. inflata by up to 30%, impacting
the overall eco-group composition of individual sites significantly, and leading to
heterogeneous site classification.
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Figure 4.3-2 Assemblage groupings based on temperature eco-groups for 31 sites, ordered
on the transect from SW (left) to NE (right). The assemblages show significant margin-wide
variation, with a trend of increasing relative abundance of species favouring warmer
waters toward the northeast of the transect, and a notable decline in polar taxa.
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Figure 4.3-3 Sites categorised into temperature regimes based on the eco-groups of the
species found at each site. There is a clear transition from sub-tropical to transitional/sub-
polar at approximately 52.8° longitude. Bathymetric data modified from Hernandez-Molina
et al., 2016 and McGuire et al., 2019.

4.3.1.1 Diversity Metrics

Diversity metrics, on the collected assemblages, were calculated for all remaining
samples. Calculated Fisher alpha values suggest an increase in species richness
moving along the transect to the northeast, with values typically above three. This
increase in species richness corresponds with increases in warmer water taxa in
the more northerly sites. Simpsons Index of Diversity (Figure 4.3-4) indicates that
all sites show a diverse assemblage of planktonic foraminifera, producing high
values between 0.7-0.9, suggesting no one species dominates the assemblages
and that the sampled region is typical of an open ocean setting (e.g. Armstrong
and Brasier, 2005). As this metric is the inverse of dominance it also implies
samples are comparatively even, becoming more so toward the east, and
northeast of the transect. This is with the exception of UPC 124 that is dominated
by Gc. inflata resulting in a Simpsons Index value approaching 0.4. This
dominance of one species and the deviation from local sites lead to the removal
of this site from subsequent analysis and the sites omittance from Figure 4.3-2

and Figure 4.3-3.
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Figure 4.3-4 Calculated Fisher alpha diversity and Simpson 1-D values are plotted above
for each site in the transect. Fisher alpha suggests an increase in species richness moving
toward the northeast, or righthand side, of the transect. Simpson 1-D provides an
assessment of species evenness across the transect and whether samples are dominated
by a singular species or record an even assemblage. Within both metrics UPC 124 deviates
from surrounding samples, particularly Simpsons Index of diversity, where the value of
0.4 suggests dominance of a single species.

4.3.1.2 Wider South Atlantic

To test whether eco-group classification was not significantly biased by expected
conditions and could be utilised outside the region, the same species
classifications were applied to counts across the South Atlantic Ocean. This
involved using a subset of a pre-existing database, the Southern Hemisphere
Ocean Database, which had collated a number of global databases between the
latitudes of 15-64°S (Haddam et al., 2016). Additionally, a number of western
South Atlantic margin counts became available during the course of this analysis
and were subsequently classified in this study (Garcia Chapori and Laprida,
2021). Results are presented in Figure 4.3-5, in which all available counts outside
of the Uruguayan Margin, within the Southern Atlantic have been categorised
following the same procedures. Clear latitudinal separation of a tropical/sub-
tropical band, a transitional band and a sub-polar/polar band is apparent. The
sites of this study straddle the tropical/sub-tropical transitional boundary with
some evidence of cooler sub-polar waters present at similar latitudes in the South

Atlantic.
89



Legend
Classified South Atlantic
combined core top data
® Polar
Sub-polar
Transitional
Sub-tropical
Tropical

Figure 4.3-5 Classification of published census count data for the South Atlantic
combining numerous datasets from Haddam et al., 2016 and South Atlantic margin study
sites from Chapori et al., 2021. Study region (black box) with this studies data within.

4.3.2 Spatial mapping of species distributions

Using the relative abundance values determined from assemblage counts at the
31 remaining sites it was possible to plot the regional distribution of species to
resolve where significant variation occurred between sites. Species distributions
were plotted using inverse distance weighting (IDW) interpolation to extrapolate
regional signals from the sampled locations to the wider margin. Through contour
mapping on top of the generated raster files it is possible to interpolate to the
unsampled regions between sites and make inference on the margin-wide

variability.

Both species specific and grouped plots were generated with groups following
the Transitional, Warm (sub-tropical and tropical) and Cold (sub-polar and polar)
groupings outlined within the methods. Within the results section, only the
grouped plots are displayed, however, plots for the ten most common species
found across the margin are contained within the Appendices (Appendix G.1-
G.10). All interpolations were conducted within the same area to provide
consistency in the calculation with the contouring scale changing to reflect the
varying relative abundances. Single band colouring was utilised to better identify
hotspots with known tropical and sub-tropical species displayed in white-red, sub-
polar and polar species in white-blue and transitional taxa in white-green.
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4.3.2.1 Species plots

Figure 4.3-6 Inverse
Distance Weighting
Interpolation between sites
enables margin-wide
estimates of likely
distributions based on the
three groupings of
transitional, cold (polar
and sub-polar) and warm
(sub-tropical and tropical).
Transitional species
(green) comprise the bulk
of margin assemblages,
with relative abundances
peaking in the centre of
the margin at
approximately 53 °W. Site
UPC 125, located in the
southwest, shows the
greatest decline away from
the average suggesting a
lesser transitional eco-
group influence in favour
of cold eco-groups. There
is general uniformity of
transitional abundances in
the 50-60% range. The cold
species IDW interpolation plot (blue) is based on relative abundances of three species: N.
pachyderma, N. incompta and T. quinqueloba. UPC125 dominates the plot in the southwest
with decreasing abundance to the northeast, where the lowest value at UPC134 is found.
All sites show at least 10% of cold-water taxa, even in the northernmost sites. The warm
species IDW plot (red) displays the greatest relative abundance concentrations in the
northeast, in particular the eastern slope portion (UPC025, UPC028, UPC093, UPC134, UPC
170, UPC176 and UPC180) and slope bases (UPC091 and UPC155). There is contrast when
comparing warm and cold groupings with transition between the two occurring at the
centre of the margin.

538 536 534 532 53 528 526 524 522  -52
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Transitional: The summed transitional species found across the 31 sites within
the region present spatial patterns that only differ slightly between species. For
instance, higher relative abundances further offshore in the mid-slope and lower
slope/terrace are recorded for Gg. bulloides and Gt. glutinata. Comparatively Gc.
inflata shows higher values nearer shore on the upper slope/terrace portion of the
margin, whilst Gr. truncatulinoides is largely consistent across the studied area
(Figure 4.3-6). Species plots are available in the appendices (Appendix G.6-G.8).
The transitional fauna is dominated by Gc. inflata and to a lesser extent Gt.
glutinata and this is seen when analysing all transitional fauna together (Figure
4.3-6). The resulting spatial pattern is comparatively smooth when compared to
warmer and cooler taxa with few sites exhibiting less than 50% transitional forms.
Regions where this value drops can be seen to the southwest of the study area
(UPC001 and UPC125) and to a lesser extent in the northeast (UPC023, UPC025
and UPCO091). Variability is observed between adjacent sites, particularly in the
central and north-eastern portions, with a bullseye effect indicating sites with
increased transitional taxa dominance when compared to their immediate
neighbours (UPC134, UPC141 and UPC180).

Polar and sub polar: The diversity of species that comprise the polar and sub-

polar groups is low, however, the relative abundance is higher than some
transitional, sub-tropical and tropical forms. Of the three species present in the
cold grouping, two species (N. pachyderma and N. incompta) comprise the bulk
of the polar and sub-polar relative abundances (Figure 4.3-6). Individual plots

available in Appendices (Appendix G.9-G.10).

All sites have some cold-water species component to the assemblage, however,
the site with the highest proportion of cold taxa is UPC 125 (>54%), the furthest
west site sampled. The western portion of the margin sees a number of sites with
relative abundances >34%, encompassing much of the upper terrace section and
western slope within the study area. To the east and northeast cold-water
proportions drop in samples from below 1500 m water depth, compared to those
from sites nearer shore on the upper slope and terraces. A clear decline is seen
in the relative abundance of cold-water favouring species toward the east or east-
northeast when compared to the west or west-southwest. This change is driven
by significant loss of N. pachyderma, and to a lesser extent N. incompta.
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Tropical and sub-tropical: The warm water grouping is comprised of two diverse

sub-groups, the tropical and sub-tropical groupings. Tropical and sub-tropical
planktonic foraminifera found within the Uruguayan margin contain five and
fourteen species respectively, with a diverse array of morphologies displayed.
Despite the range of species present, the relative abundance of such species is
often found to be low. IDW plots for the four most prevalent species along the
Uruguayan margin; sub-tropical taxa Gs. ruber (white) and Gr. hirsuta, and
tropical taxa Gs. ruber (pink) and T. sacculifer can be found in the appendices
(Appendix G.1-G.5). A combined warm-water IDW plot is provided for summary
as the pattern of sub-tropical and tropical taxa are broadly similar, showing higher
relative abundances in the northeast of the margin at sites UPC025, UPCO028,
UPC093 and UPC134 (Figure 4.3-6). The highest warm water values are found
in the north-eastern section of the margin, below 2000 m water depth on a lower
terrace, with values >30% of the total relative abundance at sites UPC025 and
UPCO093. This is in direct contrast to the summed cold species plot marking an
adjustment of assemblage composition along the margin, from cold prevalent in
the southwest to greater warm species influence in the northeast.

Removing the transitional taxa present in both the BC and MC, and summing the
remaining cold and warm water species, the relative abundances of the two can
be directly compared. Dividing the warm water species by this new summed
grouping gives the warm water species contribution. The warm water species
were chosen as cold-water species are present at every site, and potentially able
to persist at depth in their preferred cooler temperatures (Schiebel and
Hemleben, 2017; Rebotim et al., 2017). An IDW plot of warm species contribution
shows increasing relative influence of warm water species from less than 10% at
UPC125 to highs greater than 50% at a number of sites in the northeast (Figure
4.3-7). The distribution of sites shows a clear shift between sub-tropical and sub-
polar sites, with an intermediary boundary in between, demarked at
approximately -53 °W longitude on the continental slope. This is principally driven
by a loss of N. pachyderma moving from the southwest toward the northeast and

an increasingly diverse and numerous tropical and sub-tropical fauna.
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Figure 4.3-7 The relative contributions of warm vs. cold species to individual core sites.
Through removal of Transitional species and subsequent calculation of the remaining
summed assemblages, warm species influence is determined, providing a measure of the
competing BMC currents. The northeast and eastern portions of the margin reflect a
greater number of warmer taxa, suggesting a greater BC influence. The southwest and
west of the margin, and the bulk of the shallower water sites, show a greater number of
polar and sub-polar taxa supporting greater MC influence.

4.3.3 CTD data

Concurrent CTD data was not collected during the sediment core sampling along
the Uruguayan margin however, there is a profile bisecting the study region
(Figure 4.3-8), that was collected in March 2009 by the RRS James Cook
research cruise JC032 (King et al., 2010). The timing of sampling was during
Southern Hemisphere late summer/early Autumn and as such it only provides a
snapshot of the region and does not account for seasonality. A number of water
masses can be characterised based on published properties, and using the CTD
temperature and salinity data for several of the stations proximal to the core top
transect. For the purposes of this study six of the CTD stations (STN 2-8) proved
relevant for the region and are displayed in Figure 4.3-9 with overlying water

masses.
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Figure 4.3-8 Location of CTD stations displayed in orange and WOA18 stations utilised for
Austral Summer/Winter Temperature-Salinity plots in Figure 4.3-11. Bathymetric data
modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.

The water masses identified are as follows: Tropical water (TW), the shallow
surface component of the BC, South Atlantic Central Water (SACW), the deeper
component of the BC, the MC which is the cold surface waters flowing from the
Antarctic, Antarctic Intermediate Water (AAIW), an intermediate depth water
mass sourced from Antarctica, North Atlantic Deep Water (NADW), a
comparatively warmer deep water mass originating in the Northern Hemisphere
and Antarctic Bottom Water (AABW), a cold deep bathyal water mass formed in
Antarctica. River Discharge Influence (RDI) is potentially observed in the
shallower two stations and is marked by a maintenance of high temperatures but
fresher salinities before mixing with the aforementioned water masses, chiefly
TW (Piola et al., 2008). La Plata River discharge is usually confined to the shelf
(200 mbsl) and advected northward along the Uruguayan and Brazilian Margins.
During Austral winter months whilst river discharge is flowing northward the shelf
experiences lower salinity waters from the Patagonian shelf. However, during
Austral Summer south-westerly winds limit this movement north and instead
direct riverine outflow into the BMC. As seen in the CTD data (Figure 4.3-9), the
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maintenance of higher temperatures indicates the water was sourced from the La
Plata River rather than the cooler temperatures associated with the Patagonian
shelf (Combes and Matano, 2014; Guerrero et al., 2014; Matano et al., 2014).

Temperature vs Salinity Profiles
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Figure 4.3-9 CTD drop data displaying Temperature vs Salinity curves for a subset of
stations relevant to the study. See Figure 4.3-3 for station locations to assemblage sites.
Water mass values presented: TW — Tropical Water, SACW — South Atlantic Central Water,
MC — Malvinas Current, AAIW — Antarctic Intermediate Water, NADW — North Atlantic Deep
Water, AABW — Antarctic Bottom Water, RDI River Discharge Influenced. SACW, AAIW,
NADW and AABW values from Emery, 2015 and Piola and Matano, 2019. MC values from
Gordon, 1981; Paniagua et al., 2018 and Piola and Matano, 2019, TW values from Piola and
Matano, 2008 and Piola and Matano, 2019. RDI is inferred due to the station’s coastline
proximity and low salinity values suggesting runoff-surface water mixing. TW and SACW
are two BC components cited in the literature, TW is the immediate surface waters and
SACW the BC extension to depth (Piola and Matano, 2019). Majority of stations show
similar profiles, with BC conditions heading offshore during late summer. Nearshore (STN
2 and 3) show colder MC currents and TW and RDI mixing (Piola et al., 2008).
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World Ocean Atlas 2018 (WOA18) data provides an approximation for seasonal
CTD values through use of interpolated data, enabling estimation of winter water
column temperatures. Values are presented as shaded regions in Figure 4.3-10
from 0.25-degree gridded seasonal datasets of austral summer (January to
March) and austral winter (July to September). Data is interpolated and averaged
over 62 years and as such provides an array of potential values, showing good
alignment with summer CTD curves (Locarnini et al., 2019; Schlitzer and
Mieruch-Schnulle, 2021). Additionally, it is possible to produce Temperature-
Salinity plots based on the interpolated data in the absence of austral winter CTD
casts. This data is similarly averaged but provides an indication of potential water

masses present during the winter months (Figure 4.3-11).
96



Temperature (°C)
0 5 10 15 20 25 30

u:.

500
JAS (Austral Winter)
1000
‘/ JFM (Austral Summer)
1500 (
3 |
.g 1
< f
a
[
(@]
2500 —CTDSTN 4
3000
—CTD STN 5
JAS (Austral Winter)
3500
JFM (Austral Summer) CTD STN 6
4000

Figure 4.3-10 CTD data from a number of stations across the study area (CTD 3-6) collected
in March 2009 by the RRS James Cook research cruise JC032 (King et al., 2010). This data
is presented alongside WOA18 modelled data interpolated over 62 years to provide
averaged CTD data on a 0.25-degree grid. The WOA18 data provides an approximation of
summer (yellow) and winter (blue) CTD temperature values, beyond the March 2009 dataset
(Locarnini et al., 2019; Schlitzer and Mieruch-Schniille, 2021).

97



WOA18 Austral Summer
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Figure 4.3-11 Temperature-salinity plots for MS stations displayed in Figure 4.3-8, data in
Austral Summer is comparable with CTD stations displayed in Figure 4.3-9. Summer values
suggest warm SACW dominance, a component of the BC. Austral winter temperature
values are reduced, backing cooling and an increased MC presence on the margin,
particularly to the NW, whereas stations further offshore largely maintain a warmer SACW
signature (Locarnini et al., 2019; Zweng et al., 2019; Schlitzer and Mieruch-Schniille, 2021).
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4.3.4 Spatial Isotopic Variation

Stable oxygen and carbon isotopic analysis were conducted on four species for
15 of the studied sites from a transect along the margin breadth and length
(Figure 4.2-1). The four selected species each represent distinct portions of the
water column and correspond to differing water masses. Gs. ruber white, the
shallowest dwelling species, favours the warmer waters of the BC with individual
measurements preformed on 2-3 specimens to obtain enough sample. N.
pachyderma was utilised to assess cooler shallow waters of the MC and typically
required seven or more individuals to generate a single data point. The deeper
water dweller of Gc. inflata was selected to track the thermocline properties
across the sites, whilst Gr. truncatulinoides was the deepest dweller, anticipated
to record the sub-thermocline properties. Gc. inflata and Gr. truncatulinoides
measurements were conducted on single specimens, with the latter species
further categorised by coiling direction to determine whether differing properties
were being recorded by different morphotypes. Raw isotope data provided in
Appendix C.1.
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Figure 4.3-12 Stable oxygen and carbon isotope (5'30vrog) (%0) and 8'3*C(vrps) (%)) Cross-
plot of the four species investigated. Gs. ruber white (red dots), N. pachyderma (light blue
dots), Gc. inflata (green dots), Gr. truncatulinoides Right coiling (orange triangles), Gr.
truncatulinoides Left coiling (blue triangles) and Gr. truncatulinoides Unclassified (black
triangles). Measurement uncertainty based on standard repeatability is generally better
than 0.05%o (1 S.D) for 5'3C and 0.1%. (1 S.D) for §'20.
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The geochemical records obtained provide insight into the aforementioned water
column properties, 8'80 values have been converted into temperature values for
ease of comparison using the palaeotemperature conversion equation of Kim and
O’Neil (1997) (Figure 4.3-12). Plotted together we see Gs. ruber (white)
consistently plots with values lower than 0.5 %o 5'Ovprpg), Which, when converted
to temperature, equates to values between 17-25 °C, these values are the highest
recorded of any of the species studied. Gs. ruber (white) records a range of
5'3Cvrpa) values (~0 - 2.5 %o), but still form a distinct cluster due to the 3'®Ovpps)
separation from other taxa. N. pachyderma, a shallow water, high latitude
species, has values that chiefly plot between 7-14 °C (1.0-2.2 %o 8'®0vrpg)) and
record some of the lowest carbon isotope values, forming a cluster that is distinct
from the deeper species it plots proximal to.

Gc. inflata, the most abundant species on the margin, shows a range of carbon
and oxygen values. This species forms two clusters, largely separated in terms
of 3'®0wepe) values, the first cluster plots with lower oxygen isotope values
(Group 1) (~0.0-2.0 %o 5'®0Ovros) Oor ~8-16 °C) and the second provides oxygen
values typically between 2.5-3.0 %o 8'®Opps) (~3-7 °C) (Group II). This
separation has been reported across the BMC in previous studies utilising
multiple specimen samples (Chiessi et al., 2007; Morard et al., 2016). Reported
carbon values see little offset with the warmer Group |, displaying a wider range
of values (~0.25-2.0 %0 8'3C(vrpe)) compared to the colder Group Il (~1.0-2.25 %o
5"3C(vrpa)). These two clusters are labelled on the provided figure (Figure 4.3-13)

The final species for which isotope records were compiled was Gr.
truncatulinoides, this species has been shown to have two coiling types which
can occupy different portions of the water column (Ujiié et al., 2010), as such
these were run with the coiling direction noted. Gr. truncatulinoides (right coiling)
were less numerous within samples for analysis, only being present at eight sites,
but where present, this group produces values similar to those of the first Gc.
inflata group. The lower 8'80 values suggest calcification at a warmer, shallower
dwelling depth than the left coiling morphotype. The more numerous Gr.
truncatulinoides (left coiling) is present in both Gc. inflata Groups | and I,
although the majority can be found in the colder second group. The Gr.
truncatulinoides (left coiling) has some of the highest '80 values, in line with

cooler waters at depth. The unclassified Gr. truncatulinoides were run early on in
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the project and coiling direction was not noted, based on the isotope values
returned, and values aligning with the second group. It is likely these specimens
were left coiling variants, due to the predominance of left coiling forms in

comparison to right coiling forms.
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Figure 4.3-13 Gc. inflata isotope groupings are encircled and labelled, Grouping | is
comprised of individuals with &'®Owrps) values <2 %, and typically lower,
<2 %o, &'*C(vroe) values. Group Il displays cooler values, isolated with higher §'®Orpg)
values than the other grouping, typically these are >2 %o 5'%0vrog).

Inter- and intra-species isotopic heterogeneity is present across the margin with
Gc. inflata and Gs. ruber white showing the largest variation of 8'3C and 580
values. All of the sampled sites are found within a single degree of latitude,
showing the potential for hydrological heterogeneity at the given sites. Placing
the sites in transect order does not show a consistent increase in temperature
values in the surface dwellers (Gs. ruber white and N. pachyderma) or the deeper
dwellers (Gc. inflata and Gr. truncatulinoides), instead species display consistent
values across the margin (Figure 4.3-14). There is a higher propensity for Gs.
ruber white individuals in the northeast, reflected in the higher number of available

samples, although reported values are similar.
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Water Column Isotope Values
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Figure 4.3-14 Geochemical values replotted with 50 values converted to temperature (°C)
and plotted on a roughly SW-NE transect from top left to bottom right. Temperature shows
little variation between sites across the margin with persistent separation of Gs. ruber
(white) from the other species. N. pachyderma, Gr. truncatulinoides R and approximately
half the Gc. inflata plot between seven- and fourteen-degrees Celsius. The remaining Gc.
inflata and Gr. truncatulinoides L plot cluster around five-degrees Celsius. Splitting of Gc.
inflata is likely a reflection of two distinct groupings. Position on the margin transect does
not appear to influence likelihood of colder Gc. inflata or Gr. truncatulinoides L values.
North-eastern sites show a slightly higher propensity for Gs. ruber white, potentially
reflecting greater BC involvement.
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Temperature depth profiles are overlain with foraminiferal derived temperatures
and assigned literature reported depth ranges in Figure 4.3-15 (Anand et al.,
2003; Uijiié et al., 2010; Rebotim et al., 2017; Rebotim et al., 2019), resulting in
estimated depth habitats for the four species. Three of the species (Gs. ruber
white, Gc. inflata and Gr. truncatulinoides) show good agreement for at least part
of the possible depths and derived temperatures, with N. pachyderma the only
species not to fit to any of the surrounding CTD stations. All four species record
temperatures that skew colder than the CTD stations implying N. pachyderma
poor fit is not species limited, but more pronounced than in the other species.

Temperature (°C)
0 5 10 15 20 25 30

-&-Gs. ruber (white) Mean

T

500 -
-#-N. pachyderma Mean

JAS (Austral Winter) Ge. inflata Mean

Depth (mbsl)
)
S

ff JFM (Austral Summer) g - tnincatulinoides L

1500 | | Mean
—CTDSTN 3 Gr. truncatulinoides R
Mean
—CTD STN 4
JAS (Austral Winter)
—CTD STN 5
JFM (Austral Summer)
CTDSTN 6

Figure 4.3-15 Four CTD sections with proximal foraminiferal isotope data for four recorded
species overlain. Horizontal ranges comprise temperatures recorded by species
foraminiferal calcite converted to temperature using Kim and O'Neil (1997)
palaeotemperature conversion. Vertical ranges are based on published living depths of
foraminifera, over which calcification occurs and within recorded temperatures are likely
in equilibrium to surroundings. A series of CTD casts are available and proximal to isotope
sites, see Figure 4.3-8 for locations, CTD profiles collected in austral summer (March 2009)
(King et al., 2010). WOA18 data of interpolated stations is provided to estimate winter
temperatures with good agreement between summer temperatures and measured CTD
profiles (Locarnini et al., 2019; Schlitzer and Mieruch-Schniille, 2021).
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4.3.5 Particle Transport

In order to address the impact of planktonic foraminifera geographic ranges and
post mortem transport on their contribution to sediments across this margin
particle sinking models were used to predict settling trajectories (modelling
performed by Anne Kruijt). (Figure 4.3-16). The model utilised an Ocean General
Circulation Model (OGCM) with a horizontal resolution of ~0.1 ° across 54 depth
layers between 75 °S to 75 °N, based on a hindcast simulation of twentieth
century atmosphere data (Kruijt, 2019). This output was in the form of an OGCM
for the Earth Simulator, utilised to map the impact of eddies within the energetic
BMC region. A horizontal resolution of ~0.1 ° was used as this was deemed to
accurately predict the location of the fronts and shedding of eddies Kruijt, 2019

Parcels software in Python was utilised to track particles along settling
trajectories. Particles were released over ten model years, with particles released
every third day, particles then have their location and surrounding conditions
logged every model day. This resulted in over a thousand released particles, with
roughly 50 measurements per particle. The particles were released from a central
site within the core sampling area (36.5 °S, 52.5 °W), which was taken to be
broadly representative of the study area. The details of this modelling
methodology are in the methods chapter.

Pathways for planktonic foraminifera settling predominantly remained proximal,
within several degrees latitude of the sites, or followed the Brazilian coastline to
the site. The SST values typically showed a ~0.7 °C offset in the reported ranges
between local properties and potential origin locations (12.5-25 °C). Results
relating to distances transported showed the average particle would travel
approximately 1053 km, with most of this distance covered during the
foraminifer’s life prior to sinking. Whilst there is potential for greater transport
distances of planktonic foraminifera, to distances of 3000 km, the vast majority of
these model simulations had foraminifera being entrained in eddies that retain
the water mass properties of their source within the BMC, proximal to the
sampling region. This is seen in the direct travel distances reported, with most
particles travelling between 200-600 km, with an average straight-line distance of
~408 km. The chief direction of travel was north to south with foraminifera
transport driven by the BC, before entrainment and deposition within the study
region (Figure 4.3-16).
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Figure 4.3-16 Plots from Kruijt (2019) the left-hand plot shows the range of average surface
temperatures experienced by particles at their origin locations. Black dots signify location
from which the particle sinks to the seafloor. The right-hand plot shows the distance
travelled from origin location to the black dot on the sea floor. Distances are mostly below
500 km, however higher distances can be observed proximal to the particle release site
(black dot), suggesting entrainment and circulation in eddies within the BMC.

105



4.4 Discussion

4.4.1 CTD data

The available CTD data for the region is sparse, only providing a snapshot of
water column properties at a given point in time. The data was collected in early
March 2009, which is late Austral summer (King et al., 2010). As such, water
column properties are likely closer to the warmest annual temperatures recorded
on the margin. The site was not revisited after the coring cruise and as such there
is no additional CTD data to assess seasonal trends from the margin throughout
the year. The CTD data collected shows sites in shallower water and nearer shore
experience cooler waters. At STN2, and to a lesser extent STN3, there is
evidence for limited MC involvement above 1500 mbsl, with cooler Temperature-
Salinity values plotting and corresponding well with modelled data for the South
American Margin (Combes and Matano, 2014; Piola and Matano, 2019).
Additionally, the Temperature-Salinity data display a drop in salinities at these
two stations (Figure 4.3-9), that is likely the diminishing offshore riverine input of
the La Plata River mixing with TW, which would be warmer than the Patagonian
shelf waters present during Austral Winter (Piola et al., 2008; Guerrero et al.,
2014; Matano et al., 2014). By STN4, values indicative of the BC are recorded
with influence of MC and potential riverine input being greatly diminished. This
warmer pattern continues further offshore, where the core of the BC flows south
to collide with the MC.

Additional CTD data for early spring would enable determination of whether the
MC current has a significant presence in cooler months and whether cooler
Patagonian shelf waters are observed when La Plata discharge is deflected
northward. Nevertheless, the CTD data indicates a number of water masses are
present within the region with MC likely more prevalent nearshore, and as depth
increases further offshore the TW and SACW of the BC dominate. Additionally,
the CTD data also picks up the deeper, cooler, water masses of the AAIW (below
500 m), NADW (below 2500 m) and AABW (below 2900 m). Planktonic
foraminifera are not typically known to dwell deep enough that they would inhabit
NADW and AABW in this locality, however it is possible some deeper dwelling
species may be found at the periphery of the AAIW based on published literature
(Schiebel and Hemleben, 2017; Rebotim et al., 2017). As such we would expect
to see the MC, the TW and SACW of the BC, and, potentially, AAIW water
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masses. These water masses provide a range of temperatures (5-16 °C) for the
MC, a wider range (5-20 °C for SACW, 20-25 °C for TW) for the combined BC
and a cold but tight range (2-6 °C) for AAIW influencing our assemblages across

the site.

In the absence of additional CTD data, it is possible to obtain estimates for water
column properties using the Ocean Data Viewer (ODV) software and the World
Ocean Atlas 2018 data (WOA18) (Locarnini et al., 2019; Zweng et al., 2019;
Schlitzer and Mieruch-Schnille, 2021). This provides aggregated seasonal data,
interpolated to standard depths for the margin, as presented in Figure 4.1-1,
Figure 4.3-10, and Figure 4.3-11, see Chapter 3 for further detail on ODV data.
Within this dataset we see significantly cooler surface waters (10-16 °C) bathing
the margin in austral winter (Figure 4.3-10), which is likely indicative of northern
migration of the BMC and a stronger winter MC influence. Comparing the CTD
(Figure 4.3-9) and WOA18 (Figure 4.3-11) Temperature-Salinity plots there is
notable similarity between the austral summer values, with comparable water
masses represented at depth, enabling this dataset to be utilised for mapping
foraminiferal temperature estimates onto water masses. The Temperature-
Salinity plots for austral winter typically show fresher and cooler values, with

greater involvement of MC waters during the winter months (Figure 4.3-11).

It is important to stress however that, whilst provided on a 0.25-degree station
grid, the data from these ODV stations is interpolated from a range of available
data from the World Ocean Database (Boyer et al., 2018; Locarnini et al., 2019;
Zweng et al., 2019). The station grid resolution does provide a number of
temperature depth profiles along the margin, however the seasonal data is
averaged through time, as such it may not fully encapsulate the range of inter-
annual variability along the margin, smoothing more extreme end-members,
which may be represented in planktonic foraminiferal isotope data. Whilst the
Modelled Stations (MS) of the WOA18 dataset approximate the CTD data, there
is a noticeable underestimation when comparing the summer temperatures of MS
to the CTD data. This is clearest in the surface waters, where a ~3 °C offset can
be seen, between MS and CTD data, but shows reasonable alignment below 300
m depth. This is likely due to two reasons 1) the MS vs CTD stations are not taken
in the exact same location and thus some offset is expected due to spatial
variability of the margin and 2) the seasonal MS are the mean across three
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months and additionally averaged over several years. CTD stations may occur
on a warmer/colder day within this three-month interval on a warmer/colder year,
hence some offset is expected, so although the WOA18 data is unlikely to display
the full range of values it does provide an approximation in the absence of more
CTD data. It is likely the winter MS would similarly be impacted were they to be
compared to winter CTD sections, and thus should be similarly viewed as a guide

for temperature values.

4.4.2 Relation of oceanography to assemblages

The bulk of published literature states the core of the northward flowing MC meets
the BC at 38°S (Olson et al., 1988; Piola and Matano, 2008; Preu et al., 2013;
Piola et al., 2013; Combes and Matano, 2014; Guerrero et al., 2014; Matano et
al., 2014; Hernandez-Molina et al., 2016; Paniagua et al., 2018; Piola and
Matano, 2019), however, this latitude is an average and the confluence position
can vary seasonally extending north of 37°S in winter (Olson et al., 1988; Garcia
et al., 2004; Piola and Matano, 2019). This seasonal latitudinal variation in BMC
position also varies inter-annually resulting in a significant range of temperatures
bathing the study region, the WOA18 data sets suggest an average annual SST
variation of ~10 °C when using interpolated data from the past 62 years (Locarnini
et al., 2019).

With this in mind the diversity metrics and assemblage mapping show that the
western portions of the study area, particularly the shallower north-western
portions, have fewer species and have the highest numbers of polar and sub-
polar species. Due to the greater flow of the BC (70-80 Sv at 36°S) versus the
MC (~50-70 Sv) into the BMC, an overshoot forms offshore resulting in eddy
formation and pinning of the MC nearshore by the southward flowing BC
(Saraceno et al., 2005; Paniagua et al., 2018; Piola and Matano, 2019). Further
to this, the MC varies in strength on a sub-annual timescale, resulting in variable
penetration northwards, with some instances resulting in 1.5° latitude alteration
(Piola et al., 2013; Paniagua et al., 2018). This is seen within the study region
with cooler winter SSTs present in the WOA18 dataset as the BMC migrates
north. Cooler favouring taxa and lower numbers of species are typical of waters
sourced from polar regions (Schiebel and Hemleben, 2017), this suggests that

sites located in the west of the region above 1500 mbsl are influenced by the
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northernmost penetration of the MC, and seasonally associated cooler
Patagonian shelf waters (Figure 4.4-1).

Contrastingly, in the eastern section of the margin, an increasing proportion of
tropical and sub-tropical taxa is observed, combined with a taxa diversity increase
(Figure 4.4-1). These changes in assemblage composition indicate increasing
influence of the BC compared with nearshore and western portions of the margin.
Increasing diversity and warmer taxa in offshore sections of the margin fits SST
and Sea Surface Salinities (SSS) modelled and observed in previous studies,
with the core of the BC flow detaching from the shelf at ~36°S, moving further
offshore (Olson et al., 1988; Combes and Matano, 2014; Guerrero et al., 2014;
Matano et al., 2014; Hernandez-Molina et al., 2016; Piola and Matano, 2019).
Unlike the nearshore sites the distance from shore means there is no impact from
Patagonian shelf waters or the northernmost extent of the MC (Guerrero et al.,
2014; Matano et al., 2014). Additionally, the offshore sites are more likely to be
influenced by the BC overshoot (Figure 4.1-1, and Figure 4.4-1), resulting in a
lack of cooler sourced water seasonally and inter-annually, reflected by the
reduction in cooler taxa present (Saraceno et al., 2005; Paniagua et al., 2018;
Piola and Matano, 2019; Locarnini et al., 2019; Schlitzer and Mieruch-Schnille,
2021). Across all sites the transitional species assemblage proportion remains
comparatively stable, and the fluctuations in other eco-groupings to the northeast
and southwest suggest the study region is within the BMC mixing zone, with sites
further to the northeast or southwest showing increasing contributions from the
BC or MC respectively. Given the transitional nature of the mixing zone this is to
be expected, with transitional species adaptable to wider temperature and
nutrient conditions, and thus able to tolerate the range in conditions across the
margin (Figure 4.4-1) (Loncaric et al., 2007; Schiebel and Hemleben, 2017).

The influence of these distinct water masses, the BC and the MC, can be picked
out through planktonic foraminifera eco-group assemblage analysis. However, it
should be noted that inter-annual variation of the BMC is likely to be smoothed
out within the foraminiferal test assemblages, with the core top material sampled
in this study not representing a single year. Rather the sedimentation rate for the
core tops is ~0.074 cm/year, resulting in a 2 cm core top encapsulating ~27 years.
As such, even though we can clearly pick out the influence of the different water
masses at a very high spatial resolution, it would not be possible to determine
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seasonal shifts in the BMC across this zone with any confidence. The structures
suggested by the assemblage data align well with WOA 2018 SST data, showing
that foraminiferal assemblages record average annual BMC positions likely over
a decadal timescale, with dominance of the BC offshore and greater influence of
MC faunas nearshore and to the west of the margin (Figure 4.4-1).
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Figure 4.4-1 WOA 2018 average winter (July, August, September), average summer
(January, February, March) and average annual temperature data from 1955-2017
(Locarnini et al., 2019), with study area highlighted by dashed black box. For comparison,
species richness (bottom left) and warm versus cold (bottom right) plots from assemblage
studies. The planktonic foraminiferal data clearly record the overlying water masses
influence with colder fauna to the southwest/west and warmer fauna dominating the
east/northeast. Note scales are different due to WOA interpolation constraints (Locarnini
et al., 2019; Schlitzer and Mieruch-Schniille, 2021).

The results of the assemblage profiling produced a colder signal versus the
expected data from model results, as produced in conjunction with a masters
student. Based on the origin locations of particle tracking, the trajectory model
predicted particles (foraminiferal tests) would be transported a relatively small
distance from the north, and thus within the warmer water of the BC. Analysis of
the assemblages shows higher than expected abundances of N. incompta and
N. pachyderma, are responsible for the colder than expected signal, with both
species known to favour colder water masses (Boltovskoy et al., 1996; Kucera,
2007; Schiebel and Hemleben, 2017). Explaining the higher abundances of polar
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and sub-polar species within the BMC is possible using satellite and in-situ data;
these data show high seasonal chlorophyll values, with the energetic mixing of
the stable BC and the nutrient rich MC, through the winter months alongside
seasonal variations in temperature (Figure 4.4-2) (Brandini et al., 2000; Garcia et
al., 2004; Saraceno et al., 2005; Locarnini et al., 2019).

Average Chlorophyll a concentrations
1988-2003 (mg/m°)

32°S

36°S

40°S

44°S

48°S

50°W 45°W

October February June

Figure 4.4-2 Average Chlorophyll a values for the western South Atlantic derived from
satellite imagery. Modified from Saraceno et al., 2005. Seasonal variation is observable,
with the highest concentrations in October, shortly after the peak austral winter months.
Black contour lines reflect Chlorophyll groupings from Saraceno et al., 2005.

The higher nutrients and seasonally low temperatures likely aid N. pachyderma,
and the sub-polar taxa, which have been shown to tolerate higher temperatures
in nutrient rich waters i.e. Benguela Current, with specific genotypes developing
to niche conditions (Darling et al., 2017; Schiebel and Hemleben, 2017).
Identifying specific genotypes requires sampling genetic material of otherwise

morphologically identical species and is beyond the scope of this project.
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4.4.2. 1 Interpretation of the South Atlantic Dataset

Legend
Classified South Atlantic
combined core top data
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Figure 4.4-3 Macroscale ocean currents overlain on classified South Atlantic core top
assemblages. Assemblage classifications record overlying oceanography well with good
agreement for the majority of currents. Only areas of upwelling, in which nutrient supply
becomes a greater forcing than temperature, provide anomalies on the Argentine and
Namibian coastlines.

The classification system used in this study was applied to other published South
Atlantic planktonic foraminiferal databases to characterise and compare a wider
set of core top samples (Haddam et al., 2016; Garcia Chapori and Laprida, 2021).
Interpretation of these results, with published overlying macroscale South Atlantic
oceanographic currents (Stramma and England, 1999), show good agreement
between sites and expected overlying currents (Figure 4.4-3). There are regions
where it is apparent temperature is not the dominant driver, i.e. sub-polar sites
on the Namibian coastline. However, these counts are often borderline to other
eco-groups. Additionally, these sites are likely under the influence of significant
upwelling, resulting in low abundance of species not adapted to a unique,
nutrient-rich system (Giraudeau, 1993; Sakko, 1998) and potential presence of
differing genotypes exploiting nutrient rich environments (Darling et al., 2017;
Schiebel and Hemleben, 2017). Overall agreement with the main oceanographic
systems indicates planktonic foraminiferal eco-group assemblages can be
utilised to reliably assess local overlying oceanography, and fit sites into a

regional framework, even within oceanographically complex systems.
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4.4.3 Planktonic foraminifera isotopes

Stable oxygen isotope analysis was used to align sampled species with water
column depths based on the CTD profiles, and determine which species were
recording which water mass properties. The inter- and intra-species variability in
carbon and oxygen isotope values also provide insight into the potential effects
of seasonal and inter-annual variation across the margin. As previously
discussed, there is only CTD data available for Austral summer when
temperatures are higher in the surface waters due to seasonal strengthening of
the BC and a dominance of La Plata river discharge (Combes and Matano, 2014).
This river discharge in the nearshore region mixes with strengthened BC
components, TW and SACW currents, whilst cooler Patagonian Shelf waters and
MC influenced surface waters are inhibited flowing north (Combes and Matano,
2014; Guerrero et al., 2014). During austral winter and early spring however,
colder Patagonian shelf waters and the MC strengthen, pushing further north,
influencing and cooling the study region, and this should be considered when
investigating CTD and isotope data (Olson et al., 1988; Saraceno et al., 2004;
Saraceno et al., 2005; Combes and Matano, 2014; Guerrero et al., 2014; Matano
et al., 2014; Paniagua et al., 2018).

WOA18 data was utilised to provide additional interpolated water column
temperatures for Austral summer, and importantly winter months, lacking in the
CTD data (Locarnini et al., 2019; Schlitzer and Mieruch-Schnulle, 2021). Whilst
not in-situ measurements, this data enables species isotope records to be
compared to an approximation of seasonal water column properties, particularly
useful for species that see a bulk of their test flux to the seafloor during winter.
These species include N. pachyderma, Gc. inflata and Gr. truncatulinoides
(Jonkers and Kucera, 2015; Kretschmer et al., 2018).

Core top assemblages at best represent an inter-decadal (~13.5 years/cm)
record based on downcore work. The standing stock of a species can vary widely
throughout the year depending on the species’ optimal conditions (Kretschmer et
al., 2018). Such seasonal turnover was observed in a number of studies globally
(Fairbanks and Wiebe, 1980; Eguchi et al., 1999; Mohiuddin et al., 2002; Wilke
et al., 2009; Jonkers et al., 2013; Jonkers and KucCera, 2015). As species are

most likely to bloom and contribute to the test flux during optimal conditions within
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a season, variation is most likely the result of inter-annual BMC positional

variation.

4.4.3.1 Surface Dwellers

Gs. ruber white: The Gs. ruber white results display a wide array of stable isotope

values, and are both the shallowest and warmest plotting species on the margin.
Temperature values obtained via conversion from &'®0 align well with the
available CTD data for the region, although the values also cover cooler than
expected ranges. This cooler portion of the range is likely due to the inter-
seasonal and inter-annual variability from years when BC currents are weaker
during summer months, particularly as Gs. ruber white is unlikely to change depth
habitat significantly (Figure 4.3-15) (Rebotim et al., 2017; Kretschmer et al.,
2018). Another factor to consider might be the input of freshwater from the La
Plata River. However, river discharge is unlikely to significantly impact the sites
580 values, and thus converted temperatures, with published literature showing
minimal impact on modern SSS beyond the shelf (200 mbsl) (Palma et al., 2008;
Matano et al., 2010; Combes and Matano, 2014). Additionally, the CTD data
displays negligible RDI involvement beyond station 2 and 3 at ~700 m and
~900 m respectfully, implying a more typically open ocean &80 signature for this
study’s deeper sites (Figure 4.3-9). Based on the temperatures preserved (>16
°C) Gs. ruber white records temperature ranges of the TW (>20 °C) and the upper
SACW (>10 °C) across the margin (Piola and Matano, 2019).

The Gs. ruber white values cover a significant part of all available summer CTD
curves, and summer WOA18 interpolations, in the upper 120 m of the water
column, suggesting good alignment (Figure 4.3-15). Despite this, a small
proportion of the Gs. ruber white isotope data record temperatures <16 °C. Gs.
ruber white taxon is known to be thermally limited (Jonkers and Kucera, 2015;
Schiebel and Hemleben, 2017), and these outliers were likely expatriated leading
to calcification outside of optimal thermal conditions. Evidence of Gs. ruber white
expatriation and survival outside known ecological preferences has previously
been suggested by Mojtahid et al., (2013) in palaeoclimatic records in the Bay of
Biscay. Overall, the Gs. ruber white data supports the late summer CTD data.
The test flux to the seafloor in the sub-tropics/temperate zones peaks in late
summer when temperatures are highest and closest to optima for warmer

favouring species, such as Gs. ruber white (Kretschmer et al., 2018). This would
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explain differences in recorded temperatures from N. pachyderma, despite both
being surface dwellers (Jonkers and Kucera, 2015).

N. pachyderma: N. pachyderma data covers a 6-14 °C temperature range and

provides some of the more negative &'*C values on the margin. The cooler
temperatures align with published MC temperature ranges of 5-16 °C (Piola and
Matano, 2019), however this also aligns with SACW values (5-20 °C (Emery,
2015; Piola and Matano, 2019)). For N. pachyderma, the greatest abundance of
living individuals occurs when surface ocean is cooler (0-10 °C (Kretschmer et
al., 2018)) leading to a higher flux of tests to the seafloor, with numbers
diminishing during summer. This can cause a skewed record with a greater
number of winter representatives calcifying in cold waters contributing to the shell
flux (Jonkers and Kucera, 2015; Kretschmer et al., 2018). We see good alignment
with winter averaged records from the WOA18, however some of the colder
values do not overlap (Figure 4.3-12).

The low 3'3C values of N. pachyderma imply a nutrient rich water mass. When
compared, the nearshore water masses of the MC and Patagonian shelf waters
are higher in nutrients than the BC, providing suitable habitat for the asymbiotic
N. pachyderma reliant on phytoplankton blooms (Brandini et al., 2000; Jonkers
and Kucera, 2015; Paniagua et al., 2018; Piola and Matano, 2019). The 8'C
values, cooler 30 values and likely austral winter test flux suggest N.
pachyderma are more likely to represent MC properties than SACW (Brandini et
al., 2000; Saraceno et al., 2005; Jonkers and Kucera, 2015; Piola and Matano,
2019). In Figure 4.3-12 we see some variation in recorded N. pachyderma oxygen
isotopic values, but clear and distinct separation from the other surface dweller,
Gs. ruber white. This implies the two are recording separate water mass
properties, representing intra-annual variation in water masses bathing each site.
This and the contrasting seasonal fluxes explains the misalignment with the
summer CTD records available to this study in Figure 4.3-15, however there are

a number of alternative explanations to explain the colder skew.

The implications of the skew and poor fit of some of the N. pachyderma isotopes
on temperatures recorded by the foraminiferal calcite are 1) the aforementioned
result of species occupying a water mass only seasonally present over the study
area, as suggested in the literature i.e. N. pachyderma represents MC conditions
and presence seasonally 2) the species are living at significantly greater depth
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than suggested in the literature 3) the tests were transported further north from
where the individuals lived. This latter point would mean tests originate in cooler
MC waters to the south and are transported northward, by the MC, to the margin,
resulting in higher 380 values, and would have to be transported during austral
winter months when BMC position migrates northward.

The most likely reason for poor fit of CTD profiles to the high &'80, low
temperature, N. pachyderma values is margin seasonality. These lower
temperatures would represent peak margin cooling, during a time when intra-
annual migration of the BMC northward permits greater influence of the MC
(Olson et al., 1988; Piola and Matano, 2019). As the CTD casts were collected
during summer months, the temperature/depth relationship in Figure 4.3-15 does
not reflect the calcifying conditions of these individuals (Jonkers and Kucera,
2015; Kretschmer et al., 2018). Similarly, the winter WOA18 records are average
winter interpolated profiles, utilising data from 1955-2017 to provide a seasonal
record, and thus likely do not represent the full range of possible margin
conditions in which N. pachyderma may calcify, potentially explaining the slight
skew observed in Figure 4.3-15 (Boyer et al., 2018; Locarnini et al., 2019).

A significant deviation in living depth for all species is unlikely, especially as N.
pachyderma would have to descend approximately 300 m in water depth taking
it significantly below other reported values (Anand et al., 2003; Rebotim et al.,
2017; Kretschmer et al., 2018; Rebotim et al., 2019). N. pachyderma have, in a
rare case, been reported at depths down to 700 m, however the authors note it
was not clear whether the foraminifera were living and feeding at depth, or were
simply empty/sinking tests collected in deep sea nets in the isolated Arabian Sea
(Darling etal., 2017). The mechanism by which these planktonic organisms would
descend to greater depths locally is not immediately apparent either, thus, depth
migration is unlikely to be the cause of the isotope-CTD temperature mismatch
and will not be discussed further.

The impact of transport is assessed in more detail in section 4.4.4. However, the
overall results suggest transport is predominantly from proximal origin locations,
with a mean travel distance of 408 km, and limited variation in overlying water
mass temperature ranges, which struggles to explain the colder skew of N.
pachyderma temperatures. Additionally, the direction of travel is primarily north
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to south resulting in warmer BC conditions likely to be expatriated in rather than
colder conditions associated with N. pachyderma (Kruijt, 2019).

Surface dwelling summary: The differing records between two surface dwelling

species indicates some aspect of regime variation within these averaged inter-
annual records. With a core top expected to encapsulate foraminiferal
accumulations of ~30 years, the core top will be an averaged record impacted by
seasonal variations in surface water, foraminiferal species abundances and inter-
decadal oceanographic change. Whilst the 8’80 and &'3C surface-dwelling
foraminifera can be assigned to specific water masses, the intra-species variation
is likely a mix of this seasonality and inter-decadal oceanographic change. From
the lack of 8'®0 data overlap it appears that the two species are recording
differing signals, likely the two BC components (TW and SACW) are recorded by
Gs. ruber white and MC presence from N. pachyderma. These seasonal and
oceanographic factors contribute to a complex heterogenous signal within a
single degree of latitude in the core top isotope record, but imply BMC migration
within the surface waters of the region. Further analysis of intra- and inter-annual
CTD data, alongside sediment trap data, would be required to disentangle
seasonality from longer-term BMC migration within this setting. Expatriation of
foraminiferal tests, and thus the isotopic values, is another factor that will be
analysed in section 4.4.4 Transport.

4.4.3.2 Deep Dwellers

Gc. inflata and Gr. truncatulinoides are the two species analysed to reconstruct
the thermocline and sub-thermocline conditions respectively. All data points
originate from single foraminifer tests, with the aim being: 1) to record the full
range of stable isotope values that are otherwise lost by averaging over multiple
specimens per data point (Chiessi et al., 2007; Morard et al., 2016). 2) Observe
whether the individual sites enabled spatial variation of the 3'0 to be visible
along the margin within a single degree of latitude (Chiessi et al., 2007).

Gc. inflata: Ge. inflata is a known deep dwelling herbivorous species that exhibits

opportunistic behaviour within changeable conditions, such as oceanographic

fronts (Schiebel and Hemleben, 2017). In particular Gc. inflata has been shown

to avoid oligotrophic conditions, favouring mesotrophic environments (Eguchi et

al., 1999; Loncaric et al., 2006; Storz et al., 2009; Schiebel and Hemleben, 2017;

Portilho-Ramos et al., 2019). Additionally, Gc inflata is known to live at different
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water depths throughout the year in search of nutrient rich waters, following the
chlorophyll maxima, which in turn is related to temperature and turbidity (Loncaric
et al., 2007; Storz et al., 2009; Retailleau et al., 2011). Similar to N. pachyderma,
sediment flux studies have suggested peak annual test flux to the seafloor for Ge.
inflata occurs in winter/spring, potentially creating a seasonal signal in the
properties recorded (Loncaric et al., 2006; Jonkers and Kucera, 2015).

Gc. inflata &'®0rps) measurements have previously reported 2.5 %o ranges
across the BMC, from offshore transects of the South Atlantic margin, with a
switch to higher 8'80vrpg) values south of 37 °S (Chiessi et al., 2007; Voigt et al.,
2015; Morard et al., 2016). This shift in 8'8Orps) values has been suggested as
a useful tracer for the BMC and a mechanism to derive whether a site is
influenced by BC or MC currents (Chiessi et al., 2007; Voigt et al., 2015; Morard
et al., 2016). Gc. inflata values from this study display a 3 %o range in 3'®Orpg),
with a slightly higher proportion plotting in a cluster >2.5 %o 8'®Qrps) and a
slightly smaller cluster found <2.0 %0 8'8Orpg) (Figure 4.3-13). The smaller
range of the aforementioned studies is likely due to averaging isotope
measurements over ten individuals resulting in homogenisation, instead of the

individual specimen analysis we performed.

The <2 %0 5'®0vrpe) values (Group |) equate to a temperature range of ~8-16 °C,
whilst the >2.5 %0 5'80veps) (Group 1) convert to ~3-6.5 °C. The warmer group
accounts for roughly 44 % of measurements and aligns with both MC (5-16 °C)
and SACW (5-20 °C) temperature ranges. This makes determining the water
mass for Group | difficult, however a wider scatter of 8'3Cvppg) (~0-2 %0) suggests
this grouping predominantly relates to nutrient depleted SACW (Figure 4.3-13).
This aligns well with the literature, which reports lower &80 values, and a wider
range of 8'3C values to the north of the confluence (Chiessi et al., 2007; Morard
et al., 2016). Within the BMC the BC and MC, with their contrasting nutrient
profiles and temperature gradients, mix on the mesoscale, inter-weaving with one
another and producing large phytoplankton blooms (Brandini et al., 2000;
Saraceno et al., 2005; Piola and Matano, 2019). The potential for change in the
chlorophyll maxima, in addition to the inter-weaving nature of the MC and BC
currents, is likely the reason for the spread of isotope values within Group |
(Brandini et al., 2000; Saraceno et al., 2005; Combes and Matano, 2014;
Paniagua et al., 2018; Piola and Matano, 2019).
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Group Il (>2.3 %o 5'®0rps)) cluster temperature values fall within the lower
extremes of MC and SACW, along with the AAIW range (2-6 °C). CTD profiles
do feature AAIW water mass properties nearshore (~>400 m), at STN2 and
STNS, within the depth range of Gc. inflata during the summer months, making
this a possibility. Ge. inflata has been shown to alter its dwelling depth depending
on food availability to maintain more mesotrophic conditions, and thus could lead
to an array of recorded temperatures depending on the season and extent of
BMC mixing, including the colder AAIW temperatures (Retailleau et al., 2011;
Retailleau et al., 2012; Schiebel and Hemleben, 2017). The lower, larger cluster
(Group Il on Figure 4.3-13) values are likely representative of deeper, colder
conditions with elevated nutrients, aligning well with other 5'80 records from the
Argentine margin (Chiessi et al., 2007; Morard et al., 2016). Combined with the
slightly elevated, and less variable (~1.0-2.0 %o &'3C(vrpg)), 8'°C data suggests
nutrient rich MC/AAIW water mass properties are captured, over SACW values.
Additionally, Gc. inflata test fluxes are typically higher in the winter months, timing
with BMC northward migration (Olson et al., 1988; Piola and Matano, 2019). The
tests are likely recording annual cooler water mass properties, with variation
depending on inter-annual variability of BMC location (Saraceno et al., 2005;
Loncaric et al., 2006; Jonkers and Kucera, 2015; Voigt et al., 2015).

Single specimen isotope analysis from each site enables a latitudinal comparison
of the two Gc. inflata groupings (Figure 4.4-4). It would be reasonable to expect
the colder Group Il representatives and their MC preference, like the assemblage
data, to show a greater preference for the SW. However, whilst a slight
preference may be visible between the two groups latitudinally, this does not
appear to be consistent implying both SACW and MC/AAIW water masses are
present. Further single specimen sampling is required to fully assess this;

however, this was not possible given the constraints placed on this study.

Gr. truncatulinoides: Often cited as a deep dwelling sub-thermocline species, Gr.

truncatulinoides specimens have been found living down to 2000 m water depth
(Darling and Wade, 2008; Schiebel and Hemleben, 2017). However, the depth of
calcification is debated within the literature, with some authors arguing
calcification in equilibrium ceases below 500 m (Wilke et al., 2009; Birch et al.,
2013; Rebotim et al., 2017; Reynolds et al., 2018; Rebotim et al., 2019), and that
secondary calcification may occur down to 800 m depth (Ujiié et al., 2010). This
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range in potential dwelling depths is significant, however temperature variation
over the sub-thermocline is minimal (~4 °C). For the purposes of this study, to
avoid overinterpretation but encompass potential secondary calcification, the
depth range was limited to 800 m, placing Gr. truncatulinoides at the lower
thermocline/upper sub-thermocline (Figure 4.3-15).

Additionally, Gr. truncatulinoides has a number of genotypes, covering differing
biogeographical ranges, that manifest differing coiling directions (Darling and
Wade, 2008; Uijiié et al., 2010; Ujiié and Asami, 2014). The boundary between
two of these biogeographic ranges is proximal to the study region with Type lll, a
dominantly left coiling morphotype, in the southern cooler waters and a mixed
assemblage of Type lll, the predominantly right coiling Type Il and left coiling
Type | in the warmer northern waters (Darling and Wade, 2008; Ujiié et al., 2010;
Ujiié and Asami, 2014). Coiling direction is argued to be a genetically controlled
phenomena rather than the direct influence of temperature (Ujiié and Asami,
2014). However, the literature suggests a lack of wider gene flow throughout the
world’s oceans between populations is tied to oceanographic circulation inhibiting
mixing of populations, thus indirectly linking to temperature and salinity
parameters, with the ability of water masses to mix (Ujiié and Asami, 2014).
Within our study region this enables coiling direction to be indicative of regional
influence, with right coiling morphs implicating influence of warmer, sub-tropical
masses on the margin (Ujiié and Asami, 2014). Through separation of the coiling
morphotypes and knowledge of the genotypes present within the varying nutrient
contents and thermally contrasting South Atlantic water masses, isotopic
variation within the species can be accounted for based on oceanographic
changes. As such, we would expect the presence of right coiling variant of Gr.
truncatulinoides to be specifically linked to the sub-tropically sourced BC, likely in
the form of the SACW, whilst the left coiling form could be indicative of either the
BC or MC based on current knowledge of morpho-group spatial distributions
(Ujiié et al., 2010; Ujiié and Asami, 2014).

The two variants of Gr. fruncatulinoides have been observed in living plankton
tows and react differently in terms of seasonality. The right coiling forms are
restricted to winter months, whereas the sinistral form is predominantly found to
calcify during winter months, but has been observed during summer months too

(Loncaric¢ et al., 2006). Right coiling Gr. truncatulinoides were considerably less
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common for isotope analysis in the core top studies, with warmer values
suggesting expatriation of tests, or rare periods of winter BC dominance (Renaud
and Schmidt, 2003; Darling and Wade, 2008; Ujiié et al., 2010; Ujiié and Asami,
2014). Variation in the left coiling form could be accounted for by expatriation of
tests out of a warmer climate, or seasonal site variation based on BC dominance
during the summer months versus winter MC dominance, when test flux to the

seafloor is high (Jonkers and Kucera, 2015).

Gr. truncatulinoides results produced ~2.5 %o variation in 8'80 and ~1.5 %0 8'3C
values across the margin when combining both coiling variants. The isotope
values split into two clusters, the first is comprised of both left and right coiling
variants with 5'®Orpg) values <2 %o, aligning with the Group | values of Gc.
inflata. Additionally, the converted temperature values reported fall between
~8-12.5 °C, but maintain the ~1.5 %o 8'3C spread (Figure 4.3-13). Occurrence of
the left coiling variants in this group may reflect a minority of summer calcifying
individuals, during a time in which SACW is likely to bath the margin, whilst the
right coiling individuals may represent winter calcifying individuals, from either a
winter SACW presence or expatriation from further north. An alternative
suggestion involves shifts in dwelling depth within the species to find suitable
conditions, over an annual cycle (Rebotim et al., 2017). However, this has been
linked to seasonal temperature change, with Gr. truncatulinoides shoaling during
winter months, and thus this seems an unlikely explanation for the 580 offset if
the species is seeking to maintain temperature. As such the Group | represents
either intra-annual presence of both SACW and MC waters, during winter months
due to BMC migration, or more likely a purely sub-tropical SACW grouping, with

some minor examples of expatriation.

The bulk of the Gr. truncatulinoides data, and majority of the left coiling variant
values are >2%o0 8'®Orpg), aligning with MC/AAIW Gc. inflata temperatures in
Group Il. Given the species deep dwelling depths and upper boundary depth of
AAIW, this aligns well. The 3'3C results are more tightly constrained in this
grouping, largely falling within a ~0.75 %o range that is higher than that of Group
| (Figure 4.3-13). This implies a more nutrient rich baseline and provides further
credence to MC/AAIW influence. Additionally, Group Il comprises of a greater
number of individuals, reporting colder, more nutrient rich values, aligning with

the greater winter test flux reported in the literature (Jonkers and Kucera, 2015).
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The 5'80weps) and &'3C(vros) values additionally align with modern latitudinal Gr.
truncatulinoides from south of the BMC, in MC waters (Chiessi et al., 2007;
Morard et al., 2016), alongside the left coiling dominance in sub-polar waters
repeated here (Ujiié et al., 2010; Ujiié and Asami, 2014).

One aspect that may impact all Gr. truncatulinoides values is secondary
encrustation, with studies reporting a secondary phase of calcification at greater
depths, leading to higher 880 values recorded (Rebotim et al., 2019). This
calcification appears to still be in line with 3'®0 temperature equilibrium
equations, but may mean recorded temperatures are slightly deeper than
observed dwelling depths (Rebotim et al., 2019). This study attempted to avoid
where possible overly encrusted tests through visual inspection, but is unable to
definitively investigate this potential encrustation phenomenon further, without
appropriate tools to analyse specific portions of individual tests i.e. using
Secondary lon Mass Spectrometry (Schiebel and Hemleben, 2017; Wycech et
al., 2018). Investigation of encrustation and &'80O values on the other deep
dwelling species, Gc. inflata, can be found in Chapter 6, with the likelihood of

impact discussed further.

There is also the possibility the colder Group Il values may be the result of
expatriation and transport of tests north from colder MC waters to the south. This
too seems unlikely given the prevailing strengths of currents involved in the BMC,
with the BC principally being the stronger, the large number of colder individuals
recovered, and modelling of transport implying a predominant transport direction
of NE to SW (Figure 4.3-16) (Piola and Matano, 2019; Kruijt, 2019). Should this
process be occurring, it would likely be a minor component of this grouping.

Assessing the latitudinal variation of Gr. truncatulinoides the colder Group Il again
supports MC/AAIW influence at all sites. Perhaps more so than the Gc. inflata
groupings, additional sampling is required to assess the spatial variability, with a
number of sites lacking data points. Further sampling might enable a better
assessment of the relative importance of each water mass latitudinally.

Deep dwelling summary: The two groups within the two species, Gc. inflata and

Gr. truncatulinoides, are able to be disentangled from one another within isotopic
space (Figure 4.3-13). Typically, this involves separation around 2 %o 8'80, with
values <2 %o &80 indicative of the warmer BC and those >2 %o 5'80 aligning with
more MC conditions. This further fits with the >2 %0 5'80 groupings having tighter,
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and higher, 3'3C values, indicating more nutrient rich waters than the more
variable <2 %o &'80 groupings for each species. The presence of these two
groupings within both deep dwelling species implies two water masses are
interacting above the sites, at least inter-annually if not intra-annually. Single
specimen analysis of both species does not show a clear latitudinal preference
for groupings i.e. Ge. inflata Group | favouring the NE and Group Il the SW or
vice versa (Figure 4.4-4), however there may be a slight preference for fewer
Group | (warmer) individuals at sites to the SW. The cooler Group Il specimens
appear to be present at all sites regardless of latitude (Figure 4.4-4). This
suggests that all sites experience conditions associated with the BC and MC
within the region, albeit to varying extents. Further isotopic measurements would
help corroborate this, with certain sites lacking high numbers of data points,
particularly in relation to Gr. truncatulinoides i.e. UPC 053 and UPC 022.
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Deep dwelling species
Groupings by site
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Figure 4.4-4 5'®0wrps) and &'*C(vrpB) isotopes plotted by site organised on the SW-NE
transect displayed in Figure 4.2-1. Groupings from Figure 4.3-11 are approximated on each
site’s plot. There is a slight preference for Grouping I, the warmer grouping, to sites in the
NE versus the SW, however both groupings are represented across the transect, implying
presence of corresponding water masses on at least an inter-annual scale if not intra-
annually.
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4.4.4 Transport

Expatriation of foraminifera has been mentioned as a possible mechanism for
anomalous isotope values. Planktonic foraminifera are free floating and as such
their final resting locations on the sea floor are determined by a number of factors:
1) the speed of the water currents they inhabit during life before post-mortem
transport 2) the post-mortem sinking speed of the test to the sea floor and 3) the
depth to the seafloor (Schiebel and Hemleben, 2017). For a significant proportion
of the world’s oceans conditions are regionally similar over vast distances, and
thus this potential transport effect has minimal impact on the recorded water
column properties within foraminiferal tests for palaeoceanographic
reconstructions. However, within oceanographically complex regions of the
world’s oceans i.e. confluences of currents in marginal settings, the difference in
water mass properties over short distances can be significant, and transport of
plankton within these regions could significantly impact the palaeoceanographic
record (Van Sebille et al., 2015; Lange and Sebille, 2017; Nooteboom et al.,
2019). Despite these challenges, planktonic foraminifera represent the best proxy
for palaeoceanographic reconstructions, as the greater mass and sinking speeds
result in a smaller footprint in terms of their origin locations, this is especially true
when compared to organic walled plankton (Van Sebille et al., 2015; Schiebel
and Hemleben, 2017; Nooteboom et al., 2019).

Working with colleagues at Utrecht University, the aim was to investigate the
potential transport effect on the Uruguayan margin and directly compare model
outcomes with the data derived from foraminiferal studies. Designing the project
and building the model required input on the regional oceanographic framework
(Chapter 2), the foraminiferal life cycle for species selection, and the foraminiferal
assemblage and isotope data acquisition conducted in Leeds (Chapter 3). The
transport model predicted warmer assemblages than the core top studies, which
contained more N. pachyderma and Gc. inflata than the model predicted,
suggesting there is still some room for refinement. This may be related to factors
not modelled, such as elevated nutrient/food availability within the mixing region
(Brandini et al., 2000; Garcia et al., 2004), which may favour transitional to polar
eco-groups, both species are known to favour such conditions (Lonc¢ari¢ et al.,
2007; Schiebel and Hemleben, 2017). Whilst warmer, sub-tropical species, such
as the modelled Gs. ruber white, show preference for oligotrophic conditions,

potentially influencing assemblage proportions and explaining model offset from
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colder foraminiferal assemblages (Toledo, 2008; Pivel et al., 2013; Schiebel and
Hemleben, 2017; Frozza et al., 2020).

The findings illustrated that most foraminifera originated proximal to core sites,
with direct travel distances typically between 200-600 km, and on average ~408
km away. However, there was a likelihood that a minority of foraminifera would
be expatriated to the study site from further afield. Some of the potential travel
distances modelled are large (500-1500 km), but it should be noted these
distances are often the result of eddy entrainment rather than straight line
distances (Figure 4.3-14), and thus are still within the ~408 km average direct
distance radius of the final resting place. In the modelling, the expatriated
foraminifera most often originated from further north to the studied region (Figure
4.3-16), transported south by the BC. The ranges reported for transported
particles and overlying water masses are remarkably similar, reporting an
average dwelling temperature of ~19.5 °C for waters directly above the site to
~19.6 °C for particles travelling to the site (Kruijt, 2019). Indeed the temperature
distributions also show minor offsets with a ~0.7 °C difference impacting the
temperature range of transported particles, when compared to the temperature
range of water masses overlying the core site (12.5-25 °C) (Kruijt, 2019). This
suggests expatriated particles to the site show little deviation in the recorded
temperature ranges, enabling confidence in the reported §'80 values being
indicative of overlying water mass temperature, and expatriation having only a

minor effect at this site.

Comparing to previous plankton transport studies, we see slightly smaller straight
line transport distances to those within the Agulhas Current, with a lower average
transport distance of 408 km versus 713 km in the Agulhas Current, and 533 km
for the Agulhas Leakage (Van Sebille et al., 2015). This is likely a result of the
greater strength of the Agulhas Current (~84 -/+11 Sv) compared to the BC (70-
80 Sv) or MC (50-70 Sv), with depths of comparative sites roughly equivalent (this
study 2,578 m versus Agulhas Leakage 2,440 m, Agulhas Current 3,090 m) (Beal
et al.,, 2015; Van Sebille et al., 2015; Piola and Matano, 2019; Kruijt, 2019).
Dinoflagellate estimates for the Uruguayan margin estimate between
800-1200 km of lateral transport, with sinking speed, current strength and water
depth the largest factors dictating the lateral distances (Nooteboom et al., 2019).

Clearly, transport remains a factor of concern for local environmental
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reconstructions however, the proposed travel distances and temperature offsets
on the Uruguayan Margin are on a scale comparable to the approximately two
degrees latitude annual migration of the core BMC (Olson et al., 1988; Schmid
and Garzoli, 2009; Franco-Fraguas et al., 2014; Piola and Matano, 2019). This
enables confidence in the ability of planktonic foraminifera to reliably record
proximal water mass properties within the migrating confluence i.e. Figure 4.3-16.
Expatriation of foraminifera into the study region is a clear possibility, but unlikely
to significantly impact the majority of isotope measurements, or drastically alter

assemblage counts, it may explain some of the more extreme outliers.
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4.5 Conclusions

Do planktonic foraminiferal core top records reflect overlying oceanographic
currents, displaying spatial heterogeneity between sites, or does the record

provide a homogenous signal across the margin?

This chapter set out to outline and assess the variability of planktonic foraminiferal
assemblages and isotope records across the Uruguayan margin, in a known
oceanographically complex region. Assemblage data allows for spatial mapping
of species distributions, and their reflected ecological associations, across the
margin with a distinct western and shoreward cooler fauna contrasting the deep
water, distal warmer dominated faunas of the east. This heterogeneity aligns with
the complex overlying oceanography, with the higher propensity for cooler
assemblages reflecting MC conditions, whilst those warmer sites further offshore
align with BC settings. Evidence for significant variation was not entirely
unexpected within the mixing zone of the BMC, but taking individual core sites in
isolation would fail to delineate the complex oceanographical interactions present
offshore Uruguay. This is evidenced by the diversity of assemblage
classifications within the study region, resulting in significant variation across just
<1° latitude and longitude (~7100 km?). This variation suggests that in regions of
known complex oceanography planktonic foraminiferal assemblages can capture
overlying oceanography, but a high density of sampling is required to reasonably
quantify the regional complexity within foraminiferal core top assemblages.

Variability in planktonic foraminiferal isotopes is evident across the region, and
enables the separation of water masses based on the clusters presented. Gs.
ruber white tracks the sub-tropical BC and shows clear separation from the
remaining species. N. pachyderma is correlated to the surface waters of the sub-
polar MC, with its low 8'3C values indicative of a nutrient rich water mass from
upwelling on the Patagonian shelf (Matano and Palma, 2008; Paniagua et al.,
2018; Piola and Matano, 2019). Gc. inflata, often the most abundant in
assemblages, splits into two clusters with Group | representing the nutrient
variable and warm SACW (a BC component) and Group |l the nutrient enriched
and cold MC/AAIW. Finally, the deepest dwelling taxa, Gr. truncatulinoides,
similarly splits into two groupings, with a smaller Group | identifying with a warmer
water mass likely to be the SACW and Group |l the colder, nutrient rich MC and
AAIW. The multi-core approach taken in this study provides insight into the
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complexity of this region that would not be replicated by a single “representative”
site for the margin, and is further evidence of the heterogeneity recorded. As such
future studies in regions of known oceanographic complexity (e.g. The Benguela
Current (Garzoli and Gordon, 1996), Agulhas Current (Van Sebille et al., 2015),
Southern and Eastern Australian Margins (Li and McGowran, 1998; Nelson and
Cooke, 2001), The Northwest Atlantic Shelf (Bé and Hamlin, 1967)) should aim
to apply similar sampling strategies in order to better resolve spatial variation.
This study further differentiated itself from previous South Atlantic studies by
attempting, where possible, to use single specimen isotopes to identify
complexity that can be lost by averaging over significant numbers of specimens
(Chiessi et al., 2007; Morard et al., 2016). In doing so, intra-site variations are
identified that likely reflect site inter-annual, and potentially some inter-seasonal,
variation of overlying water mass properties. Inter-site variation of isotopes did
not readily identify significant spatial offsets across the core-top transect,
compared to the spatial variability in assemblage data classifications, where
patterns reflective of overlying oceanography are more readily apparent.
However, sites approaching the furthest SW of the study region seemingly
displayed less influence of warmer water masses. Further isotope analyses and
additional sites may aid in testing the spatial variability, with a focus on the
proximal vs. distal, west vs. east, cool vs. warm trends identified in this study.
Additionally, sediment trap experiments across multiple seasons and inter-
annually may help better resolve seasonal and inter-annual differences between

sites, but is beyond the scope of this project.

Transportation is a factor to consider with some expatriation of foraminifera likely
occurring along the South Atlantic Margin, however the magnitude is modelled
and shows limited impact on the extremities of water column records (Figure
4.3-16). The likelihood of test transport explaining all margin wide variability is
low given the distances required to significantly warm the dataset and dominance
of transport coming from the north versus the contrasting MC to the south (Figure
4.3-16). Parameter refinements within the model to include water mass nutrients,
species survival capabilities outside preferential temperature ranges, potential
variable dwelling depths or variable genotype ecologies within species i.e. N.
pachyderma or Gr. truncatulinoides (Darling and Wade, 2008; Ujiié et al., 2010).
Such parameters inclusion was beyond the scope of the project at present but

may reveal greater ramifications of expatriation to assemblage data and isotopic
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results. However, at present this is seen as unlikely to significantly impact the
particle transport reconstructions with this setting, but may have an impact on the
survival capacity of individual foraminifers and may explain the discrepancy
between model results and recovered data. Transport should be more widely
considered in future studies, both within the region studied here and in similarly

complex ocean environments outside open ocean conditions.

4.5.1 Key take away messages

- Are proximal sites variable in the recovered assemblage and stable
isotope results?

- Yes, assemblage mapping highlights the variability in planktonic foraminiferal
distributions across a marginal transect, displaying additional complexities
between sites accounted for by oceanographic constraints.

- Similarly, stable isotope records are variable between sites and at the same site.
Inter-annual and seasonal variability of records explains correlation of CTD and
isotope data and is likely the reason for the clustering of multiple taxa within the
same sites.

- Is transport a significant factor influencing results and blurring signals
recorded?

- No, whilst transport and expatriation of foraminifera by the BC is a possibility,
transport from warmer SSTs likely results in a small (~0.7 °C) offset on the
temperature ranges. This is unlikely to significantly impact isotope results but
may explain some significant outliers.

- Do the recovered results reliably reflect modern oceanographic settings?

- Yes, however within complex oceanographic settings a dense sampling strategy
enables reconstruction of overlying oceanographic spatial structures. Use of
fewer sites as representative of a larger region is likely to introduce error in
understanding local oceanographic frameworks, resulting in simplification of

regional systems.

4.5.2 Limitations and further work

There are aspects to this study that require reflection and should be considered
as areas for future focus. The first is the availability of material for study. Core
tops from the region are a limited resource, and as such difficult to obtain in
sufficient number to fully quantify the margin. Locations of the core tops were also
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pre-determined given the cores were donated to the scientific community, ideally
additional sites would be available further to the NE and SW, and preferably on
a complete grid to aid interpolation. A number of cores were unavailable for study
due to extensive sampling of previous researchers, dictating sample density.
Additional assemblage counts to the SW and NE would enable a greater density
of sampling, the opportunity to determine whether barren sites are a local
phenomenon or more widely spread at depth and the prospect of clarifying the
extremities of polar and sub-tropical faunas. Finally, to improve the assemblage
counts a number of surface dates would be useful to confirm core top samples
are approximately contemporaneous, but due to the limited material available for

sampling this was not possible.

As mentioned within the text, additional repeat CTD profiles, particularly of the
winter months, would help match the isotope data, modelled oceanography and
observed satellite data to resolve potential margin seasonality. World Ocean
Atlas data presents a good assessment in the absence of CTD data but averaging
can leave significant offset to CTD data. The final area for additional work is the
collection of more isotope data for 1) a number of additional species at all sites
and 2) collection of data from additional sites to improve the spatial density of
results. This was not possible due to machine time and cost constraints, but
combined with further CTD data would aid in defining seasonality of foraminiferal
stock associated to water masses, enabling assessment of margin wide spatial
heterogeneity. It is likely the study would also benefit from seasonal sediment
trap data to test the regional flux of planktonic foraminiferal tests to the margin.
This would provide a greater handle on the seasonality of these fluxes and their
impact on both the assemblage datasets, but more significantly the isotope
datasets to better resolve reconstructions. However, such an undertaking is not
without significant expense of both time and financial resources, which represent
significant barriers to obtaining this data at the present time.
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Chapter 5 Palaeoceanographic, palaeoenvironmental and

palaeobiotic Holocene records from the Uruguayan margin.

5.1 Aim

This chapter will investigate the changing downcore signals from the Uruguayan
Margin core UPC 028, examining the nature of Brazilian-Malvinas Confluence
(BMC) migration and evolution over the last 10 Kyr.

The South Atlantic, and southern hemisphere broadly, remains an under-
sampled region of the world’s oceans, particularly when comparing available
palaeoclimate archives to the number of northern hemisphere records (Masson-
Delmotte et al., 2013; Haddam et al., 2016; Siccha and Kucera, 2017; Kaufman,
McKay, Routson, Erb, Zhilich, et al., 2020; Garcia Chapori and Laprida, 2021).
Recent IPCC reports have highlighted the need to increase the number of
available southern hemisphere data sets, to improve the spatial resolution of
archives, and better develop understanding of past climates to aid predictions of
future change (Masson-Delmotte et al., 2013).

The importance of this study lies in 1) generating a new southern hemisphere
climate and oceanographic record, and 2) contributing to the understanding of
Holocene oceanographic variation relating to the BMC, a significant ocean mixing
zone in relation to thermohaline transport and South American climate (Piola and
Matano, 2008; Matano et al., 2010; Piola and Matano, 2019).

The BMC is known to migrate latitude annually, responding to seasonal variation
in relative strength of the two currents that make up the confluence, the Brazilian
Current (BC) and Malvinas Current (MC) (Olson et al., 1988; Peterson and
Stramma, 1991; Wainer et al., 2000; Hernandez-Molina et al., 2016; Piola and
Matano, 2019). Over longer timescales changes in climate are thought to shift the
average BMC latitude, enabling current migration up and down the western South
Atlantic margin (Olson et al., 1988; Wainer and Venegas, 2002; Bender et al.,
2013; Razik et al., 2013; Voigt et al., 2015; Gu et al., 2018c; Garcia Chapori and
Laprida, 2021). Understanding this movement has remained a challenge, and the
existing literature is marred with inconsistency observed in the direction of

migration over the Holocene (Bender et al., 2013; Razik et al., 2013; Pivel et al.,
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2013; Lantzsch et al., 2014; Chapori et al., 2015; Voigt et al., 2015; Gu et al.,
2018c; Frozza et al., 2020; Garcia Chapori and Laprida, 2021). This is particularly
evident in determining the nature of the mid-Holocene, with some authors
suggesting a warming trend for the margin (Pivel et al., 2013; Voigt et al., 2015;
Guetal., 2017; Gu et al., 2018c; Frozza et al., 2020; Garcia Chapori and Laprida,
2021), whilst others indicate a cooling signal (Gyllencreutz et al., 2010; Bender
et al., 2013; Razik et al., 2013; Lantzsch et al., 2014).

With this study we aim to improve on previous work by utilising a range of high-
resolution records including: planktonic foraminiferal assemblages, planktonic
foraminiferal 8'80 and &'3C single specimen isotopes covering the water column,
planktonic and benthic ratios, assemblage diversity metrics, ITRAX elemental
core scans and radiocarbon dating. The high-resolution assemblage studies,
building on the findings of the previous chapter, will enable eco-group
classification and assessment of palaeo-oceanographic shifts. Additionally, using
planktonic foraminifera single specimen isotopes for reconstructing past water
column properties facilitates a deeper interrogation of BMC variability. By using
single specimens we are able to improve on previous studies in observing BMC
position temporal variation, in comparison to modern planktonic foraminiferal
5'80 and &'3C values, through limitation of data loss seen in multi-specimen
analyses and enable better understanding of end member signals (Chiessi et al.,
2007; Morard et al., 2016). Using a multiproxy approach, we will quantify the
overlying oceanographic front migration, along the western South Atlantic margin,
assessing Holocene change at higher resolution and with more fidelity than

previous studies.
Research questions

- What are the overall BMC migratory trends documented by site UPC 028
over the last 10 Kyr? Is latitudinal variation observed and does site UPC
028 display signs of mid-Holocene warming?

- Do single specimen stable isotopes and assemblage records suggest
changes in BMC mixing over the Holocene?
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5.2 Summary of Materials and Methods

5.2.1 Core location and assemblage work

The cores sampled from the margin were part of a scientific donation to UK
research by ANCAP and BG group in 2014. Cores sample a maximum depth of
around five meters and sample a variety of seafloor terrains on the contouritic
margin. Site selection was key, requiring near continuous sedimentation to
provide a complete margin record, with little evidence of recent disturbance.
Visible scarps, slips and erosive terraces were avoided with drift sediments
preferred. The piston core for this study, UPC 028, was taken from 2,353 mbsl at
-36.15147°S latitude and -52.46271°W longitude from plastered drift sediments,
primarily comprising of silts and muds, with some fine sands, organics and
carbonate content. Core photos are provided within Appendix H.1.The core
location is displayed in Figure 5.2-1 alongside additional sites utilised for regional
palaeoclimate comparisons. A total retrieved length of 489 cm, with 424 cm of
sediments, was recovered. Samples comprising of 20 cm? of sediment were
taken at five-centimetre intervals, where sediments permitted, and processed in
the Micropalaeontology Laboratory at the University of Leeds, with the >125 uym
portion split into two parts, using a micro-splitter, for assemblage counts and
isotope analysis respectively.

Assemblage portions were split to obtain counts of approximately 300 specimens
under a Zeiss Stemi 305 binocular reflected light microscope. Species taxonomy
was classified using Schiebel and Hemleben Planktic Foraminifers in the Modern
Ocean (Schiebel and Hemleben, 2017). SEM plates are provided in Appendices
(Appendix | 1-7). The >125 um fraction was selected for assemblage analysis to
remove juvenile foraminifera and aid in taxonomic identification (Schiebel and
Hemleben, 2017). Planktonic foraminiferal assemblage data was logged for inter-
sample comparison, with species classified by temperature preference using
modern South Atlantic planktonic tow data and previous core top databases
(Boltovskoy et al., 1996; Boltovskoy et al., 2000; Kucera, 2007; Schiebel and
Hemleben, 2017). Based on regional water masses five temperature preference
groupings were identified, incorporating known latitudinal displacement and
depth habitats occupied during life. These were grouped as follows: tropical, sub-
tropical, polar, sub-polar and a transitional grouping, comprised of species

associated within ocean mixing regions i.e. the BMC. Alongside assemblage
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counts, diversity metrics were used to assess planktonic foraminiferal community
responses to BMC migration. Further information on methods can be found in the
Chapter 3.
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Figure 5.2-1 Annual sea surface temperatures off the western South Atlantic margin. UPC
028 record, this study, identified with a black square. Comparable literature records are
identified as follows: planktonic foraminifera palaeotemperature transfer function record
(black diamond) (Chapori et al., 2015), three Gc. inflata 5'®0Orpg) records (black circles)
and a dinoflagellate/pollen record (GeoB13862-1) (Voigt et al., 2015; Gu et al., 2018c), a
shelf Holocene reconstruction (black triangle) (Bender et al., 2013). LaPAS-KF02 faunal
and isotopic record (black pentagon) (Pivel et al., 2013). Broad scale oceanographic
currents are denoted by labelled dashed lines from Stramma and England, 1999. Regional
map was constructed using the online Ocean Data Viewer from the annual 0.25 degree
World Ocean Atlas 18 dataset (Schlitzer and Mieruch-Schniille, 2021).

5.2.2 Isotopes

Oxygen (8'®0) and carbon (5'3C) stable isotope records were compiled for four
species downcore to reconstruct water column properties through time. The
species used are displayed in Table 5.2-1, alongside water column properties
they represent and whether they host symbionts. This study improved on
previous literature though the use of single specimen analysis, with all
measurements collected in the Cohen Laboratories at the University of Leeds
and relative to the Carrara Marble Standard, reported to the Vienna Pee Dee
Belemnite (VPDB) scale, see methods for Standard values. §'®0 data was
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converted to palaeo-temperature using the Kim and O’Neil (1997) equation for
synthetic calcite (Kim and O’Neil, 1997; Pearson, 2012).

Based on previous literature, deep dwelling species (Gc. inflata and Gr.
truncatulinoides) were split into BC and MC groupings using 880 values (Chiessi
et al., 2007; Voigt et al., 2015; Morard et al., 2016). Individuals originating north
of the BMC (BC) typically have lower, warmer values (<1.70 %o), versus those
south of the BMC (MC), which show higher, colder 8'8Oprpg) values (>2.33 %o)
(Chiessi et al., 2007; Morard et al., 2016). Water mass properties derived from
the literature were used to assign individuals to distinct water masses, with
separate means constructed for each grouping, to assess changing
palaeoceanography. An overall mean was produced to detail mixing of the two
water masses through time, to compare with previous studies methodologies
(Voigt et al., 2015 and Chiessi et al., 2007). Movement of this mid-latitude front
impacts water masses to considerable depth (~400-500 m), falling within
associated depths of Gc. inflata calcification and a significant portion of reported
Gr. truncatulinoides depths (Loncari¢ et al., 2006; Ujiié et al., 2010; Groeneveld
and Chiessi, 2011; Rebotim et al., 2019). Complete information on the instrument

utilised and processing procedure is found in Chapter 3.

Table 5.2-1 Species for stable isotope analysis to reconstruct water column properties.

Planktonic Foraminifera Species Symbiont Hosting Water Column Depth
Globigerinoides ruber white Symbiont Hosting Surface Waters
Neogloboquadrina pachyderma Non-Symbiont Hosting Surface Waters
Globoconella inflata Non-Symbiont Hosting Thermocline
Globorotalia truncatulinoides Non-Symbiont Hosting Sub-thermocline

5.2.3 Radiocarbon dating

Five radiocarbon dates for core UPC 028 were acquired at the following horizons:
97 cm, 197 cm, 310 cm, 400 cm and 487 cm. Samples contained all planktonic
foraminifera above 125 pm to obtain sufficient mass for 'C analysis (4 g).
Samples were compared to Carrara Marble standards at the National
Environment Isotope Facility Radiocarbon (NEIF Environment) in East Kilbride.
Samples and standards were converted to graphite cathodes at the NEIF
Radiocarbon Environment Laboratory and run at the Keck Carbon Cycle AMS
Facility at the University of California, Irvine, USA for "“C analysis due to low
masses obtained.
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From the dates provided, the OxCal program version 4.4 was utilised to correct
and convert conventional radiocarbon age into calibrated BP and produce an
associated age depth plot (Ramsey, 2009). The Marine20 calibration curve,
incorporating a reservoir age of 500 years was used (Heaton et al., 2020). A
P_Sequence model was used for estimating deposition rates with an intial k value
of 1 with variance of the k value permitted to two logo either side. This variation
was used in the absence of confirmed uniform deposition and known variability
of deposition processes within the region (i.e. contourites, turbidites and pelagic
settling) (Ramsey, 2008; Rebesco et al., 2014). Interpolated dates were modelled
at 0.5 cm resolution for the length of the core. More detailed information on how

measurements were obtained see Chapter 3.

5.2.4 ITRAX

Non-destructive chemo-stratigraphic records were acquired using an ITRAX XRF
scanner at the British Ocean Sediment Core Research Facility (BOSCORF).
Archive sections were scanned to acquire optical and elemental data at 0.5 cm
intervals for each core section. The output provides semi-quantitative
assessment of sediment elemental concentrations based on X-Ray Fluorescence
(XRF) counts. This was used alongside assemblage, isotope and radiocarbon
data to access temporal variance on the margin. Chapter 3 provides in-depth
analysis on preparation and process for data acquisition and utility of an XRF
machine. Alongside the scanning data, core photos split by section were captured
and are displayed in the Appendices (Appendix H.1).
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5.3 Results

5.3.1 Radiocarbon

Radiocarbon dating was conducted on CaCO3 samples composed of mixed
planktonic foraminifera, due to insufficient mass for single species dating.
Radiocarbon dates indicate this record covers the bulk of the Holocene epoch to
the modern (Table 5.3-1). A sedimentary deposition model was constructed in
OxCal using a P_Sequence model based on these five dates and a sixth
assumed date for the core top. The core top date was taken as 2013, the year
cores were sampled. Subsequent interpolation provided mean dates at 0.5 cm
intervals across the cores. No age reversals were detected and all dates were
accepted. An age/depth plot is presented in Figure 5.3-1 with the one and two
standard errors plotted for all interpolated dates. Additionally, Figure 5.3-2
provides a simplified Age/Depth curve and sedimentation rates for site UPC 028.
Appendix D.1 contains acquired dates and Appendix D.2 the interpolated dates.

Table 5.3-1 C'* dates for chronology acquired using AMS on samples derived from
planktonic foraminifera. C'* converted to calibrated years using updated Marine20 curve
to obtain years before present (cal BP).

Publication | Sample Material Depth c Marine20 10 20
code identifier . (cm) | Radiocarbon | Calibrated Age | error error
(Planktonic .
foraminifera) Age (years median (cal (years) | (years)
BP £ 10) BP)
UCIAMS- | UPC028 CaCOs 97-99 | 183025 1235.9 119 248
228257 97-99
cm
UCIAMS- | UPC028 CaCOs 197- 3560 + 30 3280.7 150 301
228258 197-199 199
cm
UCIAMS- | UPC028 CaCOs 310- 5170 £ 40 5359.4 160 355
228259 310-312 312
cm
UCIAMS- | UPC028 CaCOs 400- 7550 + 60 7819.9 177 338
228260 400-402 402
cm
UCIAMS- | UPC028 CaCOs 487- 9340+ 70 9944.3 280 503
228261 487-489 489
cm
Core top age was assumed based Depth Assumed Marine20 10 20
on known sampling date in 2013 and | (cm) c Calibrated Age | error error
required to assess upper sections of Radiocarbon | median range | (years) | (years)
the core. Age (years (cal BP)
BP £ 10)
0 -62.5+1 -62.5 10 10
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Figure 5.3-2 Simplified Age/depth (black) and sedimentation rate (grey) curves based on
acquired conventional radiocarbon dates, utilising the Marine20 curve, for UPC 028. One
sigma and two sigma radiocarbon age error are shown in dark blue and light blue
respectfully.

5.3.2 Assemblage and diversity metrics

In total assemblage counts for 69 samples from core UPC028 were taken, with a
<200-year resolution for the majority of the core. The exception is between
section three and four where 40 cm, and ~900 years, were not recovered. 26
individual species were identified from 29,493 planktonic foraminifera counted, a
further 5579 benthic foraminifera were counted for the purpose of relative
abundance ratios. All counts provided enough taxa for assemblage counts, with
splits ranging between 1/2 and 1/8 in order to provide ~300 planktonic
foraminiferal specimens. Raw count data is provided within Appendix B.2. Across
five eco-groups a single polar species, two sub-polar species, five transitional
species, thirteen sub-tropical and five tropical species were recorded. The most
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prevalent species averaged were N. pachyderma (16.6%), Gc. inflata (15.8%),
Gt. glutinata (13.4%), N. incompta (12.9%), Gs. ruber white (9.6%) and Gg.
bulloides (9.2%). Figure 5.3-3 displays the relative abundance of all 69
assemblages categorised by eco-group, with the interpolated radiocarbon age.

Polar and sub-polar species:

An overall decline in abundance of the combined cold species grouping,
comprised of sub-polar and polar species, is observed across the 10 ky interval,
with values dropping from ~40-60% in the early Holocene to ~20-30% for the late
Holocene. The overall declining trend is broken down to show average polar
assemblage contributions decreasing from ~30 % to ~20 % at the onset of the
mid-Holocene and sub-polar species assemblage contributions fluctuating
between ~13-26 %, before averaging out at ~20 % by the end of the early
Holocene. Both polar and sub-polar species combine to see a recovery of the
cold eco-group immediately prior to the end of the early Holocene at ~8.2 ka.

The mid-Holocene sees resumption of polar species decline, with continued loss
of polar taxa between 8.2 and 6.6 ka and average proportions approaching
~10 %. This decrease is due to loss of N. pachyderma from assemblages over
this interval. The polar eco-group has a slight resurgence between 6.6-4.2 ka,
reaching average values of ~17 % by the end of the mid-Holocene. Sub-polar
species initially decrease in relative abundance in the mid-Holocene before
steadily increasing between 7.8-6.8 ka, where they peak at ~30 %. From ~6.8 ka
values decline, with a brief increase at ~6 ka, before a continued decline to
~10 % at the end of the mid-Holocene. This general decline coincides with onset

of a surge in transitional forms at ~5.8 ka.

The record resumes in the late Holocene after a ~900-year gap in the record. The
cold species grouping, the summed polar and sub-polar eco-groups, resumes at
approximately 30 % and continues to decline over the remaining ~3.3 ky. For this
interval the sub-polar component consistently remains around the 10 % mark,
whilst the polar species component fluctuates between 10-18 %. Between ~2.5-
1.9 ka the cold eco-group sees a slight increase at the expense of warm and
transitional eco-groupings, chiefly driven by an increase in polar species (Figure
5.3-3). From ~1-0.3 ka the polar portion of the cold grouping declines, coeval with

warm species increases. Between ~0.3 ka and the modern both polar and sub-
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polar species increase in proportion, with the combined value jumping ~9 % to
27 % in the core top, primarily driven by a polar increase of ~6 %.

Tropical and sub-tropical species:

Tropical and sub-tropical species are components of the warm species grouping.
The warm species grouping increases in abundance over 10-8.5 ka, with a sharp
peak at ~9.5 ka. This ~19 % rise occurs in approximately 0.3 ka and is largely
driven by sub-tropical species. After this peak the warm species component
fluctuates between 15-25 %. Immediately prior to, and across, the early/mid-
Holocene boundary (~8.4-7.8 ka) the combined warm eco-group averages hold
at ~20 %, whilst cold and transitional eco-groups increase (Figure 5.3-3).

In the mid-Holocene, and after ~7.8 ka, tropical species average values rise from
3 % to 6 % alongside sub-tropical increases of ~7 %. This results in average
warm species proportions approaching 27 % between 7.8 ka and 6 ka. This shift
sees the warm species eco-group form approximately 20 % of the assemblage
for the remainder of the mid-Holocene, with variations chiefly driven by the sub-
tropical species. Coinciding with a transitional species surge at ~5.8 ka, the warm
eco-group displays a slight drop in the assemblage percentage, driven by a drop
in sub-tropical species (~10 % decrease).

The late Holocene portion of the record resumes with low overall warm species
percentages, rising from ~17 % to ~27 % ~300 years later. This recovery is almost
entirely driven by an increase in sub-tropical species, with tropical species
dropping slightly during this time. With warm species recovered to mid-Holocene
levels the next notable decrease in the proportion of warm species occurs
between 2.5 ka and 1.9 ka, this is again driven by a decline in sub-tropical species
(drop of ~15 %), before a brief rise in values at ~1.7 ka. Another increase in polar
species leads to the warm eco-group to decrease between ~1.7-1.3 ka. Tropical
values show a record peak at ~1.3 ka (~10 %), signifying an increase in the warm
eco-group from the previous dip, and begins a warming signal to ~0.5 ka, with
sub-tropical species driving the sustained rise. Warm species peak at ~35 % at
~0.5 ka with values fluctuating rapidly to ~22 % at ~0.4 ka and ~32 % at ~0.3 ka,
with both sub-tropical and tropical components fluctuating coevally. From ~0.3 ka
to the modern tropical values are maintained at ~9 %, whilst sub-tropical
percentages drop ~10 % in response to cold species increases, leading to a
slightly cooler modern signal.
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Transitional species:

Average transitional species percentages fluctuate between ~30-40 % across
much of the early and mid-Holocene (10-6 ka), with a drop to ~24 % occurring at
~8.8 ka aligning with a sharp rise in polar species. From ~6 ka transitional species
relative abundance increases until ~4.2 in the mid-Holocene, establishing a new
average relative abundance of >50 %. This increase in assemblage proportion is
largely accounted for by a decline in cooler water taxa and a slight drop in sub-
tropical forms. Moving past the core break and into the late Holocene, values
fluctuate between ~50-60 % right up to the modern core top sample with slight

variation due to increases/decreases aligned with warm species fluctuations.
Assemblage Planktonic percentage

The planktonic percentage (Figure 5.3-3) provides a proxy for relative sea-level
change (RSL) through time (van der Zwaan et al., 1990; Leckie and Olson, 2003;
Olson and Leckie, 2003; Toledo, 2008). Starting with the oldest portion of the
record we see a rise from <60 % around 9.8 ka to ~88 % at approximately 8.4 ka.
A subsequent drop to 75 % at 8.2 ka is followed by a rise in values to >90 % at
~6.2 ka. From here a fluctuation in values (80-95 %) occurs to ~2.2 ka. Over the
next 300 years the planktonic percentage drops to ~76% at 1.9 ka. From ~1.9 ka
a sharp rise in planktonic percent occurs, with values re-established above 80 %
for the next 1.4 ky, typically between 82-90 %. The core top value provides a
sharp drop in planktonic percent from ~93 % at ~0.3 ka to ~75% in the modern.

Gr. truncatulinoides coiling direction

Gr. truncatulinoides coiling directions are associated to differing genotypes
known to favour differing water masses, whilst not definitive, the ratio between
the two coiling directions can provide an indication of water mass dominance
(Ujiié et al., 2010; Uijiié and Asami, 2014). The record (Figure 5.3-3) shows a
dominance of left coiling forms for the majority of the core, with a sustained period
of right coiling individuals between ~9.5-8.5 ka. A brief spike at ~8 ka aligns with
a decline in cold eco-group species following a cold eco-group resurgence post
~8.4 ka. Additionally, peaks at ~2.5 ka and ~1.1 ka bracket a brief rise in cold
eco-groups during the intervening period. A final peak at ~0.3 ka aligns with

elevated warm eco-group relative abundances.
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Gg. bulloides/Gs. ruber white ratio

The ratio between Gg. bulloides, a eutrophic favouring species, and Gs. ruber
white, an oligotroph species, can be utilised to infer water mass nutrient content
(Toledo, 2008). Increased values signify a greater proportion of Gg. bulloides
within the assemblages and thus more eutrophic conditions (Toledo, 2008). The
Gg. bulloides/Gs. ruber white ratio shows a fluctuating trend throughout the
record and broadly follows changes seen in the relative abundances of benthic
species (Figure 5.3-3).
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Figure 5.3-3 Downcore assemblage groupings. A) Sample foraminifera per gram values. B)
Percentage of total foraminifera that are planktonic. C) Warm species percentage, combing
the tropical and sub-tropical species, monitoring warm water influence. D) Variation in the
relative abundance of transitional species. E) Cold species percentage, combining polar
and sub-polar species groupings, monitoring cold water influence. F) Gr. truncatulinoides
right coiling proportion, with higher percentages equating to warmer water influence. G)
Ratio of Gg. bulloides to Gs. ruber white, a productivity indicator alongside the change in
relative abundance of benthic species. H) Variation in species richness downcore. I) Fisher
alpha values. J) Simpsons Index values.
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Over the early Holocene the average ratio broadly declines to the early/mid-
Holocene boundary at 8.2 ka, shifting to more oligotrophic conditions. In the
samples immediately surrounding the boundary however, the average ratio rises
for a period of ~500 years, extending into the mid-Holocene, shifting to more
eutrophic conditions. During the mid-Holocene, from ~8-6.5 ka the ratio fluctuates
but declines, indicating a decline toward more oligotrophic conditions. However,
from ~6.5 ka the ratio fluctuates and rises slightly, most notably between 6-5 ka
and between ~4.7-4.1 ka, suggesting a shift from the declining state. Into the late
Holocene, the ratio drops between ~3.3-2.3 ka, before a sharp rise between ~2.3-
0.5 ka to an increased nutrient state. This increase in the ratio is pulsed, with
large peaks occurring at ~1.9 and ~1.4 ka, prior to establishment of an elevated
plateau between ~1.2-0.7 ka. From ~0.7 ka values then decline to more
oligotrophic conditions approaching the modern.

From the base of the record we see a fluctuating rise in foram/gram values to 9.1
ka at ~6,200. A drop to ~2,700 at 9 ka begins a new rise, to a peak value of ~8000
forams/gram at ~8 ka. From this peak, values drop sharply down to 7.8 ka before
rebounding to values between 3,000-4,000 forams per gram for the next ~600
years. From ~7-5.8 ka the forams per gram remains relatively steady around
~2000 forams per gram, before a series of sharp fluctuations between 5.8-4.1 ka
and the core break. These fluctuations continue into the late Holocene to ~2.5 ka,
before numbers decline to <1000 forams per gram. At ~0.7 ka there is a sharp
jump to ~2300, with another peak of ~2100 at 0.3 ka, a value similar to that

reported within the core top.

5.3.2.1 Diversity metrics

Diversity downcore remains stable across the 10 ky interval with an average of
20 species recorded per sample, and a range of values encompassing 16-23
species (Figure 5.3-3). Fisher alpha values fluctuate between ~3.6-5.0 for the
length of the core (Figure 5.3-3). Fisher alpha has the lowest values at ~9.8 ka
before rising from 3.3 to 5.3 in 400 years. From here it drops sharply, and between
~9.2-7.5 ka Fisher values fluctuate between 4-4.5, before rising at 7.4 ka where
the average values fluctuate between 4.5-5 until 5.6 ka. After 5.6 ka Fisher values
return to fluctuating between 4-4.5 for the most part until the core section break
at 4.1 ka. Above the core break the fluctuation in Fisher alpha values continues
between 4-4.5, with a slight increase in values between ~1.4-0.5 ka years ago.
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For this final 500 years to the core top there is a slight decrease in Fisher alpha
to 4.1. The Simpson’s index values are high across all samples (~0.8-0.9) and
largely show little variation between samples (Figure 5.3-3). The exception
occurs at ~8.8 ka where values temporarily drop by ~0.1, before returning to
steady levels. The steady state and high Simpson’s Index imply high diversity
and a lack of dominance by one species over the others throughout the record.
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5.3.3 Foraminiferal Stable Isotopes

Spacing of samples provides a resolution of ~581 years, with four species
analysed to represent differing water column parameters over the 10 ky interval.
These four species are the surface dwellers Gs. ruber white and N. pachyderma,
and deeper dwellers Gc. inflata and Gr. truncatulinoides, with the latter split into
differing coiling directions. Downcore isotope values are plotted in Figure 5.3-4
and raw data is provided in Appendix C.2.

5.3.3.1 Surface dwellers:

Both surface dwelling species record average warming trends with decreases in
5180 values, although values are offset from one another by approximately 2 %o
5'80vrpB), equating to ~9 °C difference (Figure 5.3-4). Gs. ruber white records
the most negative 8'80 values, indicative of the warmest temperatures on the
margin, these values range between -1.2 and 0.2 %o 8'80Ovpps) (16-23 °C), with
mean 8'8Ovrps) values varying between -1.0 and -0.2 %o (18-22 °C). Gs. ruber
white temperature rises occur in pulses, the first pulse occurs between ~9.8-9.5
ka with an average decline of &'®Owrps) values of ~0.4 %o, equating to a
temperature rise of ~1.8 °C. After this peak, values return to ~-0.2 %o, with
temperatures dropping to ~18 °C for approximately 1.25 ky. The next warming
pulse begins at ~7.7 ka, peaking at ~6.8 ka with ~-0.7 %o 5'O(vrps), or ~20.7 °C.
A sharp drop to ~-0.2 %o 5'0vrps) (~18.4 °C) occurs at 6.4 ka and begins a new
phase of warming continuing to the core break at ~4.4 ka, when values reach ~-
0.8 %o, or ~21.1 °C. On resumption of the record in the late Holocene &'80eps)
values maintain values <-0.6 %o averaging temperatures of approximately 20.9
°C to ~0.5 ka. Modern temperatures show a drop to ~-0.3 %o (~18.7 °C) returning
to similar values pre-7.2 ka.

Gs. ruber white mean &'3C(vrpg) values vary by approximately 1.5 %o over the 10
ky interval, starting at the lowest value of ~0.1 %o at ~9.9 ka (Figure 5.3-4). Over
the next 4 ky, to ~5.8 ka, the overall trend shows increasing &'*C(vrpg) values,
peaking at 1.6 %o.. After this peak the values return to ~1.1 %o at ~4.4 ka prior to
the core break. The record resumes at ~2.9 ka, and running up to modern, the

8'3Cvrpa) signal shows a slight decline from ~1.1 %o to ~0.8 %..

N. pachyderma values record an average warming trend from 10 ka to ~5.8 ka,
declining from ~1.8 %o 5'®0vros) (~9.0 °C) at ~9.9 ka to ~1.0 %o (~12.7 °C) at
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~5.8 ka. From ~5.8 ka there is an increase in values to ~4.4 ka, where ~1.7 %o
5'80rpe) (~9.7 °C) values are recorded, equivalent to a temperature decrease
of ~3 °C. After the core break mean &'8Orpg) values fluctuate between~1.3 and
1.8 %o (~9.0-11.2 °C), remaining warmer than in the 10.0-8.0 ka portion of the
record, but on average colder than the 8.0-6.0 ka portion of the record. Similar to
the Gs. ruber white record, the modern 5'8Oppg) value is colder than the late
Holocene average at ~1.6 %0 (~9.9 °C), but is not as significantly offset to records
in the last 3 ka (Figure 5.3-4).
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Figure 5.3-4 Downcore &'®0wrps) and 8'°C(rpe) isotope analyses of four species
representative of differing water column depths. Two surface dwellers, the warm water Gs.
ruber white, and the cold-water N. pachyderma. Both species show slight warming trends
across the Holocene whilst the 5'3C values for both species increase and peak during the
mid-Holocene. The remaining two species are deeper dwelling with Gc. inflata a
thermocline dweller and Gr. truncatulinoides a sub-thermocline species. Both species
were split into two groupings likely representative of differing water mass conditions due
to the significant offsets between individuals, see text for details on BC/MC classification.
Trends over the Holocene show a warming signal predominantly, peaking in the mid-
Holocene.
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N. pachyderma 8'3Cppg) values fluctuate between 0.0 and 0.9 %0 and form a
fairly stable record across the 10 ky interval (Figure 5.3-4). For the first 1.5 ky
(~10.0-8.5 ka) the record sees values of ~0.5 %o after which there is a significant
drop to ~0.0 %0 at ~7.8 ka. Values immediately rebound to ~0.5 %o for
approximately 1 ky, before steadily increasing to ~0.7 %o at ~4.4 ka. The record
resumes at ~2.9 ka with values of ~0.8 %o, before declining toward the modern,
decreasing to ~0.5 %o at ~0.5 ka. The modern average value is significantly lower
still at 0.07 %0 and more akin to values seen at ~7.8 ka.

5.3.3.2 Deeper dwelling species:

Following findings of chapter four results were split into groups greater than and
less than 2.0 %o 8'8Ovrps), With clustering of the deep dwelling species isotope
results into two groups, replicating surface observations by Chiessi et al., (2007)
(Figure 5.3-4). Gc. inflata downcore groupings are offset by ~1.5 %o in 8'®Ovppg.
Two separate means are calculated due to this offset, one tracking 5'®Oepg)
values >2 %o and the second for values <2 %.. To aid referencing these two
groups are called Gc. inflata MC (GCMC) and Gc. inflata BC (GCBC)
respectively. The GCMC record is remarkably stable across the 10 ky record,
with values fluctuating between ~2.4 and 3.0 %o 8'8Ovrpg), displaying an average
of 2.7 %o 8'80(vros). This equates to temperature fluctuations between 4.1-6.6 °C,
with an average of ~5.2 °C. GCBC shows slightly more variability, ~0.6 and
1.4 %o 5'®0O(vroe), displaying an average value of 1.0 %o &'®O(rps). Converted,
this is approximately 10.7-14.6 °C, with an average of ~12.7 °C. The two ranges

are distinct from one another and show no overlap.

An overall average curve marks shifting influence between BC and MC
groupings, and is reflective of BMC movement (Chiessi et al., 2007; Voigt et al.,
2015). Results show warming in the early Holocene, before a sharp rise in isotope
values at ~7.8 ka. Over the mid-Holocene &80 values fall and a warming period
of at least 2.5 ky occurs, until rising 580 values indicate cooling to the end of the
mid-Holocene (Figure 5.3-4). The late Holocene record is interrupted by a 40 cm
core break and resumes at 2.9 ka, with a BC dominated average value of
~1.1 %o &'®O(rpg), equating to ~12.3 °C. Late Holocene combined average
5'80vrpB) values for the whole of the interval are approximately 1.7 %o, equivalent
to ~9.6 °C, producing a signal similar to those of the mid-Holocene (~1.6 %o
5'80vrpe) Oor ~10.0 °C). However, this averaging belies a swing to higher values
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within the interval and some large shifts in 8'80Oprpg). Over the remainder of the
late Holocene overall mean (BC+MC) &'80 values rise in two pulses to a
maximum of ~2.5 %o 5'8Orps) (~5.9 °C) at ~1.1 ka, reporting similar values to
~7.8 ka, before sharply declining to 1.2 %o 8'®Oweps) (~11.6 °C) by 0.5 ka.
5'80vrpB) values rise to ~1.8 %o (~9.3 °C) in the modern, indicating slight cooling
in the UPC 028 record.

8"3C records for Gc. inflata has been similarly split into GCBC and GCMC
groupings, however the split is less significant than the 80 values, corroborating
the findings of Chiessi et al., (2007). GCMC average values are typically higher
than GCBC average values, however both fluctuate between ~1.0 and 2.0 %o
8'3Cvrog) (Figure 5.3-4). Between 10 and 8 ka there is ~0.5 %o offset, until ~7.8
ka when the two records converge briefly, with a minor ~0.1 %o difference
between GCBC (~1.5 %o &'*C(vroe)) and GCMC (~1.6 %o &'*C(vrpg)). Records
then diverge, with a ~0.3 %o offset prior to convergence at 5.8 ka. The two records
remain converged until ~4.9 ka, where they display ~0.3 %o difference, just before
the core break. From 2.9 ka the GCBC record resumes at ~1.5 %o 8'*C(vrps),
showing minor variation until ~1.1 ka. The GCMC record restarts at 2.3 ka at ~1.8
%o &'*C(vrpB), trending toward the GCBC profile until 1.1 ka. Thereafter GCBC
and GCMC records diverge with modern values of ~1.4 %o and ~2.0 %o 8'3C(vrps)

respectively.

Gr. truncatulinoides downcore data comprises of both left and right coiling
variants. 3'8Oprpg) data is split with two groupings visible and delimited either
side of 2 %o, as with Gc. inflata, with a 1.5 %o offset (~8 °C). The >2 %o 5'8Ovrps)
grouping was termed Gr. truncatulinoides MC (GRMC) and the <2 %o 8'8Ovrps)
grouping designated Gr. truncatulinoides BC (GRBC). The GRMC grouping is
predominantly represented by the left coiling variant and the GRBC by a mix of
right and left coiling individuals. The GRMC record starts at ~9.8 ka with a value
of ~3.1 %0 (~3.7 °C), there is then a 1.4 Ky interval comprising the bulk of the early
Holocene, before the next measurement of ~2.7 %o 8'®Oeps) (~5.2 °C) at ~8.4
ka (Figure 5.3-4). Over the mid-Holocene the record fluctuates between 2.4 and
3.0 %o 8'80O(vrpB) (~3.8-6.5 °C), with values warming particularly between 7.3-5.3
ka. After the core break the record resumes with similar 8'80Oppg) values at ~2.9
ka of ~2.8 %o (~4.9 °C), with a slight warming trend peaking at ~2.6 %o (~5.8 °C)
at ~1.7 ka, before increasing and cooling to ~2.9%o0 8'®Orog) (~4.6 °C) in the
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modern. The average 8'8Orpsg) value for the GRMC record is ~2.8 %o, equating
to ~5.0°C.

The GRBC record is more variable, with average values ranging between 0.4 and
1.8 %o 8'80vrpe) (~9.2-15.4 °C), with a Holocene average of ~1.1 %o 8'8Ovrps)
(~12.4 °C) (Figure 5.3-4). Starting at ~9.8 ka and a value of ~1.2 %o 8'8Ovrpg)
(~11.9°C), we see warming to ~0.8 %0 (~13.6 °C) at ~9.5 ka. Over the next 1 ky
5'80vrpe) values rise to ~1.0 %o (~12.8 °C) at ~8.4 ka. From this point the
5'80vrpB) signal increases sharply to ~1.8 %o (~9.2 °C) at ~7.8 ka, and then
warms back to ~0.9 %o 8'8Ovroe) (~13.2 °C) at 6.8 ka. The record rises again to
~1.2 %0 (~11.6 °C) at 5.8 ka, albeit less extreme than previously. Warmer values
return for the period of 5.3-4.4 ka, varying between 0.8 and 1.0 %o &'8Ovrps)
(~12.6-13.5 °C). Resuming in the late Holocene at ~2.9 ka, with a '®O(vppg) value
of ~1.1 %0 (~12.3 °C) the record sees some significant fluctuations over the next
1.8 ky. Cooling to 1.3 %o 8'8Oveps) (~11.3 °C) before warming to 0.4 %o 88O vrps)
(~15.4 °C) in a period of ~600 years, before returning to a more moderate value
of 1.1 %o 8'80(vroe) (~12.4 °C) by 1.1 ka. The final 1 ky of the record sees minor
fluctuation heading toward the modern value of 0.9 %o 8'®Opps) (~13.0 °C) for
the GRBC grouping.

The resulting overall average combining GRBC and GRMC groupings aims to
indicate dominance between BC and MC associated values. A sharp warming
signal at the record onset is observed, with values reaching 0.8 %o &'8Oveps)
(~13.6 °C) at ~9.5 ka (Figure 5.3-4). This sharp rise in average values is due to
a lack of GRMC data points over a ~1 Ky interval. 8'80Qeps) values then increase
to a maximum of ~2.4 %o (~6.5 °C) at ~7.8 ka, marking a distinct cooling trend
following the end of the early Holocene. Over the next 1 ky average 8'®Opos)
values drop, warming to a peak at 6.8 ka of ~1.2 %o (~11.8 °C). This pattern
largely follows the Gc. inflata data however, from ~6.8 ka onward Gr.
truncatulinoides 8'®0rpg) values rise and diverge from Gc. inflata averages,
fluctuating around 2.0 %o (~8.2 °C). This cooling continues to the end of the mid-
Holocene with a slight decrease in 8'®Owrog) to ~1.8 %o (~9.2 °C). Record
resumption in the late Holocene at ~2.9 ka sees comparatively warmer values of
1.7 %o 8'®0Opoe) (~9.8 °C). The available late Holocene combined average
fluctuates, with a cooling trend to ~2.3 %o 8'8Ovrps) (~7.0 °C) at 2.3 ka, before
warming over the next ~1.2 ky to ~1.4 %o 8'®O(vrps) (~11.0 °C). From 1.1 ka to
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the modern, average Gr. truncatulinoides 5'®0rps) values cool quickly, rising to
~2.4 %o 8'®0vrpB) (~6.7 °C) in the modern. Over the last 2 ky the records of Ge.
inflata and Gr. truncatulinoides appear out of sync, with peak late Holocene
warming for Gr. truncatulinoides coinciding with peak Gc. inflata cooling.

The &'3Cvrog) trend for Gr. truncatulinoides is similar to Ge. inflata in that both
the GRBC and GRMC groupings average values fall within a ~0.6 and 1.7 %o
range, and at times the offset in mean 3'3*Cvrpg) values is within ~0.1 %o (Figure
5.3-4). The GRMC values steadily rise from ~1.0 %o at ~8.4 ka to ~1.6 %0 at ~1.1
ka before dropping quickly to modern values of 1.1 %.. The GRBC, whilst similar
in the value range shows a slightly more erratic trend, with notable rises in 3'3C
above GRMC values at ~7.8 ka (~1.6 %o 8"Cweps) and ~0.5 ka
(~1.6 %o 5'3C(vrps)). Additionally, there are significant drops in &'3C(vrpg) values
at ~6.4 ka and between 5.8-4.3 ka with values reaching as low as ~0.7 %o
5"3C(vrpa). After the core break, in addition to the divergence at ~0.5 ka there is
another divergence at ~1.7 ka with a ~0.3 %o offset between GRMC and GRBC
values. Similar to GRMC values, GRBC see a drop in average 8'3Cvrps) values
in the modern to ~0.8 %o.
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5.3.4 ITRAX and XRF scanning data

Non-destructive core scanning techniques, XRF and ITRAX XRF, were employed
to obtain greyscale reflectance and semi-quantitative data of elemental variations
within the core (Croudace and Rothwell, 2015). Raw ITRAX XRF data for UPC
028 is provided in Appendix F.2. Regarding the ITRAX elemental data, raw
counts are typically not utilised due to factors like dilution and calibration issues,
instead data is presented as log-ratios to negate such issues (Weltje and
Tjallingii, 2008; Croudace and Rothwell, 2015). The raw data has been presented
in Figure 5.3-5 to aid determination of which element drives log-ratio change. Key
sedimentary and productivity metrics in (Figure 5.3-6), and summary ITRAX
figures are utilised in this section (Figure 5.3-7).

Greyscale variance measures sediment lightness and correlates with sediment
composition. Brighter, higher values are often associated with carbonate content,
whilst lower values are attributed to darker, potentially organic rich sediments
(Giosan et al., 2002; Rothwell and Rack, 2006). Results show that between ~10-
8.6 ka there is minor variation, before a sharp rise over ~400 years to the
early/mid-Holocene boundary (Figure 5.3-5). During the mid-Holocene minor
variation is observed, however the record is patchy from ~8.0-6.5 ka, seemingly
the result of cracking in the core. Where present values appear similar to those
recorded between 10-8.6 ka, suggesting similar sediment composition. This
pattern is largely continued to ~5.8 ka. After ~5.8 ka variability increases slightly,
with a smaller set of peaks visible between ~5.3-4.2 ka, signifying a lightening of
the core to the end of the mid-Holocene. Late Holocene trends see greyscale
values decline, with peaks similar in size to those between ~4.5-4.2 ka at ~2.2-
1.8 ka. A sawtooth pattern persists to the modern, with a slight peak at ~0.4 ka.
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Figure 5.3-5 Core greyscale reflectance, foraminifera per gram counts and raw ITRAX
counts of the main elements utilised by this study. ITRAX counts are presented on log
scales. Core recovery is shaded on the left-hand side of the plot with black sections
indicating missing material and grey bars areas of cracking in the core.
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Raw counts of calcium (Ca) and strontium (Sr) are displayed together (Figure
5.3-5). Sr is prevalent within the marine realm and readily incorporated into
biogenic calcium carbonate vs inorganic derived calcite (Hodell et al., 2008;
Croudace and Rothwell, 2015). Co-variance of these elements is used to indicate
Ca is predominantly marine sourced, via biological production, rather than from
inorganic terrestrial inputs (Carlson et al., 2008; Croudace and Rothwell, 2015).
The UPC 028 record sees Ca-Sr co-variance, despite differing scales, implying a
marine signature for the Ca present. Between ~5.5-5.2 ka the raw counts record
may differ, with Ca counts showing a slightly larger peak than Sr. This episode is
brief, also containing moderate Sr increases, implying part biogenic influence still.

Fe/Ti is used to assess the terrestrial input to the region and can be utilised to
assess Fe remobilisation during the formation of pyrite (Croudace and Rothwell,
2015). The UPC 028 Fe/Ti record in comparison to the Fe/Ca record sees
comparatively little variation (Figure 5.3-6). Drops in the Fe/Ti ratio occur prior to
the 8.2 ka boundary at ~8.4 ka and, in conjunction with minor peaks in the Fe/Ca
and Ca/Ti curves, between 7.0-6.5 ka. Slightly elevated peaks during the mid-
Holocene portion occur at ~5.7 and ~4.4 ka, although variation is modest. For the
late Holocene the Fe/Ti record shows a slightly increasing trend, however the

scale of variation does not suggest significant pyrite formation in the core.

CalTiis another method of analysing terrigenous versus biogenic input to the site,
however unlike Fe/Ca, Ti is less likely to be impacted by redox influences
(Croudace and Rothwell, 2015). UPC 028 Ca/Ti has elevated values in the early
Holocene, with a steady rise in values to ~9.2 ka, following similar trends to the
S/Ti curve, and anti-phased to the Fe/Ca curve (Figure 5.3-6). From 9.2-8.7 ka
values decline before rising again between 8.7-8.2 ka. At ~8.2 ka Ca/Ti values
reach a high for the early Holocene before declining sharply across the early/mid-
Holocene boundary. After this, mid-Holocene values decline with minor variation
between 6.8-6.0 ka, that are similarly anti-phased to Fe/Ca ratios. A more
significant set of excursions occur between 6.0-4.2 ka, with 5.5-5.1 ka showing
elevated Cal/Ti ratios. Into the late Holocene the Ca/Ti ratio values resume and
begin a steady decline toward the modern, with comparatively minor fluctuations
compared to the mid-Holocene. The anti-phasing of the Ca/Ti record with the
Fe/Ca record, further reinforces dominance of Ca between 8.5-8.2 ka and 5.5-
4.2 ka. The late Holocene record shows a declining trend, with some fluctuation
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during 1.0-0.5 ka, aligning with minor increased greyscale reflectance over the
same interval. Perhaps unsurprisingly the foraminifera per gram values
previously described, closely follow the Ca/Ti curve, suggesting Ca in the core is

linked to foraminifera per gram abundances.

Ba/Ti is a productivity measure utilised within the literature and shown to
associate with organic matter (Thomson et al., 2006; Croudace and Rothwell,
2015). Ba/Ti ratios consistently display a saw-tooth nature, however within this
there are a number of trends. During the early Holocene, mean values rise to
~9.2 ka and then drop at ~9.1 ka, from this point the Ba/Ti values rise to ~8.2 ka
before dropping slightly across the early/mid-Holocene boundary (Figure 5.3-6).
During the mid-Holocene the Ba/Ti ratios show a rise in values from ~8.1-7.0 ka,
before levelling to ~5.5 ka with sawtooth variation. From ~5.5 ka, coinciding with
other proxies (Ca/Ti, Si/Ti, S/Cl and S/Ti), the Ba/Ti ratio rises, peaking at ~5.3
ka. Elevated values largely continue to the end of the mid-Holocene, with an
additional peak at ~4.4 ka. Over the late Holocene Ba/Ti values drop and decline
to the modern, similar to S/CI, S/Ti and Si/Ti records.

Si/Ti ratios can depict changing siliceous productivity and is used over Si/Al due
to the low counts recovered at UPC 028 (Croudace and Rothwell, 2015). During
the early Holocene records are relatively high and steady with minor saw tooth
fluctuations up to the early/mid-Holocene boundary, where there is a slight rise in
values (Figure 5.3-6). However, from the onset of the mid-Holocene Si/Ti values
decline, reporting increasingly negative ratio values to ~7.0 ka. Between ~6.9-6.2
ka log-ratio values obtain a relatively steady state before dropping sharply at ~5.8
ka. Values then steadily increase over the next ~1.2 ky to ~4.6 ka before
decreasing slightly to the end of the mid-Holocene. Over the late Holocene a
general steady decline is observed with less significant variation in the saw-tooth
pattern. There are a few punctuated decreases at ~0.9 and ~0.4 ka but these are

on a less than centennial scale.
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Figure 5.3-6 Greyscale reflectance, sedimentation rate based on radiocarbon dating,
alongside ITRAX counts and ratios pertinent to sediment changes (Ca, Sr, Fe/Ca, Fe/Ti,
CalTi) and productivity changes (Si/Ti, S/Ti, Br/Ti, S/CI, Br/Cl and Ba/Ti).

158



S/Tiand S/Cl records provide an indication on potential organic matter within the
sediment, or possible pyrite preservation/formation (Thomson et al., 2006;
Moreno et al., 2007; Croudace and Rothwell, 2015). S/Ti compares S to the
clastic component, whilst S/CI compares to sea-salt ratios within these marine
cores (Passier et al., 1999; Thomson et al., 2006; Moreno et al., 2007; Croudace
and Rothwell, 2015). The two records are dominated by the S signal, thus show
almost identical curves, and will be discussed together. During the early Holocene
a number of peaks are observed, the first is at approximately 9.2 ka, with a
second larger series of peaks between 8.4 and 8.2 ka, coeval with Ca/Ti ratio
peaks and rises in Ba/Ti ratios (Figure 5.3-6). At the onset of the mid-Holocene
S/Ti and S/CI ratios drop to pre-peak levels until approximately 6.8-6 ka, where
the curves show a series of punctuated peaks, similar in scale to the peak at 9.2
ka, and again coeval with Ca/Ti. Over the remainder of the mid-Holocene, from
6.0-4.2 ka, there are numerous large spikes in S/Ti and S/Cl, with the most
sustained falling between 5.5-5.0 ka. The shift in ratios is similar to those seen
prior to the end of the early Holocene at 8.4-8.2 ka. Punctuated peaks continue
beyond 5.0 ka to the core break, and end of the mid-Holocene, although at
reduced magnitude with a notable peak at ~4.4 ka, aligning with Ca/Ti, Ba/Ti and
the Br/Ti and Br/Cl records. After the core break at approximately 4.2 ka there is
a ~900-year interval for which there was no available core. However, on the
resumption of the record at ~3.3 ka the S/Ti and S/ClI values return to background
levels, declining toward the modern and displaying little variation.

Br/Ti and Br/Cl log-ratios (Figure 5.3-6) provide insight into the preservation of
organic carbon due to enrichment of Br alongside organic carbon, with the latter
much like for S/CI, used to highlight increases in Br relative to Cl found in
seawater (Thomson et al., 2006; Agnihotri et al., 2008; Ziegler et al., 2008;
Croudace and Rothwell, 2015). Early Holocene Br/Ti record observes some of
the lowest values in the core, with slight increases in the log-ratio preceding S/Ti
and S/Cl peaks at ~9.2 ka and ~8.5 ka. After ~8.0 ka Br/Ti values increase over
a ~600-year interval, levelling out at ~7.0 ka. From 7.0-5.7 ka the record remains
relatively stable before peaking at ~5.6 ka immediately prior to increases in Ca/Ti,
Ba/Ti, S/Ti and S/Cl log-ratios. From ~5.6-4.2 ka Br/Ti values are slightly
elevated, coinciding with the interval S/Ti and S/Cl are elevated significantly. The
largest peak in Br/Ti ratio data is at ~4.4 ka and coincides with peaks in all
productivity/organic content ITRAX log-ratios displayed in Figure 5.3-6. Into the
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late Holocene, Br/Ti values increase steadily with shallowing depth to the core
top, reflecting increasing Br counts to the surface, observed in Figure 5.3-5.
Outside of a minor peak at 3.0 ka and 1.0 ka the profile shows little variation away

from the increasing trend.

The Br/Cl record (Figure 5.3-5) shows little variation in the early Holocene with a
slight decline in values to ~9.0 ka, before rising to a peak following the end of the
early Holocene at ~8.0 ka. During the mid-Holocene the ratio fluctuates, showing
an increasing trend to ~6.8 ka. Over the next 1 ky, values decline slightly before
a sharp peak at ~5.6 ka, similar to the Br/Ti curve, and just prior to the Ca/Ti, S/Ti
and S/CI curves. An increasing trend in Br/Cl begins at ~5.4 ka, coeval with S/Ti
and S/Cl peaks, and largely continues to the peak at ~4.4 ka seen also in the
other productivity records. Values then drop to the end of the mid-Holocene and
across the core break, on resumption of the record Br/ClI ratio values show an
increasing trend to the modern, similar to that observed in the Br/Ti record.
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Figure 5.3-7 Summary figure of key ITRAX records, containing both sedimentary and
productivity metrics, alongside the summary foraminifera information previously supplied.
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5.4 Discussion

5.4.1 Palaeo-oceanography and palaeo-temperature record

As suggested by recent global modelling of southern hemisphere sub-tropical
and temperate latitudes (Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020;
Bova et al., 2021), a warming signal is observed over much of the Holocene, with
early Holocene palaeotemperatures rising from the deglacial. Using Holocene
proxies from the length and breadth of the western South Atlantic margin, and
those generated by this study, we identify number of trends relating to changes
in temperature and oceanography. This is key as it enables study of palaeo-BMC
migration, a key mixing region for ocean circulation, with converging thermally
contrasting currents (Stramma and England, 1999; Hernandez-Molina et al.,
2016; Piola and Matano, 2019). This was investigated using planktonic
foraminiferal eco-groups and ratios, with strong species thermal latitudinal
correlation originating from modern core top and plankton tow studies
(Boltovskoy et al., 1996; Boltovskoy et al., 2000; Kucera, 2007). Additionally, 5'80
values are extracted from foraminiferal calcite, providing insight into past water
column temperatures based on modern observations of dwelling depths (Birch et
al., 2013). Used in conjunction these records enable reconstruction of

palaeotemperature and palaeoceanography on the margin (Figure 5.4-1).

5.4.1.1 Early Holocene

During the early Holocene, a time of RSL rise globally and on the Uruguayan
margin (Fairbanks, 1989; Bard et al., 1990; Pirazzoli, 1993; Morner, 1996;
Guilderson et al., 2000; Cavallotto et al., 2004; Stanford et al., 2011; Bender et
al., 2013; Lantzsch et al., 2014; Prieto et al., 2017), a number of records suggest
palaeotemperatures rise. The literature on the early Holocene suggests global
warming, with the scale varying latitudinally and a stronger signal in the mid-high
latitudes, particularly in the Northern Hemisphere (Kaufman, McKay, Routson,
Erb, Datwyler, et al., 2020; Bova et al., 2021).

The UPC 028 early Holocene record broadly shows decline in cold eco-group
(polar and sub-polar species), alongside a drop in transitional species, with a
doubling of warm eco-group individuals (i.e. sub-tropical and tropical species)
(Figure 5.4-1). Simultaneous with the rapid increase in the number of warm eco-

groups individuals, is a rapid rise in the proportion of right coiling Gr.
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truncatulinoides occurs during the early Holocene. This sharp increase may imply
a rapid transition during the early Holocene, with increasing dominance of warmer
waters, sourced from the sub-tropical South Atlantic, to the site (Ujiié et al., 2010;
Ujiié and Asami, 2014). This likely indicates a predominant migration of the BMC
southward during the early Holocene, bathing the site in increasingly warmer BC

waters.

Comparison with Brazilian assemblage studies within the early Holocene (Pivel
et al., 2013; Portilho-Ramos et al., 2019; Frozza et al., 2020), sees loss or
significant reduction of transitional or cold-water preference species, such as Gc.
inflata, N. incompta and N. pachyderma. These species are replaced over this
interval by tropical and sub-tropical forms including Gr. menardii and Ge. calida,
species typically absent or in low abundances at UPC 028 (Pivel et al., 2013).
The warming signal is not entirely unexpected after the transition from the
deglaciation of the late Pleistocene into the early Holocene and this is reflected
in the assemblage and isotope records of such sites (Pivel et al., 2013; Portilho-
Ramos et al., 2019; Frozza et al., 2020). Consistency in the increasing warming
trends coincides with a decrease in the productivity along the South Brazilian
margin, observed through declining relative abundances of Gg. bulloides and Gc.
inflata, that typically favour nutrient rich conditions (Loncari¢ et al., 2007; Storz et
al., 2009; Schiebel and Hemleben, 2017), and coinciding with increases in
oligotrophic forms like Gr. menardii, Ge. calida/Ge. siphonifera and Gs. ruber
(Toledo, 2008; Pivel et al., 2013; Portilho-Ramos et al., 2019; Frozza et al., 2020).
The mechanism for such a decline is changes to South Atlantic wind patterns, in
particular a weakened Southern Westerly Wind Belt (SWWB), resulting in a
strengthening of the BC, which in turn forces the BMC poleward and results in
nutrient depleted waters on the South Brazilian margin (Toledo, 2008; Pivel et al.,
2013; Portilho-Ramos et al., 2019). These records would seemingly agree with a
strengthening of the BC and therefore a southern migration of the BMC over
much of the Holocene, with associated impacts to the planktonic foraminifera
assemblages and the ambient water temperature at site UPC 028.

Based on 30 measurements, mean SSTs at UPC 028 increase over the early
Holocene (Figure 5.4-1), with a decrease in Gs. ruber white §'80 values indicating
rising temperatures. The N. pachyderma &'®0 values similarly show a large

decline over the same interval, implying rising temperatures. In the modern these
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two species have been shown to favour differing SSTs, leading to different
timings of peak test fluxes to the seafloor, potentially explaining the large offsets
between surface dweller values (Jonkers and Kucera, 2015; Kretschmer et al.,
2018). Whilst it is not possible to directly measure seasonality, or annual
variability, on this scale, the decreasing 8'®0 values recorded by these two
species suggest a shift to warmer surface waters across the early Holocene.
Deeper dwelling species 5'80 values (Figure 5.4-1) also show a warming pattern,
with average Gc. inflata 8'80O values declining (warming) to the early/mid-
Holocene boundary, despite slight increases in the average MC and BC &'80
values. A similar story is observed in the sub-thermocline species of Gr.
truncatulinoides, average 8'80 values decline despite slight increases in the BC
average. The MC specific average shows a 5'80 decrease (warming) between
the two early Holocene averages, but a lack of data points between 9.8-8.4 ka
makes assessment of this trend difficult. This overall trend in warming likely
reflects increasing BC dominance over much of the early Holocene, potentially
suggesting a shift in the BMC southward leading to less frequent incursions of
MC over the location of UPC 028 during this interval.

Comparison with other 380 high-resolution datasets covering the early Holocene
is possible by using the three Gc. inflata 8'80Ovrpg) isotope curves taken from the
Argentine and Brazilian margins (Figure 5.4-1) (Voigt et al., 2015). The first of the
three sites, GeoB6211, is taken from the Brazilian margin at ~32.5 °S and is
known to only experience BC conditions during the Holocene. GeoB6308
collected on the Argentine margin at ~39.3 °S, experiences only MC conditions
during the Holocene. The most proximal site to this study, is core is GeoB13862-
1 which sits within the modern BMC mixing regime on the Argentine margin at
~38 °S (Voigt et al., 2015). Comparison to these three datasets identifies uniform
warming throughout the early Holocene, with all sites showing declining 580
values, implying warming of both the BC and MC. The UPC 028 Gc. Inflata 5'80
averages are similar in value to those of GeoB13862-1 at the beginning of the
early Holocene, but approaching the 8.2 ka boundary, values are more
comparable with GeoB6211. This shift indicates that on top of the early Holocene
warming observed in the BC (GeoB6211) and MC (GeoB6308) records, UPC 028
also warms due to increasing influence of BC waters at this latitude. This is likely
to a greater extent than the warming seen at GeoB13862-1, amplifying the
warming toward the end of the early Holocene (Voigt et al., 2015). Additionally, a
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palynological record from GeoB13862-1 (Gu et al., 2018c), shows broad
agreement with Voigt et al., (2015) Gc. inflata records and the record from Site
UPC 028. Their study suggests a generally stable position of the BMC at the
beginning of the early Holocene, with decreasing presence of polar species over
the early Holocene indicating southward shifts in BMC position, and increasing
regional BC dominance (Gu et al., 2018c).

5.4.1.1.1 End early Holocene cooling

Northern hemisphere records show significant evidence for a cooling event at 8.2
ka, involving large volumes of meltwater entering the North Atlantic ocean and
impacting thermocline circulation (Bond et al., 2001; Morrill et al., 2013; Aguiar et
al., 2021). Wider South American records contain inconsistent evidence relating
to the southern hemisphere response to northern hemisphere cooling
surrounding 8.2 ka, indeed the response appears not to be ubiquitous across the
South Atlantic (Ljung et al., 2008; Kilian and Lamy, 2012; Morrill et al., 2013; Pivel
et al., 2013; Voigt et al., 2015; Gu et al., 2018c; Garcia Chapori and Laprida,
2021; Aguiar et al., 2021). Within the UPC 028 record there is evidence for
cooling around the 8.2 ka boundary, with warmer eco-groupings showing little
variation, and temporary increases in colder and transitional eco-groups (Figure
5.4-1). Within productivity markers, discussed in the following section, Gg.
bulloides:Gs. ruber white ratios increase alongside increases in benthic relative
abundances, a rise in greyscale reflectance and foraminifera per gram numbers.
Additionally, the proportion of right coiling Gr. truncatulinoides drops prior to the
boundary (Figure 5.4-1). Combined, this indicates a brief cooling at the site based
on assemblage data between the early and mid-Holocene.

Previous publications have presented evidence, utilising planktonic foraminiferal
assemblage transfer functions on the proximal core GeoB2806-4, to generate
western South Atlantic seasonal SST estimates (Chapori et al., 2015; Garcia
Chapori and Laprida, 2021). However, the low resolution record (~1 ky) means
event confirmation is speculative (Chapori et al., 2015; Garcia Chapori and
Laprida, 2021). The high-resolution 580 record from GeoB13862-1 (Voigt et al.,
2015), another proximal site with a wider interval surrounding the boundary,
suggests cooling. Comparison within the study invokes BMC migration, with a
brief BMC equatorward excursion occurring over ~8.7-7.8 ka, to enable cooling

through greater MC influence. This cooling reverses the otherwise warming
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trajectory, with a mechanism involving SWWB change to temporarily shift the
BMC from its poleward migration (Voigt et al., 2015; Gu et al., 2018c). Critically,
the cooling trends are not visible in the 5'80 records of GeoB6211 or GeoB6308,
further north and south, suggesting cooling relates to confluence migration
specifically (Voigt et al., 2015). GeoB13862-1 also has an associated
palynological record in which eutrophic palynomorphs spike coevally with cooling,
whilst freshwater algae remain low, implying a shift in nutrient state is related to
cooler MC migration equatorward rather than terrigenous input (Gu et al., 2018c).

A final core suitable for evaluating the event is the LaPAS-KF02 record from the
Brazilian margin (Pivel et al., 2013). The record, like GeoB6211, is under BC
conditions entirely, however it shows cooling from ~10 ka to 8.2 ka before abrupt
warming begins (Pivel et al., 2013). The authors attribute this cooling to upwelling
within the South Brazil Blight, using shifts in wind forcing as a mechanism rather
than thermocline circulation changes (Pivel et al., 2013). However this cooling
does not align with GeoB6211, also under BC conditions and located to the south
of LaPAS-KF02, which shows a distinct warming signal over the same interval
suggesting this signal is localised (Pivel et al., 2013; Voigt et al., 2015).

Whilst a potential mechanism to explain all changes and their relative timings
would be desirable, many complexities remain. Based on the data previously
outlined from UPC 028 it is likely cooling is linked to changes in atmospheric
circulation, potentially invoking localised upwelling and/or altering BMC locations
briefly. These teleconnections would see variation in atmospheric structure and
strength i.e. ITCZ position, trade wind strength and SWWB position, and would
be impacted by meltwater events in the northern hemisphere (Alley et al., 1997;
Bond et al., 2001; Debret et al., 2009; Strikis et al., 2011; Morrill et al., 2013).
Regional alteration to wider Atlantic Meridional Overturning Circulation (AMOC)
cannot be ruled out, but this would likely to lead to a strengthened BC and
warming along the western South Atlantic margin not seen in our site or others
(Bond et al., 2001; Strikis et al., 2011; Morrill et al., 2013; Chapori et al., 2015;
Voigt et al., 2015; Garcia Chapori and Laprida, 2021; Aguiar et al., 2021).
Identifying with confidence the cooling within the UPC028 580 isotopes is difficult
due to the event lasting <1 ky and the isotopes achieving a ~0.6 ka resolution. A
broader study could interrogate numerous Southern Atlantic records, which
unlike the Northern Atlantic, has a heterogeneous response across the 8.2 ka
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event, with some sites showing an increase in SSTs, or little to no change (Ljung
et al., 2008; Morrill et al., 2013; Aguiar et al., 2021). Further interpretation of the

UPC 028 record and this potential event will follow in the productivity section.

The proxy data generated suggests an overall warming occurs throughout the
early Holocene, likely driven by Site UPC 028 experiencing increasing BC
influence on top of global early Holocene warming (Figure 5.4-2) (Chapori et al.,
2015; Voigt et al., 2015; Dauner et al., 2019; Kaufman, McKay, Routson, Erb,
Datwyler, et al., 2020; Garcia Chapori and Laprida, 2021; Bova et al., 2021).
There is some evidence of temperature decline prior to the 8.2 ka boundary in
the higher resolution records, responding to northern hemisphere meltwater
forcing (Strikis et al., 2011; Morrill et al., 2013; Aguiar et al., 2021), which may
involve a greater MC influence for a short period (Figure 5.4-2). However,
resolving the short-term mechanism behind the cooling signal observed was
beyond the scope of this study.
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Figure 5.4-1 UPC 028 downcore records relating to oceanographic shifts. A) Greyscale
core reflectance, with higher values indicating lighter colouring and likely increased
carbonate content. B) Foraminifera per gram numbers, shifts to higher values indicate
potential increases in productivity. C) Planktonic species %, a relative abundance metric
and the inverse of benthic relative abundance. D) Relative abundance of warm (red),
transitional (green) and cold (blue) planktonic foraminiferal eco-groups from assemblage
counts, dashed lines are 3-point running average. E) Percentage of right coiling specimens
of Gr. truncatulinoides. F) Surface dwelling species §'®0(rog) values: Gs. ruber white (red)
and N. pachyderma (blue), raw data (points), mean values (line). G) Gc. inflata 5'®0rog),
raw data (points) average MC data (>2 %., dark green line), BC data (<2 %., light green line),
combined average (all data, mid-green line). H) Gr. truncatulinoides &'®0Orps) data, raw
point data is split: right coiling (orange triangles), left coiling (blue triangles) and
unclassified coiling (grey triangles). Average curves are similarly split to Gc. inflata. 1)
Voigt et al., 2015, isotope data for three sites with 5-point average lines. Dates recalibrated
to the marine20 curve to align with dates for this study. BC influenced signified by orange
colouring and blue for MC.
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5.4.1.2 Mid-Holocene

The nature of mid-Holocene climate is debated within the literature, with
competing theories on the occurrence of a potential Holocene Climatic Optimum.
This optimum is postulated to involve a global warming signal prior to late
Holocene cooling, however the extent of warming and its ubiquity across latitudes
is contested (Mojtahid et al., 2013; Bader et al., 2020; Kaufman, McKay, Routson,
Erb, Datwyler, et al., 2020; Bova et al., 2021). The timing of this event, starting in
the early Holocene and concluding within the mid-Holocene, is commonly inferred
to fall between 10.0-6.0 ka BP (Marcott et al., 2013; Liu et al., 2014; Kaufman,
McKay, Routson, Erb, Zhilich, et al., 2020; Kaufman, McKay, Routson, Erb,
Datwyler, et al., 2020; Bova et al., 2021). From this optimum, temperatures are
inferred to cool over the remaining mid-Holocene and into the late Holocene, prior
to anthropogenic warming (Marcott et al., 2013; Liu et al., 2014; Kaufman, McKay,
Routson, Erb, Datwyler, et al., 2020; Bova et al., 2021).

The UPC 028 record does suggest the early Holocene warming trend continues
into the mid-Holocene, with a sustained decline of cold eco-groups across the 4-
ky interval (Figure 5.4-1). This decline initially favours warm eco-groups, showing
relative abundance increase until ~6.0 ka. However, from ~6.0 ka the transitional
eco-group begins a sustained rise (~12 % between ~6.0-4.2 ka), to comprise half
the relative abundance. Whilst this rise takes place, warm eco-groups are
maintained, with continued loss of cold eco-groups implying mid-Holocene
warming, and potential shifts in nutrient states to favour the nutrient-favouring,
transitional species rise. Alongside the transitional species rise, increases in
foraminifera per gram values and fluctuations in planktonic foraminifera
percentage during a highstand period (Guilderson et al., 2000; Cavallotto et al.,
2004; Angulo et al., 2006; Bracco et al., 2011; Bender et al., 2013; Martinez and
Rojas, 2013; Bracco et al., 2014), indicate increases in the proportion of benthic
foraminifera and imply more nutrient rich waters from BMC variability (Figure
5.4-2). The Gr. truncatulinoides record, where available, contrasts assemblage
eco-groups indicating a cooler state over much of the mid-Holocene, with right
coiling percentages often less than 25 %. The two opposing trends are difficult to
reconcile, the eco-groups suggesting increasing temperatures and/or BC
influence, whilst coiling implies greater involvement of MC at UPC 028. Left
coiling variants occur within the BC alongside right coiling forms, raising the

possibility that another variable causes diminished numbers of the right coiling
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form during a BC dominant phase (Ujiié and Asami, 2014). Determining the

nature of this shift requires further investigation.

In agreement with the warmer eco-group assemblage in the mid-Holocene, §'80
records of Gs. ruber white, N. pachyderma, Gc. inflata and Gr. truncatulinoides
broadly decrease in values, implying warming over the mid-Holocene (Figure
5.4-1). The surface dweller Gs. ruber white records average mid-Holocene
5'80vrpB) values of ~-0.5 %o, increasing from early Holocene average values of
~-0.3 %o, the equivalent of ~0.9 °C increase. N. pachyderma increases in average
5'80(vrpB) values from an early Holocene value of ~1.8 %o to mid-Holocene values
of ~1.3 %o, an increase of ~2.1 °C. Both values suggest significant average
warming for species known to seasonally favour differing times of year and SSTs
(Jonkers and Kucera, 2015; Kretschmer et al., 2018). Whilst the 580 averages
decrease (warm) in both species the trends observed are slightly different, with
deviation of these two SST tracers displaying a greater 8'80 offset from ~5.8 ka

into the late Holocene.

Looking to the thermocline dwelling Gc. inflata, the changes over the mid-
Holocene see an average warming pattern from early Holocene average values
~1.9 %o 5'80(vprpB) declining to ~1.6 %o 5'80(vprpe), warming ~1.3 °C (Figure 5.4-1).
Overall, isotopes suggest BC dominance over the mid-Holocene, with a higher
proportion of data points dragging the average &'®0 values lower. However,
toward the end of the mid-Holocene, and after ~6.0 ka, increasing MC influence
is apparent with rising 5'80 values. Overall, the warming trend would agree with
the mid-Holocene findings of Voigt et al., (2015). Within their study a similar shift
in 8'®0vrps) values of Gc. inflata specimens was observed at site GeoB13862-1,
roughly two degrees to the south of UPC 028 (Voigt et al., 2015). This increase
in BC influence is explained by a ~1-1.5° shift of the BMC southward, compared
to the early Holocene, using a weakening of the SWWB to permit BMC migration
(Figure 5.4-2) (Voigt et al., 2015). After ~6.0 ka increased isotopic variability
suggests increased MC involvement, potentially triggered by greater dynamism
of the BMC along the margin to maintain both warm and cold temperatures,
potentially akin to modern seasonality/inter-annual variation (Olson et al., 1988;
Voigt et al., 2015; Gu et al., 2018c; Piola and Matano, 2019).

Comparisons between early and mid-Holocene Gr. fruncatulinoides averages is

difficult due to the limited number of MC representatives in the early Holocene.
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This lack of MC values is likely the reason for the apparent rise in in 3'®Opps)
values from ~1.5 %o in the early Holocene, to 1.9 %o in 8'®Oeps) in the mid-
Holocene, cooling by ~1.9 °C. The Gr. truncatulinoides BC and MC &'80 isotope
records, as with the Gc. inflata records, show an overall warming trend throughout
the mid-Holocene. This is apparent in the BC and MC curves, although the mean
curve shows a significant 8'80 shift, in part due to the number of individuals with
a BC signature. This signature would largely agree with greater BC involvement
over the site during the mid-Holocene fitting with the afore mentioned ~1-1.5°
poleward BMC shift (Figure 5.4-2) (Voigt et al., 2015).

In all of the isotope records produced by this study there is a shift from roughly
6.0 ka. The trend of divergent 880 values first observed between the two surface
dwelling species at ~5.8 ka is also present between the specific BC and MC
curves of Gc. inflata, and again seen in the Gr. truncatulinoides data (Figure
5.4-1). This deviation of N. pachyderma from the continually warming Gs. ruber
white, and the MC classified Gc. inflata and Gr. truncatulinoides from their BC
equivalents, suggests increasing temperature variability over the site. This wider
range of recorded 5'80 values between species and within species indicates
increasing oceanographic dynamism on the western South Atlantic margin.
Timing of this 8’80 widening of values is coincident with a rapid increase in
transitional foraminifera at ~6.0 ka, giving further credence to establishment of
more intense BMC mixing over the site (Figure 5.4-2).

Similar findings have been made at GeoB13862-1 using dinoflagellates to assess
surface waters, with increased dynamism in surface waters from ~6.3 ka,
evidenced by the dominance of cosmopolitan species (Gu et al., 2018c).
Additional evidence for this establishment comes from the near shore site
GeoB13801-2, which records a high-energy shelf regime beginning after ~7.2
and continuing across the mid-Holocene (Bender et al., 2013). The mechanism
behind the increased variation in isotope components, and rapid rise in
transitional relative abundance is unclear, but aligns well with records of
increasing ENSO variability (Moy et al., 2002; Gu et al., 2018c). This combined
with a fluctuating SST gradient over the mid-late Holocene would enable shifts in
the SWWB to impact the BMC position, migrating further southward with
increases in the meridional temperature gradient and similarly northward with

decreases to the gradient (Varma et al., 2012; Voigt et al., 2015). This increased
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ENSO variability would potentially impact these SST gradients, and increase
BMC position variability or increase the seasonal migration distances of the BMC
from ~6.0 ka (Figure 5.4-2). The latter position would enable a wider range of
temperatures and eco-groups to be recorded, but would particularly favour
transitional species, like Gc. inflata, Gt. glutinata and Gg. bulloides, suited to a
wider set of regional environmental characters across seasons, as seen in

modern transects (Boltovskoy et al., 1996; Boltovskoy et al., 2000).

5.4.1.3 Late Holocene

The global trends within the late Holocene proxy record for the southern mid-
latitudes show a cooling trend from the Holocene Climatic Optimum (Kaufman,
McKay, Routson, Erb, Datwyler, et al., 2020; Bova et al., 2021). This trend
continues until anthropogenic CO2 emissions rise, reversing this long term trend
causing warming in the industrial era (Marcott et al., 2013; Bender et al., 2013;
Liu et al., 2014; Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020; Bova et
al., 2021). The variability of the BMC during the late Holocene has previously
been highlighted, with position of this confluence more volatile during this interval
(Bender et al., 2013; Voigt et al., 2015; Gu et al., 2018c).

The UPC 028 record provides further evidence of variability with the maintenance
of high abundance of transitional species throughout the period (Figure 5.4-1).
The warm and cold eco-groups show minor fluctuations, showing inverse
relationships with one another. Similarly, the Gr. truncatulinoides coiling direction
displays elevated variability when compared to the mid-Holocene record (Figure
5.4-1). Combined with the isotope records we see continuation of surface dweller
values separation from the end of the mid-Holocene (Figure 5.4-1). Maintaining
separation between the values of surface dwelling species and between BC and
MC representatives of deep dwelling species, implies mid-Holocene BMC
variability continues into the late Holocene (Figure 5.4-2). Similar variability has
been suggested in the Sub-Tropical Shelf Front (STSW) for the last 4 ka (Bender
et al., 2013), and within the BMC from the mid-Holocene onward (Chiessi et al.,
2014; Voigt et al., 2015; Gu et al., 2018c).

Both surface dwelling species indicate a slight cooling (~0.3 %o 8'®Ovpps) Or ~2
°C in surface dwellers) between ~2.3-1.0 ka (Figure 5.4-1), potentially implying a
short northward migration of average BMC position, coeval with cold eco-groups

showing higher abundance than the warmer counterparts (Figure 5.4-2).
172



Similarly, the deeper dwelling species averages shift to values more
representative of MC conditions. This is also seen in GeoB13862-1 records from
Voigt et al., (2015) and Gu et al., (2018), which both imply wider MC influence on
the western South Atlantic margin during this interval, perhaps linked to a
weakening BC current reported from sites on the Brazilian margin (Figure 5.4-2)
(Chiessi et al., 2014; Voigt et al., 2015; Gu et al., 2018c). Following this late
Holocene cooling interval, the majority of isotope records return to warmer values
and cold eco-groups decline in favour of warm eco-groups, whilst the transitional
eco-group is maintained (Figure 5.4-1). This indicates poleward migration of BMC
average position over the last 1.0 ka to south of the present-day position, before
a slight migration north and establishment of modern conditions in the core top
data (Figure 5.4-2). This latter movement is indicated by loss of warm eco-group
abundance and increases in the cold eco-group, alongside average isotopes
showing a cooling pattern over the final ~300 years to the modern (Figure 5.4-1).

As stated within the mid-Holocene, from ~6.0 ka it appears the BMC mixing zone
expands influencing a greater area seasonally, or remains the same size but
migrates its average position further in a more vigorous manner enabling sites to
experience BC or MC end members settings on a seasonal or inter-annual basis
(Figure 5.4-2). This explains the elevated transitional eco-group, limited change
in warm and cold eco-groups, and separation between Gs. ruber white and N.
pachyderma 8'80 isotopes, alongside the BC and MC isotopes of Gc. inflata and
Gr. truncatulinoides. There appears to be a northward BMC migration during the
late Holocene, between 2.3-1.0 ka, supported by similar findings in the literature
(Chiessi et al., 2014; Voigt et al., 2015; Gu et al., 2018c), before a generally
southward migration in the last 1.0 ka.

5.4.1.4 Holocene Palaeotemperature summary

The overall palaeo-oceanographic and palaeotemperature Holocene trends
discerned from site UPC 028 are schematically visualised in Figure 5.4-2. Initially,
this involves early Holocene BMC poleward shifts into the mid-Holocene, leading
to greater influence of the warmer BC at the site, likely driven by a reduction in
SWWB strength (Pivel et al., 2013; Voigt et al., 2015; Gu et al., 2018c). At the
end of the early Holocene (~8.2 ka), there is evidence of brief cooling within the
proxies, likely triggered by Northern Hemisphere meltwater impacting AMOC and
atmospheric teleconnections (Bond et al., 2001; Debret et al., 2009; Strikis et al.,

173



2011; Morrill et al., 2013; Chapori et al., 2015; Voigt et al., 2015; Garcia Chapori
and Laprida, 2021; Aguiar et al., 2021). However, definitive event determination

requires increasing UPC 028 record resolution and additional analyses.

Mid-Holocene results suggest warming continues from the early Holocene, with
further decline of cold eco-groups and the continued BC dominance. During this
interval the BMC likely reached its most southerly position, due to a weakened
SWWB (Voigt et al., 2015; Gu et al., 2018c). However, from ~6.0 ka a change is
observed with increasing transitional eco-group dominance and separation of
5'80 records, implying a change in oceanographic conditions. Surrounding
studies suggest increased oceanic dynamism and the intensification of oceanic
mixing (Bender et al., 2013; Voigt et al., 2015; Gu et al., 2018c). This boosts MC
influence on UPC 028, enabling establishment of conditions favourable to
transitional species and a broadening range of 3'®0 values. The timing of this
mixing intensification is coeval with increased ENSO intensity and variability (Moy
et al., 2002). This is the likely mechanism driving change over the end of the mid-
Holocene, impacting SST gradients that determine the SWWB strength and
position, and thus enabling greater seasonal and inter-annual variability within
the BMC (Moy et al., 2002; Voigt et al., 2015; Gu et al., 2018c).

The late Holocene UPC 028 record continues the mid-Holocene trends, with
transitional eco-group dominance maintained over the period. 5'®0 isotopes
remain offset from one another, implying the volatility and variability of BMC
position continues. There are some subtle variations in the warm and cold eco-
groupings, showing inverse changes indicating late Holocene cooling, and a
northward BMC shift between 2.3-1.0 ka. This aligns with cooling in the Voigt et
al., (2015) and UPC 028 5'80 isotope records, alongside palynological shifts that
corroborate cooling and northward BMC shift between 2.3-1.0 ka (Gu et al.,
2018c). The mechanism behind this migration may be linked to a weakening BC,
possibly tied to ocean circulation periodicity as hypothesised by Chiessi et al.,
(2014), enabling the northward migration of the BMC. Similarly, the coincident
increase in ENSO events may have enabled a northward migration of the average
BMC with decreased meridional SST gradients, through a brief equatorward shift
of the annual mean SWWB position (Moy et al., 2002; Varma et al., 2012; Voigt
et al., 2015; Gu et al., 2018c). After ~1.0 ka, a warming trend returns to the UPC
028 isotope record, with rising warm eco-group abundances, implying southward
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BMC migration once again (Bender et al., 2013; Voigt et al., 2015; Gu et al.,
2018c; Garcia Chapori and Laprida, 2021).

The complex palaeo-oceanographic Holocene history of UPC 028 sees
numerous BMC migrations, likely influenced by multiple changing atmospheric-
ocean processes that facilitate confluence movement. These processes are often
interlinked in the global atmospheric-ocean circulation system and add
complexity to the oceanographic setting of UPC 028. Reconstructions utilising
planktonic foraminiferal assemblages and isotopes do present a readily available
proxy to track BMC movements. However, a higher density of sampling along the
South Atlantic margin would enable better disentanglement of the

palaeotemperature and palaeo-oceanographic signals of this highly variable

confluence.
Broad early Holocene End early Holocene Mid-Holocene trend Mid-Holocene trend
trend cooling Pre-ENSO intensification Post-ENSO intensification
10.6-8.2 ka cal BP ~8.2 ka cal BP ~8.2-6.0 ka cal BP ~6.0-4.2 ka cal BP

Late Holocene Late Holocene Late Holocene
ENSO variability cooling interval post cooling interval
~4.2-2.3 ka cal BP ~2.3-1.0 ka cal BP ~1.0-0.0 ka cal BP Modern 0 ka cal BP

-3 o -3 il s

Figure 5.4-2 Schematic storyboard for BMC migration over the Holocene. General early
Holocene trend is for southward BMC migration as UPC 028 warms. Immediately prior to
the early-mid-Holocene boundary some northward migration and cooling is suggested.
The first half of the mid-Holocene sees South Westerly Wind Belt (SWWB) suppression,
leading to further BMC southward migration. From ~6.0 ka, increasing El Nifio Southern
Oscillation (ENSO) drives increased seasonal position variability. Into the late Holocene
variability continues, with a lowering of the SST gradient resulting in SWWB expansion.
Combined with BC weakening between ~2.3-1.0 ka leads to cooling at UPC 028 and brief
northward BMC migration, prior to establishment of modern conditions from ~1.0 ka.
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5.4.2 Holocene productivity signals

The BMC is comprised of two water masses that contrast in temperature and
salinity, but also in their nutrient content (Boltovskoy et al., 2000; Brandini et al.,
2000; Garcia et al., 2004; Saraceno et al., 2005; Piola and Matano, 2008). This
influence of nutrients, alongside temperature, is a factor that leads to differing
faunas dominating either side of the BMC (Boltovskoy et al., 1996; Boltovskoy et
al., 2000). Changes in BMC location therefore will impact the nutrient availability,
and thus the faunas present. Here we seek to understand this impact and the
effect this has on associated overlying faunas at UPC 028, recording these shifts
over the Holocene. Figure 5.4-3 provides a summary of the main productivity
proxies alongside reference to a plot in the ITRAX summary (Figure 5.3-7).

5.4.2.1 Productivity prior to 6.0 ka

Previous studies on the western South Atlantic margin have utilised a number of
records to infer shifts in productivity through time (Toledo, 2008; Portilho-Ramos
et al., 2015; Gu et al., 2017; Gu et al., 2018c; Gu et al., 2018b; Gu et al., 2018a;
Portilho-Ramos et al., 2018; Portilho-Ramos et al., 2019; Frozza et al., 2020).
Broad scale records extending back into the Pleistocene show faunal turnover
from more eutrophic conditions in the glacial periods compared to more nutrient
depleted records during the inter-glacials right along the margin (Portilho-Ramos
etal., 2015; Gu et al., 2017; Pereira et al., 2018; Portilho-Ramos et al., 2018; Gu
etal., 2018a; Lessa et al., 2019; Portilho-Ramos et al., 2019; Frozza et al., 2020).
As such it is clear over long timescales the margin displays shifts between
eutrophic and oligotrophic states, with past studies implying a number of
mechanisms including oceanographic migration (Toledo, 2008; Gu et al., 2018c;
Frozza et al., 2020), onset of shelf break upwelling (Portilho-Ramos et al., 2015;
Gu et al., 2017; Pereira et al., 2018) and the intrusion of PPW (Gu et al., 2018c;
Portilho-Ramos et al., 2019). The nature of these mechanisms is invariably
interlinked with changes in atmosphere circulation influencing shifts in
oceanographic currents, alongside RSL rise, meaning sites previously under one
nutrient regime will switch to a new set of conditions.

These shifts are not entirely coeval along the western South Atlantic margin, with
decline from a eutrophic state first observed at ~11.0 ka in some Brazilian margin
planktonic foraminiferal assemblages, and continuing to the end of the mid-
Holocene (Toledo, 2008; de Oliveira Lessa et al., 2014; Portilho-Ramos et al.,
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2019; Frozza et al., 2020). This is evidenced in records by relative abundance
losses of eutrophic favouring Gg. bulloides whilst the oligotrophic favouring Gs.
ruber white increases, implying a shift toward more oligotrophic states north of
the study region over the Holocene. Looking to other proxies there appears to be
consensus in dinoflagellate records from nearby sites, indicating eutrophic
conditions for much of the early Holocene, before eutrophic dinocyst decline in
the mid-Holocene (Gu et al., 2017; Gu et al., 2018c). The proximal site,
GeoB13862-1 dinoflagellate record, suggests eutrophic conditions were present
as late as ~5.7 ka, with a particularly highly eutrophic environment between 6.3-
5.7 ka, on the Argentine margin south of the study region (Gu et al., 2018c). This
site also provides biogenic opal and Si/Al records that decline over much of the
early Holocene, prior to spikes in the mid-Holocene roughly coeval to the high
eutrophic period (Voigt et al., 2013; Gu et al., 2018c). Within the UPC 028 record,
a background of largely declining eutrophic conditions is observed in numerous
proxy records over the course of the early and mid-Holocene to ~6.0 ka. This is
seen most clearly in the declining cold eco-groups, increasing warm eco-groups,
the decline in the Gg. bulloides:Gs. ruber white ratio, drops in the relative
abundance of benthic foraminifera and drops in the siliceous productivity
indicators from the beginning of the record to ~6.0 ka (Figure 5.4-3).

UPC 028 Gs. ruber white 8'3C records over the early and mid-Holocene involve
a rise in values coeval with reported warming, before declining into the late
Holocene (Figure 5.4-3). This suggests decline in available nutrients alongside
warming, from a more eutrophic state as oligotrophic BC waters become more
prevalent, particularly over warmer months during peak test production (Brandini
et al., 2000; Kretschmer et al., 2018; Piola and Matano, 2019). N. pachyderma
produces a lower average set of 8'3C values than Gs. ruber white, which indicates
greater influence of the nutrient enriched MC during test production in seasonally
cooler months, alongside the cooler recorded temperatures (Jonkers and Kucera,
2015; Kretschmer et al., 2018; Paniagua et al., 2018; Piola and Matano, 2019).
The N. pachyderma record shows little variability over the early Holocene prior to
a drop in 8'3C values into the mid-Holocene (Figure 5.4-3), possibly linked to a
reported 8.2 ka temperature minima (Chapori et al., 2015; Garcia Chapori and
Laprida, 2021). This could indicate a brief increase in seasonal MC influence,
increasing nutrient availability. Despite this brief dip in values, N. pachyderma

5'3C values slightly increase over the mid-Holocene, suggesting a decrease in
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nutrient availability throughout the interval, and probable move to more
mesotrophic conditions.

Fe/Ca is a widely used ratio of biogenic carbonates against detrital clays to
determine terrigenous sediment input to a site (Rogerson, Rohlin, et al., 2006;
Rogerson, Weaver, et al., 2006; Govin et al., 2012; Croudace and Rothwell,
2015). Values are typically higher near the continental shelf due to influence of
siliciclastic content and proximity to fluvial sources, versus the biogenic calcium
carbonate dominance found further offshore (Govin et al., 2012). Increases in the
ratio value on the continental shelf imply increasing terrestrial input, with invariant
Fe counts coinciding with decreasing Fe/Ca, suggesting increasing biogenic
carbonate dominance (Croudace and Rothwell, 2015). The trend in UPC 028
sees increasing biogenic influence over the early Holocene, particularly
approaching the mid-Holocene boundary at 8.2 ka, and following the trend in
foraminifera per gram and greyscale reflectance, implying greater biogenic
carbonate content. The ratio value then returns to pre-event levels and largely is
maintained to ~6.0 ka. Another biogenic/terrigenous indicator is the Ca/Ti ratio,
Ti is used in preference to Fe in some studies due to the inert nature of Ti
compared to Fe, which can be remobilised (Piva et al., 2008; Croudace and
Rothwell, 2015). Within the South Atlantic Ocean Ca/Ti (inverse of Ti/Ca in Govin
et al., 2012) and Fe/Ca ratio trends are similar in surface sediments, Ca/Ti ratios
display lower values proximal to the continents and higher values approaching
the mid-Atlantic ridge with decreasing siliciclastic input (Govin et al., 2012). The
early and mid-Holocene variance in Ca/Ti mirrors the Fe/Ca values, with
increasing biogenic influence to the 8.2 ka boundary, potentially indicating
increases in surface productivity, before declining to pre-event levels toward 6.0
ka.

The cores show a number of spikes in the S/Ti, S/Cl and Br/Cl values during the
early Holocene, indicating potential increases in organic content within the core.
Both S/Ti and S/ClI ratios can be used as markers for the presence of authigenic
pyrite and/or an increase in the deposition of organic matter (Thomson et al.,
2006; Croudace et al., 2006; Moreno et al., 2007; Croudace and Rothwell, 2015;
Shi et al.,, 2016). A lack of significant variation in the Fe/Ti suggests little
enrichment in Fe expected alongside pyrite formation, implying that whilst organic
matter content increases during these peaks, associated pyrite is not formed
(Thomson et al., 2006; Moreno et al., 2007; Croudace and Rothwell, 2015). It is
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also possible the covarying peaks of Ca/Ti and S/Ti reflect the formation of
gypsum (CaSOs4 -2H20). Gypsum has been found in marine settings associated
with evaporitic brines, volcanogenic material, methane hydrate settings, the
sulphate-methane transition in deep water systems, and tied to the dissolution of
foraminifera (Blanchet et al., 2012; Lin et al., 2016). The first three settings seem
unlikely for UPC 028 based on the core locale, with the latter requiring further
investigation using a full suite of geochemical analyses including: Total Organic
Carbon and Total Organic Sulphur amongst others. Gypsum may also form as a
result of core storage, when reduced sulphur is oxidised, alongside organic
matter, potentially leading to dissolution of susceptible planktonic foraminifera
(Blanchet et al., 2012). Formation in core storage is unlikely as would likely
involve oxidation of pyrite, preserving the Fe and S relationships, with the core
not seeing coeval spikes in Fe (Figure 5.3-5 and Figure 5.3-6) (Blanchet et al.,
2012). Definitively determining whether gypsum is present would require
resampling of the core as washed samples are unsuitable for such analyses,
however no gypsum crystals were visible during counts. Species diversity also
appears to be maintained, with dissolution of susceptible species expected to
reduce diversity (Figure 5.3-3) (Schiebel and Hemleben, 2017). Additionally,
foraminiferal counts per gram increase alongside the Ca/Ti and S/Ti peaks, and
planktonic percentages are maintained, suggesting dissolution is not significant
enough to cause loss of foraminifera (Figure 5.3-7) (Blanchet et al., 2012).
Ocean productivity measures like Ba/Ti and Br/Ti show some coeval fluctuations
and are contemporaneous with spikes in Ca/Ti and declines in Fe/Ca (Figure
5.3-7), suggesting marine biogenic involvement rather than terrestrial input
(Croudace and Rothwell, 2015). The increase in S/Cl and S/Ti ratio values
alongside foraminifera per gram values, Ca/Ti ratio increases, and TOC and
CaCOs % from proximal sites (Voigt et al., 2013), suggest an increase in overlying
surface productivity to the end of the early Holocene, before reverting back after
the 8.2 ka cooling. Interestingly the Si/Ti values, a siliceous productivity metric
(Marsh et al., 2007; Agnihotri et al., 2008; Croudace and Rothwell, 2015), decline
after the early-mid-Holocene boundary, indicating less siliceous productivity, and
a shift away from eutrophic conditions over the mid-Holocene.

Despite declining nutrient trends between 10.0-6.0 ka, coeval spikes in greyscale
reflectance, foraminifera per gram values, and ITRAX ratios indicate an increase

in carbonate content in a potential eutrophic event surrounding the early-mid-
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Holocene boundary, (~8.4-8.0 ka) (Figure 5.4-3) (Morrill et al., 2013; Garcia
Chapori and Laprida, 2021; Aguiar et al., 2021). This would tie with the short-
lived cooling interval discussed above and hypothesised in a number of papers
(Pivel et al., 2013; Chapori et al., 2015; Garcia Chapori and Laprida, 2021).
Similarly, there is evidence of a brief BMC northward migration, bringing
increased MC nutrient rich waters, before persistent southward displacement of
the BMC into the mid-Holocene (Voigt et al., 2015; Gu et al., 2018c). Other
evidence for this 8.2 ka cooling, but nutrient rich, event from UPC 028 proxies
include: increases in benthic relative abundances, cold eco-groups briefly
resurging before declining in the mid-Holocene, and sustained high Gg.
bulloides:Gs. ruber white values. Combined this implies a more eutrophic state
(Figure 5.4-3). Aforementioned shifts in planktonic foraminiferal 3'3C values,
notably the cooler temperature favouring N. pachyderma and the two deeper
dwelling taxa (Gc. inflata and Gr. truncatulinoides), potentially signify a temporary
shift toward eutrophic conditions during this period. This combined with the
contrary trend observed in Gs. ruber white &'*C isotopes may signify influx of
nutrients, possibly through increased MC influence, outside of peak Gs. ruber
white fluxes during summer months (Figure 5.4-3) (Jonkers and Kucera, 2015;
Kretschmer et al., 2018). The spikes in numerous ITRAX elemental ratios i.e.
Ca/Ti, S/Ti, Si/Ti and Ba/Ti and support from surrounding studies (Pivel et al.,
2013; Voigt et al., 2015; Gu et al., 2018c; Garcia Chapori and Laprida, 2021),
imply an influx of nutrients and increase in surface productivity, suggesting brief
MC dominance at the site.

This shift from eutrophic states occurs during a time of relative sea level rise, and
typically continental shelf flooding would decrease the nutrient content reaching
the site, as terrestrial sources become more distal (Bender et al., 2013; Prieto et
al., 2017; Gu et al.,, 2018a). Additionally, the predominant direction of BMC
migration observed throughout the early and mid-Holocene is southward,
increasing dominance of the warmer, nutrient poor BC current over the site and
wider Uruguayan margin (Voigt et al., 2015; Gu et al., 2018c). As such the
prevailing move away from eutrophic conditions, with the exception of a brief
resurgence of eutrophy and MC influence (8.4-8.0 ka), follows reconstructed
southward BMC migratory patterns.
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Figure 5.4-3 Compilation of Holocene productivity records for UPC 028. Greyscale
reflectance details the brightness of the core with higher values likely indicative of
increased carbonate content. Foraminifera per gram numbers, shifts to higher values
indicate potential increases in productivity. Planktonic species % is a relative abundance
metric indicative of Relative Sea Level rise. The relative abundance of warm (red),
transitional (green) and cold (blue) planktonic foraminiferal eco-groups from assemblage
counts, dashed lines provide a 3-point running average. Benthic %, is a relative abundance
metric, used as a productivity indicator. Gg. bulloides:Gs. ruber white is a productivity
indicator based on the species preference for trophic states. Surface dwelling species
8'3C(vroB) values for Gs. ruber white (red) and N. pachyderma (blue), single specimen
(points) is plotted alongside mean values (line). Gc. inflata 5'3Cvrpg) are presented, single
specimen (points), average MC data (dark green line) and BC data (light green line) based
on 5'80Owrpe) classifications and a combined average (all data, mid-green line). Gr.
truncatulinoides 5'3Cvrpg) data, single specimen data is split with right coiling specimens
(orange triangles), the left coiling (blue triangles) and unclassified coiling (grey triangles).
The average curves are similarly split to Gc. inflata. ITRAX log ratios are also presented,
Ba/Ti is an ocean productivity indicator, alongside Si/Ti and Br/Cl ratios. Additionally, S/Ti,
S/CI and Br/Cl ratios are organic content indicators. The ENSO Holocene frequency data
from Moy et al., 2002, is presented for correlation with UPC 028 data.

5.4.2.2 Productivity 6.0-4.2 ka

At ~6.0 ka a number of events co-occur on the margin and globally. These include
RSL reaching highstand, ~4-6 m higher than modern sea level (Angulo et al.,
2006; Bender et al., 2013; Bracco et al., 2014; Prieto et al., 2017), and the shift
from a primarily insolation driven system to an internal climate driven system i.e.
stabilisation of thermocline circulation and development of ENSO (Bond et al.,
2001; Moy et al., 2002; Debret et al., 2009; Bender et al., 2013; Voigt et al., 2015;
Kaufman, McKay, Routson, Erb, Datwyler, et al., 2020; Bova et al., 2021). A
number of changes occur from ~6.0 ka within the UPC 028 record, the most
obvious change occurs within the planktonic foraminiferal eco-groups. Here the
transitional grouping begins a sharp rise in abundance from 6.0 ka to the end of
the mid-Holocene, largely driven by abundance increases in the mesotrophic
favouring Gc. inflata, but also increases in Gt. glutinata, whilst warm eco-groups
are maintained and cold eco-groups are diminished (Figure 5.4-3). This marks a
shift in the assemblage eco-groups that are maintained to the modern. Similarly
patterns have been reported from sites shifting from eutrophic conditions to
mesotrophic states previously (Loncaric et al., 2007). Alongside this increase in
transitional fauna the greyscale reflectance and foraminifera per gram values rise
moderately from 6.0 ka to 4.2 ka (Figure 5.4-3). This combines with a slight rise
in benthic foraminifera relative abundances and Gg. bulloides:Gs. ruber white
ratio increases (Figure 5.4-3). The latter two show lower values than the ~8.2 ka
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eutrophic event, potentially indicating a more mesotrophic system, but still not
favouring the oligotrophic Gs. ruber white.

Analysing the 8'3C isotopes over the 6.0-4.2 ka interval sees two contrasting
signals in the surface dwellers. Gs. ruber white 3'3C values transition from a
maximum at ~6.0 ka, indicative of the lowest nutrient levels recorded, falling
rapidly between ~5.8-5.3 ka, suggesting increased nutrients during warmer
months (Figure 5.4-3). N. pachyderma, a species that prefers cooler waters by
comparison, sees values rise slightly from pre-6.0 ka, implying a loss of nutrients
within surface waters during cooler months, before stabilising post-6.0 ka (Figure
5.4-3). These two trends suggest a move from a declining eutrophic state to more
mesotrophic conditions present on the margin. Within the deeper dwelling
species there is a slight increase in the 3'3C values of both Gc. inflata and Gr.
truncatulinoides, particularly in MC variants, implying a slightly more nutrient
enriched system (Figure 5.4-3). Combined with the diverging BC/MC &'80
records, it would seem that mixing from 6.0 ka onward intensifies, permitting a
range of 50 and &'3C values to be recorded at UPC 028. Aligning with the
literature, Gu et al., (2018c) suggest a stable phase in the BMC position between
5.7-4.5 ka, although they note a stronger influence of colder water masses over
the margin from ~5.7 ka to 0.66 ka. This may result in increased and stronger
mixing from ~5.7 ka onward and facilitate the move to a mesotrophic state
through BC/ MC waters mixing as a long term average (Voigt et al., 2015; Gu et
al., 2018c).

The ITRAX data over this 6.0-4.2 ka period sees some striking shifts. Ba/Ti and
Br/Ti show increases in ratio values compared to earlier in the mid-Holocene,
implying an increase in productivity (Figure 5.4-3) (Croudace and Rothwell,
2015). Meanwhile, the Si/Ti values recover after a significant drop prior to 6.0 ka,
inferring an increase in siliceous productivity toward the end of the mid-Holocene
(Figure 5.4-3) (Voigt et al., 2013; Croudace and Rothwell, 2015). This would tie
with an increase in MC influence from wider mixing, bringing more nutrient rich
waters to the margin (Voigt et al., 2015; Gu et al., 2018c). Further evidence for a
rise in nutrients on the nearby Argentine margin is elevated biogenic opal and
Si/Al ratios recorded at GeoB13862-1, and additional Mar del Plata Canyon
records (Figure 5.4-4) (Voigt et al., 2013). Voigt et al., (2013), cite increases in
fluvial discharge from the La Plata River over the shelf, caused by intensified
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precipitation anomalies. This combined with ENSO north-easterly winds impeded
PPW spread along the Brazilian shelf, and lead to fertilising of the Uruguayan
margin, increased phytoplankton production and biogenic opal deposition (Figure
5.4-4) (Moy et al., 2002; Voigt et al., 2013). Our study site, UPC 028, is located
further north along the slope in comparison to the Mar del Plata records (Figure
5.4-4). Determining whether the site is influenced by PPW expansions is difficult
but based on correlation between Ca and Sr counts a marine signal is largely
maintained (Figure 5.3-7). Terrestrial input would lead to deviation in the
covariance of these two counts, and whilst there is evidence for brief terrestrial
input around ~5.4 ka, this is certainly not maintained over the whole interval and
is not replicated in the Fe/Ca record (Figure 5.3-7), which suggests biogenic
dominance (Carlson et al., 2008; Croudace and Rothwell, 2015).

One potential indicator for increased fluvial and terrestrial input is the rise in
sedimentation rates during the interval, from ~37 cm/ky to ~54 cm/ky, at a time
when the site is at RSL highstand (Figure 5.3-7). However, this may be due to
increased biogenic input, with slight increases in greyscale reflectance,
foraminifera per gram values and peaks in the Ca/Ti ratio implying increasing
carbonate content rather than terrestrial material. Additional dating and
integration of sedimentary grainsize records may clarify this further. Interestingly,
a number of proxies (S/Ti, S/CI and Br/Cl) suggest increasing organic content
between 6.0-4.2 ka (Figure 5.4-3). The timing of S/Ti and S/CI ratio peaks
alongside increases in ocean productivity metrics and sedimentation increases
potentially indicates greater deposition of organic matter during the interval.
Additionally, alignment alongside the overall shift to mesotrophic states and the
intensification of BMC mixing is correlated with ENSO intensification from ~5.7
ka (Moy et al., 2002; Voigt et al., 2013; Gu et al., 2018c). Total Organic Content
(TOC) analysis should be considered as a potential future verification of

increasing organic matter.

The timing of these assemblage and ITRAX trends within this record, and the
palynological shifts and biogenic opal of adjacent sites (Voigt et al., 2013; Gu et
al., 2018c), suggests the margin moved to a mesotrophic state. This is in
conjunction with intensification of BMC mixing, correlated with intensification of
ENSO from ~5.7 ka, and stabilising of thermocline circulation, impacting the
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position of atmospheric belts over the end of the mid-Holocene prior to the core
break (Moy et al., 2002; Debret et al., 2009; Voigt et al., 2013; Gu et al., 2018c).

Present-day strong El Nifio

>

65°W 60°W 55°W 50°W 45°W 65°W 60°W 55°W 50°W 45°W

Figure 5.4-4 Modified figure from Voigt et al., 2013, detailing Mar del Plata Canyon sites
locations and the suggested varied outflow of the La Plata river under modern conditions
and strong El Nifno conditions. Site UPC 028 (black dot) is on the fringe of influence for
any Plata Plume Waters and thus is unlikely to be significantly impacted by terrestrial
input, unless unusually strong El Nifio conditions were to occur. The green arrows indicate
regions of increased phytoplankton biomass (Voigt et al., 2013).

5.4.2.3 Productivity post core break to the modern

Into the late Holocene, upper sections of core show continuations of the
mesotrophic state established in the mid-Holocene. The record resumes shortly
before 3.3 ka, and shows slightly elevated foraminifera per gram numbers and
maintains the elevated transitional eco-group fauna (Figure 5.4-3). Co-incident
with a cooling interval between 2.3-1.0 ka there appears to be elevated benthic
relative abundances and Gg. bulloides:Gs. ruber white ratios (Figure 5.4-3). §'3C
isotopes show little variation in the late Holocene, with the exception of slight
increases in nutrients between 2.3-1 ka, coinciding with a slight cooling recorded
in the two species (Figure 5.4-3). The 2.3-1.0 ka cooling period is coeval with high
frequency ENSO events and evidence of BMC northward migration, bringing
cold, nutrient rich MC waters to the site (Moy et al., 2002; Voigt et al., 2013;
Chiessi et al., 2014; Voigt et al., 2015; Gu et al., 2018c). These fluctuations and
pulses over the Holocene fit with wider reported late Holocene centennial
variability, with the influence of the nutrient rich MC increasing post mid-Holocene
(Debret et al., 2009; Voigt et al., 2013; Chiessi et al., 2014; Chapori et al., 2015;
Voigt et al., 2015; Portilho-Ramos et al., 2018; Garcia Chapori and Laprida,
2021). For the remaining 1.0 ky of the record, particularly after ~800 years ago,
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warm eco-groups increase at the expense of cold eco-groups, whilst transitional
species are maintained (Figure 5.4-3). Combined with declines in benthic relative
abundance, Gg. bulloides:Gs. ruber white ratios and slight shifts in 3'3C isotopes
to lower nutrient states suggests BC southward migration and greater BC
involvement at the site and establishment of modern conditions (Figure 5.4-3).

Meanwhile the ITRAX data typically shows little variation from ~3.3 ka to the
modern, this is unexpected given the significant variation in proxies during the
6.0-4.2 ka interval (Figure 5.4-3). Reasons for muted, or even declining signals,
in the Ca/Ti, S/Ti and Si/Ti ratios are likely due to dilution effects closer to the
core top, resulting from factors such as increased porosity, increased porewater
and increased organic matter (Croudace et al., 2006; Rothwell et al., 2006;
Rothwell and Rack, 2006; Thomson et al., 2006; Weltje and Tjallingii, 2008;
Croudace and Rothwell, 2015). Dilution through organic matter is seen within
rising Br/Ti values, to a lesser extent the Br/Cl ratio, declining Ca/Ti values and
suppressed greyscale reflectance, implying a darkening of the core, this is to be
expected as core age decreases. Decline in Ca/Ti values has been seen at
nearer shore sites and attributed to increased terrestrial input (Bender et al.,
2013). Whilst sedimentation rates rise to the top of the core and Fe/Ca ratios
increase (Figure 5.3-7), indicating increased terrestrial input, the covarying Ca
and Sr counts still show a marine signal rather than significant terrigenous input
(Figure 5.3-7). Determining whether this distal, deeper site experiences greater
terrestrial input over the late Holocene requires further investigation, chiefly on
the nature of the sediment, sediment porosity and sediment organic content to
assess signal dilution.

186



5.5 Summary

- What are the overall BMC migratory trends documented by site UPC 028
over the last 10 Kyr? Is latitudinal variation observed and does site UPC
028 display signs of mid-Holocene warming?

This study aimed to produce a palaeoceanographic record using planktonic
foraminifera and sedimentary analysis to document BMC migratory shifts over
the Holocene; a period of time when atmospheric and oceanographic systems
were responding to the deglaciation following the Last Glacial Maximum
(Ruhlemann et al., 1999; Bond et al., 2001; Moy et al., 2002; Debret et al., 2009;
Voigt et al., 2015; Santos et al., 2017). Building on the work presented in chapter
four which established the modern ecological and oceanographic setting for UPC
028, the variation visible within the record implies shifts from a system dominated
by the BC in the present-day. Assemblages derived from UPC 028 cover the last
10 ka, encompassing the majority of the Holocene, and providing a <200-year
resolution, enabling identification of phases of change in the thermal and nutrient
qualities of overlying water masses. This was evident in the species abundances,
in addition to planktonic foraminiferal stable isotopes of four species indicative of
distinct water column depths, and the ITRAX XRF core scanning semi-
quantitative elemental ratios. Combined, a high-resolution reconstruction of the
Uruguayan margin documenting the temporal record of BMC latitudinal migration
is provided, with supporting literature and studies to understand the complex
mechanisms behind this oceanographic confluence.

The prevailing signal throughout the early and mid-Holocene involves increases
in warm water favouring species, and the corresponding decline in cold water
representatives. Simultaneous with this eco-group change is the transition from
species with eutrophic preferences to an increasing number of oligotrophs, likely
sourced from the BC, a sub-/tropical water mass known to be nutrient depleted.
This suggests the BMC migrated southward, decreasing the influence of MC
waters across seasons, in response to SWWB constrictions to higher latitudes,
driven by SST meridional gradients and orbital forcing in insolation values (Varma
et al., 2012; Voigt et al., 2015). Interrupting this trend is a brief cooling event
surrounding 8.2 ka, and evidenced in the assemblage and isotope data. This
event sees a dip in the warm eco-group relative assemblages and a jump in cold

representatives, alongside spikes in foraminiferal and ITRAX productivity metrics.
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The short-term nature of the event means single specimen stable isotope data
brackets the event, this is a limitation for quantifying the scale of change before

pre-event warming and nutrient decline resumes.

- Do single specimen stable isotopes and assemblage records suggest
changes in BMC mixing over the Holocene?

Midway through the mid-Holocene (from ~6.0 ka) a marked shift occurs in a
number of proxies, including a sustained increase in the transitional eco-group,
divergence of surface species 8'80 values, changes in surface dweller §'3C
values, and spikes in ITRAX productivity metrics. These changes reflect greater
dynamism in the BMC confluence, likely in response to increasing ENSO
conditions altering atmospheric conditions and impacting the ocean circulation
(Moy et al., 2002; Voigt et al., 2015; Gu et al., 2018c). This leads to greater
variability on the margin, with mixing establishing more mesotrophic conditions
and a greater involvement of cooler MC waters annually (Gu et al., 2018c). The
clearest evidence for greater mixing within the UPC 028 record is the rise of the
mesotrophic Gc. inflata, driving the transitional surge, and a broader range of Gs.
ruber white and N. pachyderma &'80 ranges, implying presence of BC and MC
waters. This establishes a new state for site UPC 028 on the margin with the core
of the BMC likely remaining to the south of the site, having reached its furthest
extent around 6.0 ka, however greater dynamism results in more vigorous BMC
movements, exposing the site to both BC and MC conditions as seen in the
assemblage and isotope data.

An example of this movement is the late Holocene northward BMC migration (2.3-
1.0 ka), in which warm water eco-groups dip in favour of colder species, and
nutrient levels seemingly increase across the interval. At other western South
American margin sites this trend has been tied to a weakening BC, related to
shifts in thermohaline circulation, or to changes in meridional temperature
gradients impacting the average SWWB location (Chiessi et al., 2014; Voigt et
al., 2015; Gu et al., 2018c). Both of these scenarios have the potential to cause
northward BMC migration, influencing the planktonic foraminiferal eco-groups.
Coincident with this BMC migration are significant peaks in the number of ENSO
events, this would alter SST meridional gradients, as has been seen during
modern ENSO events, potentially impacting BMC movement (Moy et al., 2002;
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Barreiro et al., 2002; Minnich and Neelin, 2005; Chiessi et al., 2014; Gu et al.,
2018c).

The remaining 1.0 Ky of the record sees a poleward migration of the BMC toward

the present location. A number of proxies detail this with a reversal of the cold

and warm eco-groups, signifying warming, and a drop in nutrient rich conditions

as seen in the Gg. bulloides:Gs ruber white ratio. This also fits with surrounding

studies suggesting predominantly poleward migration over the last millennium,
linked to the SWWB migrating southward (Lamy et al., 2010; Varma et al., 2012;
Kilian and Lamy, 2012; Bender et al., 2013; Voigt et al., 2013; Voigt et al., 2015;
Gu et al., 2018c; Pereira et al., 2018).

5.5.1 Key take away messages

Site UPC 028 documents a number of proxies that largely concur on
latitudinal migration of the BMC. This is summarised by a southward shift
of the confluence over the majority of the early and mid-Holocene,
established through a weakening of the SWWB, and leading to warming
and decreasing eutrophic conditions as BC begins to dominate.

This dominance of the BC is broken by a short-term cooling event between
8.4-8.0 ka in which cold eco-groups dominate, isotopes shift to more
eutrophic conditions and carbonate production seemingly increases. This
brief event sees more MC influence, and is likely triggered by freshwater
entering the North Atlantic.

The maximum southward extent of the BMC is reached during the mid-
Holocene (~6.0 ka) where establishment of ENSO conditions in the Pacific
drive atmospheric and oceanographic processes to enable greater
dynamism on the margin. From this point onward, greater mixing occurs
between BC and MC currents over Site UPC 028, favouring the
establishment of transitional eco-groups and a mesotrophic system.

Late Holocene is characterised by a continuation of mid-Holocene trends
until a cooling interval between 2.3-1.0 ka, with a northward shift of the
BMC potentially linked to a weakening of the BC and/or SST gradients
influencing the SWWB annual position northward. This is evidenced in
isotope records, an increase in cold eco-groups and a potential shift back
to more eutrophic records recorded by the Gg. bulloides:Gs. ruber white

ratio.
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- Establishment of modern conditions occurs after 1.0 ka with a slight
southward migration of the BMC to the present location, visible in the
reversal of cold eco-groups in favour of warmer species, the return to more

mesotrophic conditions and stable isotope shifts.

5.5.2 Limitations and further work

As with the previous chapter there are aspects to this study that require reflection
and should be considered as areas for future focus. A number of constraints have
restricted the level of analysis available to this study, in large part due to the time
to conduct additional analyses and the Coronavirus Pandemic delaying

subsequent work.

This study benefited from the acquisition of five preliminary radiocarbon dates,
enabling dating of the core and interpolation of intervening samples. Additional
radiocarbon dating would help better constrain some of the proxies, particularly
concerning the timing of the three significant events: The 8.2 ka cooling period at
the end of the early Holocene, the onset of Mesotrophic conditions and
excursions of Ca/Ti and S/Ti ratios during the mid-Holocene, and the late
Holocene cooling event between 2.3-1.0 ka. Future work would aim to not only
better constrain the dating on these events, but also the extent of excursion from
the background. This would ideally be achieved through increasing the resolution
of the stable isotope record, both in terms of number of samples but also the
number of analyses per interval, to approach that of the assemblage data. This
would enable a greater confidence in the trends between samples and better
identification of outliers/potential analytical error.

Uncertainty surrounds the nature of the large Ca/Ti and S/Ti excursions found in
the mid-Holocene, post ENSO intensification. There is the potential that these
reflect deposition of organic material, however this study lacks the ability to
discern with certainty whether this is the case. Employing TOC analyses on fresh
samples from within this region may aid in answering this question. This was not
initially considered due to delay in ITRAX scanning the archived cores, resulting
in samples being washed, processed and assemblage analysis started. Future
work could also encompass analysis of the sediment composition, measuring silt,
clay and sand content to determine sediment sourcing to UPC 028. This would

help determine whether the site is completely under the influence of the marine
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system throughout geological history, or with terrestrial climate regime shifts,
sees greater fluvial input.

Samples from two additional cores are washed and processed for subsequent
planktonic foraminiferal investigations at the University of Leeds. Provided
suitable dating was available, these records could expand the understanding of
Uruguayan margin processes spatially, as well as temporally. A benthic
foraminiferal and contourite study, conducted by Cian McGuire as part of his PhD
thesis, found cores within the collection had the capability to extend records back
into the late Pleistocene. Through exploitation of samples already present at the
University of Leeds, or housed within the BOSCORF repository in Southampton,
there is the potential to obtain palaeoceanographic and palaeoclimatic
reconstructions across Last Glacial Maximum, within an unstudied portion of the

world’s oceans.
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Chapter 6 Discerning the impact of calcite encrustation on Gc.
inflata isotopic and morphological signatures with respect to

Brazilian- Malvinas Confluence migration

6.1 Background and Aims:

Across the western South Atlantic margin, a number of records comprising
Globoconella inflata isotopes have been published (Chiessi et al., 2007; Morard
et al., 2011; Voigt et al., 2015; Morard et al., 2016; Jonkers et al., 2021). Gc.
inflata is a widely utilised oceanographic tracer, in part due to its high fossilisation
potential, but particularly as a tracer of fronts (Schiebel and Hemleben, 2017).
Thus, interest in the species analysing its morphotype variation, cause of
encrustation and impact the on 8'80 records has increased in recent years
(Morard et al., 2011; Morard et al., 2016; Rebotim et al., 2019; Jonkers et al.,
2021).

Amongst them several have observed the roughly 2 %. 8'®Ovrpg) offset across
the Brazil-Malvinas Confluence (BMC), first presented in Chiessi et al., (2007).
More recent authors have correlated this with Gc. inflata genotype population
and/or encrustation differences, across the confluence (Morard et al., 2011;
Morard et al., 2016; Jonkers et al., 2021). The differing genotypes were first
described in Morard et al., 2011, whom used DNA sequencing to delinate the two
cryptospecies and suggested morphological differences in size of the terminal
chamber. Later Morard et al., 2016 applied these differences in morphotype
character, which whilst subtle are observable using light microscopy, to attempt
to trace oceanographic boundaries (Morard et al., 2011; Jonkers et al., 2021).
Two main morphological types are identified; Type | specimens are generally
larger, with larger apertures, whilst Type Il are more diminutive with a smaller
aperture compared to the size of the final chamber (Figure 6.1-1) (Jonkers et al.,
2021).
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Unclassified

TYRE I

Figure 6.1-1 Light microscopy images of the two Gc. inflata morphotypes found in the
Southern Atlantic, taken from site GeoB13862-1 as part of the Jonkers et al., 2021 study.
Type | individuals have a larger aperture relative to final chamber size than Type Il
individuals. Classification of morphotype is difficult, with the previous study finding
difficulties classifying all morphotypes (Jonkers et al., 2021). Scale bar is 100 pm.

Previous studies have suggested the distributions of the two morphotype
populations of Gc. inflata are allopatric, isolated and separated from one another,
by the BMC (Morard et al., 2011; Morard et al., 2013; Morard et al., 2016). This
is expressed with the more widely distributed Type | found in both hemispheres
of the Pacific, Indian and Atlantic Oceans (Morard et al., 2011). Type Il, by
comparison is much more restricted, being confined to the Southern Hemisphere,
and specifically Polar and Sub-Polar water masses (Morard et al., 2011). Margin
plankton tow and core top data have suggested a link between these two
morphotypes and investigated 580 values from the foraminiferal tests (Morard
et al., 2016). Type | display lower &'8Orps) (warmer) values north of the BMC
and Type Il have higher 8'8Orpg) values (colder) south of the BMC (Chiessi et
al., 2007; Morard et al., 2016) (Figure 6.1-2). Morard et al., (2016) utilised this
relationship and historical isotopic data from three cores straddling the BMC
(Voigt et al., 2015) to construct a model defining likely morphotypes, attempting
to track population shifts along the western South Atlantic margin, and infer
migration of the BMC through time (Morard et al., 2016) (Figure 6.1-2). The
results of this present study fill a gap in previous transects, and unlike previous
studies, the high spatial density enables assessment of isotopic variation within
a region that experiences BMC conditions (Chiessi et al., 2007; Morard et al.,
2011; Voigt et al., 2015; Morard et al., 2016; Piola and Matano, 2019).
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Figure 6.1-2 A) Location of stations utilised in Morard et al., (2016), core top data originally
from Chiessi et al., (2007) (circles), downcore samples from Voigt et al., (2015) (stars), black
stations were not considered in this study. Background colour is mean annual SST from
Locarnini et al., (2013). Red symbols: Type | exclusivity, blue symbols: Type Il exclusivity,
grey symbols: Type | and Type Il present. Yellow star is UPC 028, this study. Black arrows
represent main surface currents. B) SST variability plotted against latitude for austral
summer (January) and winter (July), shading reflects monthly average SSTs derived from
the World Ocean Atlas 2013 on a 0.25° grid, a smoothed averaged curve is presented
(Morard et al., 2016). C) Chiessi et al., (2007) Gc. inflata §'®O(rpg) values, dashed lines are
the sample latitudinal range recovered in this study. D) This study’s region, inset of the
grey box in panel A. Yellow circles denote sites where new core top Gc. inflata 5'®0Orpg)
data was acquired, yellow star is site UPC 028 where downcore Gc. inflata 5'®0rpg) data
was also acquired. Panels A, B and C are modified from Morard et al., (2016). Bathymetric
data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.

Variable BMC position has been observed with migration of the front occurring
on seasonal time-frames, and wider movement of the migration zone suggested
over longer inter-annual, decadal and geological timescales (Olson et al., 1988;
Voigt et al., 2015; Gu et al., 2018; Piola and Matano, 2019, Chapters 4 and 5
herein). This migration is typically thought to result from changes in wind stress
curl dictating relative transport strength of the two currents, with the BC
strengthening in summer months pushing the confluence to its southern extent
and retreating north during winter months (Olson et al., 1988; Piola and Matano,
2019). Changes to these winds, and regional oceanography, over longer periods
of time are thought to influence BMC position though the geological record (Voigt
et al., 2015, Chapters 4 and 5 herein). Within the core top samples this seasonal
BMC migration will impact the morphotype occurrences present in overlying water
masses, and thus the assemblage composition at each site inside the migration
zone (Morard et al., 2013; Morard et al., 2016). With the age of core tops
estimated to represent ~30 years based on radiocarbon dating, grouped samples
are likely to incorporate individuals from multiple migrations, thus single specimen

analysis enables high fidelity analysis of isotopic values and morphotypes.

Jonkers et al., (2021) assessed the impact of encrustation and morphotype
variation on stable isotope values within plankton tow and sediment samples.
Encrustation of Gc. inflata is a commonly observed phenomena, with adult
specimens showing pustules coalescing during ontogeny to form a calcite crust
covering the underlying lamellar calcite (Schiebel and Hemleben, 2017; Rebotim
et al., 2019; Jonkers et al., 2021). Crust formation, when present, alters the test
appearance with a smooth shiny cortex enveloping pustules and pores,
smoothing the test surface and forming a diagnostic feature in identifying Gc.

inflata from other globorotaliids (Schiebel and Hemleben, 2017; Jonkers et al.,
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2021). The trigger for crust development is still unclear, with encrusted specimens
present in surface and sub-surface waters, implying water depth migration and
temperature do not instigate encrustation (Rebotim et al., 2019; Jonkers et al.,
2021). The aim of their study was to ascertain whether either morphotypes or
encrustation impacted §'80, 8'3C and Mg/Ca measurements from the western
South Atlantic margin. Jonkers et al., (2021) previously analysed encrustation
impact on 5'®0 and &'3C, finding minimal 5'80 variation between encrusted and
non-encrusted forms at sites under the exclusive influence of BC or MC water
masses. However, 5'80 variation between encrusted and non-encrusted forms
increased at sites within the confluence zone (Jonkers et al., 2021). From multi-
specimen data, broad 8'0 ranges within the confluence develop between
encrusted and non-encrusted samples, seemingly the result of wider seasonal
BMC thermal ranges (Jonkers et al., 2021). A broad range of 3'3C values is
maintained regardless of encrustation state or geographical locale, suggesting
this factor is not impacted by encrustation (Jonkers et al., 2021). In this chapter |
aim to assess whether encrustation plays a role, both spatially and temporally, in
the isotopic and morphological variation of Gc. inflata on the Uruguayan margin.
This study will employ the isotopic-morphotype relationship of Morard et al.,
(2016) to discern whether spatial and temporal patterns are present within

encrustation classifications.

The chapter plans to build on the aforementioned studies in a number of ways.
Firstly, this study will make use of novel single specimen Gc. inflata isotope
measurements, a technique unavailable to previous studies for 8’80 and &'3C
measurements. This enables individual foraminifers to be assigned to
morphotype through inferred 8'80O ranges, permitting this chapter to assess
whether Type | or Type Il specimens show spatial or temporal variations on the
margin. Secondly, individual foraminifera will be classified based on the level of
encrustation, following Jonkers et al.,, (2021) recommendations for visual
inspection and categorisation. This will enable Gc. inflata spatial and temporal
encrustation distributions to be determined and observe whether level of
encrustation is variable in space and time. Combined this will facilitate variation
in encrustation and isotopic values, of this palaeoceanographically important
species, to be constrained spatially in the modern, and enable assessment of this
species to trace BMC migration temporally over the Holocene.
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6.1.1 Aims and research questions:

- To apply the isotope-morphotype relationship of Morard et al. (2016) to
assess the spatial and temporal occurrences of Type | and Type Il Gc.

inflata across the BMC.

How is the isotope-morphotype relationship of Ge. inflata, highlighted in previous
work, expressed in the spatial and temporal distributions of Type | and Type I
individuals across the BMC?

- To quantify the encrustation types of Gc. inflata (Jonkers et al., 2021) to
assess the spatial and temporal occurrences of encrustation type across
the BMC.

Do Gec. inflata encrustation classifications exhibit spatial and temporal variations
over the BMC?

- To assess whether the encrustation impacts on Gc. inflata 'O values as
indicated by Jonkers, et al. (2021) are still present when using single
specimen analyses rather than multiple specimen analyses.

Through use of single specimen isotopic analyses, are 8'80 values impacted by

encrustation state on the Uruguayan margin?
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6.2 Materials and methods

6.2.1 Samples and Gc. inflata Encrustation Assessment

Fifteen core top samples (Table 6.2-1) (Figure 6.2-1) in addition to seventeen
down core samples from core UPC 028 (Table 6.2-2), utilised in Chapter Four
and Five, had individual Gc. inflata tests picked and cleaned for isotope analysis
following methods outlined in Chapter 3. Prior to isotope analysis these
specimens were visually inspected using a Zeiss Stemi 305 binocular reflected
light microscope and classified based on the level of visual encrustation into four
categories: non-encrusted (A), minor encrustation (B), moderate encrustation (C)
and heavy encrustation (D). This was done following Jonkers et al., (2021),

relating to the preservation of spines and pores on the test surface.

Non-encrusted specimens showed the highest preservation of such features,
whilst heavily encrusted specimens had developed a smooth cortex, with the loss
of detailed test wall features. An example of this gradient is extracted from
Jonkers et al., (2021) in Figure-6.2-2, the light microscopy images were used for
direct comparison and classification of specimens. Additional Gc. inflata
specimens that were utilised for Radiocarbon analysis prior to encrustation
classification, were categorised as Unknown (U) and numbered seven

individuals.

Table 6.2-1 List of samples available for spatial assessment of Gc. inflata morphotypes
and encrustation levels on the Uruguayan margin.

Site Latitude (°) Longitude (°) Depth (m) Number of specimens
UPC 001 -36.92 -53.41 -2053.05 5
UPC 022 -36.46 -52.88 -2027.53 5
UPC 023 -36.39 -52.82 -2046.34 9
UPC 028 -36.15 -52.46 -2353.00 9
UPC 033 -36.60 -52.90 -2582.33 5
UPC 053 -36.54 -53.02 -2115.24 7
UPC 058 -36.73 -53.21 -2255.28 5
UPC 063 -36.54 -53.17 -1255.00 5
UPC 066 -36.55 -53.18 -1257.00 5
UPC 081 -36.83 -53.32 -1895.64 5
UPC 093 -36.32 -52.58 -2572.48 8
UPC 122 -36.50 -53.21 -1154.19 5
UPC 141 -36.70 -53.04 -2431.08 5
UPC 142 -36.76 -52.98 -2682.11 5
UPC 145 -36.49 -52.98 -1595.39 8

Total 91

199



Table 6.2-2 Samples from which isotopic measurements were acquired down core, with
associated depth and age. All specimens were classified for encrustation prior to analysis.

Site Depth in Core (cm) | Calibrated Age (cal BP) Number of Specimens
UPC 028 0-2 0 9
UPC 028 41-43 548.6 5
UPC 028 83-85 1110.6 5
UPC 028 118-120 1727.3 5
UPC 028 148-150 2340.7 6
UPC 028 176-178 2913.3 6
UPC 028 254-256 4390.5 5
UPC 028 282-284 4905.9 5
UPC 028 303-305 5292.5 4
UPC 028 324-326 5803.7 6
UPC 028 347-349 6433.7 6
UPC 028 361-363 6815.3 3
UPC 028 382-384 7390.1 5
UPC 028 396-398 7772.2 5
UPC 028 422-424 8419.5 6
UPC 028 447-449 9029.8 6
UPC 028 467-469 9518.3 5
UPC 028 482-484 9884.5 5
Total 97
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Figure 6.2-1 Spatial distribution of core topes from which Gc. inflata specimens were
obtained for encrustation classification and stable isotope analysis on the margin.
Bathymetric data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.
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Figure-6.2-2 SEM and light microscopy images of Gc. inflata from Jonkers et al., (2021),
used for classification of encrustation. Several degrees of encrustation are classified as
follows: (A) Non-encrusted, (B) minor, (C) moderate and (D) heavy encrustation. Images
display the same specimen in two views for light microscopy, an SEM image and a SEM
magnification of the test wall. Scale bars are 100 pm for the full specimens, SEM and light
microscopy, and 10 pm for details of the test wall ultrastructure (Jonkers et al., 2021).
Preservation of this study was found to be similar to the images presented here, hence the
A-D classifications were utilised.

6.2.2 5'%0 and &'3C isotopes

Single specimen Gc. inflata stable isotope data (580 and &'3C) was generated
on an Elementar Isoprime 100 with Dual Inlet and Multicarb sample preparation
device in the Cohen Laboratories, at the University of Leeds. Samples were
calibrated relative to Carrara Marble calcite standard (Elemental Microanalysis —
B2214) and data was reported to the Vienna Pee Dee Belemnite (V-PDB) scale.
Repeatability of standards is generally better than 0.05%. (1 S.D) for 3'*C and
0.1%o (1 S.D) for 5'80. See Chapter 3 for further information on isotope methods.

6.2.3 Morphometric and Isotopic classification

Two morphotypes of Gc. inflata are able to be distinguished from one another
under light microscopy based on the relative size of the aperture to the final
chamber size (Figure 6.1-1) (Morard et al., 2011; Jonkers et al., 2021). Type |
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typically display a large aperture relative to the final chamber and are normally
larger, compared to Type |l specimens, that are more diminutive in overall test
size and feature a smaller aperture relative to the final chamber (Morard et al.,
2011; Morard et al., 2016; Jonkers et al., 2021). Figure 6.2-3 provides some
historical data collected by Morard et al., 2011 that aims to depict the observable
differences in morphotypes, chiefly through size (Specimen Major Axis) and the

ratio between the aperture and terminal chamber.
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Figure 6.2-3 Previous morphometric work by Morard et al., 2011 is displayed. Plot A shows
306 specimens classified by geographic position when sample was taken. Those collected
by cruise AMT-5 above the Sub-Polar front were given a Type | classification, whilst those
below the front were categorised as Type Il. This is a Log-Log Biplot of aperture/terminal
ratio vs. specimen major axis with illustrations provided for aperture/terminal chamber
ratio. The grey dashed line depicts the boundary of maximum separation between the two
genotypes. Plot B are histograms and Gaussian kernel densities showing the log-ratio
between aperture/terminal chamber length and specimen major axis, alongside SEM
images of two example morphotypes. This figure and caption are taken/modified from
Morard et al., 2011 to show the potential overlap in size ranges between morphotpyes.

In the absence of direct morphological measurement studies have utilised isotope
measurements to classify individuals into the two morphotypes. This is based on
past western South Atlantic margin transects of core tops and plankton tows that
indicate the two morphotypes are offset in §'80 values, due to contrasting water
masses occupied (Chiessi et al., 2007; Morard et al., 2016). The reported mean
5'80vrpB) values for Type | range between 0.61 to 1.70 %o and Type Il mean
values between 2.33 to 3.06 %o (Morard et al., 2016). This provides a tool to
estimate a specimens morphotype, when test morphological analysis is not
possible. Although this method is not necessarily definitive it may enable

extraction of morphotype in this oceanographically mixed setting.

Individual specimens were to be imaged prior to isotope analysis, in both lateral
and umbilical views, using a Zeiss Axio Zoom V16 microscope with attached

Cannon EOS 100D camera at 19.4x magnification. A minimum of 25 individuals
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of foraminifera would have been imaged for robust statistical analysis in addition
to isotopic analysis (Brombacher et al., 2017). Images would then subsequently
be analysed using ImagePro Premier software. Collecting measurements on test
area, perimeter, length of major axis in edge view, aspect ratio, aperture size and
terminal chamber major axes, with the latter two measurements key in providing
metrics for morphotype classification. Due to the COVID19 pandemic reducing
laboratory time and access, this portion of the methods was unable to be utilised,
with constraints requiring a more expedient process for data collection for
previous chapters. As such only the visual encrustation classification of Gce. inflata
tests was feasible, prior to the reduced single specimen isotopic analysis.

6.2.4 Statistical Analysis

K-means clustering was performed on the extracted stable isotope data to
statistically assess clustering relationships of Gc. inflata data. This was
completed within the R statistical software, using the cluster and clValid packages
for the analysis. For k-means cluster analysis the number of clusters must be
preset to determine association of data points to individual clusters. In order to
establish the optimal cluster number, the NbClust R package was used,
comparing results of 26 indices. This analysis was set between 2-15 clusters to
determine the minimal number of clusters each index recommended. The same
starting point for the iterative cluster analysis was used, enabling results to be
repeated, with 50 iterations run to ensure reliability of the clusters produced.
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6.3 Results

6.3.1 Stable Isotope data

Single specimen stable isotope analysis was conducted on 179 Gc. inflata tests.
This was comprised of a spatial dataset of 91 individual measurements
encompassing a transect running SW-NE, sampling a range of water depth from
~1200-2700 meters below sea level (Figure 6.2-1); and a temporal dataset of 97
individuals collected to assess variation in stable isotopes at a single site. This
was conducted on samples from site UPC 028, for which new radiocarbon dating
was available from analyses in Chapter 5 (this study), providing a record over the
last ~10 Ky, with a resolution of less than 600 years. The 5'80eps) and 3'3C(veps)
data is displayed in Figure 6.3-1, with data tagged to indicate whether present in
the core top (CT), downcore (DC) or both datasets. It is clear there is significant
overlap between the core top and downcore data, with a split in the 8'80Orpg)

values at ~2.00 %o.
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Figure 6.3-1 Stable isotope data from the spatial core top study (CT, green) on the margin
and downcore temporal UPC 028 study (DC, purple), with UPC 028 core top data present
in both studies highlighted (Both, yellow).
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6.3.2 Density distribution plots and morphotype allocation

0.6
1.0
0.4
i 0.5
0.0 um— R 1) ] 0.0 | [ L A0 A N 111
4 3 2 1 0 -1 0 1 2
0.6
1.51
> 0.41
7 101
C
[
o
0.2
0.51
0.0 11T 1 T 0.01 T CUC COC L0 T ot
0.61
1.51
0.41
1.01
0.2
0.51
001 ; 1T 1711 ~_| 0.0 - |
4 3 2 1 0 -1 0.0 0.5 1.0 1.5 2.0 2.5
18 13
3 “O(vrpB) (%) 3 “CvroB) (%o)
All CT DC

Figure 6.3-2 Density distributions of all Gc. inflata results from core top and downcore
samples (yellow), black tick marks indicate individual data. §'®Owrpe) data displays
bimodal peaks, the largest centred on ~2.8 %., whilst the smaller, broader peak is centred
on ~1 %.. Two peaks suggest two populations within the 5'80 data. §'3C(vroe) data displays
one large peak at ~1.6 %o, and the majority of results fall between 1-2 %, §'*C(vrpg). Core top
(CT, green) vs. downcore (DC, purple) stable isotope data distribution, x-axis tick marks
identify individual data. Bimodal &'®0O(rpe) nature is preserved in both CT and DC. CT
8'3C(vepB) data produces a broad unimodal peak with a skew toward higher values, DC data
suggests a minor bimodal distribution.

Density distribution plots are produced for §'80 and &'3C isotopes, showing the
range of values recorded on the margin and the potential clustering of isotope
values. The results of this are displayed in Figure 6.3-2. The 8'®Opps) data

displays two peaks, broadly similar in size, with the larger and slightly narrower
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peak centred ~2.8 %o, and the second broader and shorter peak centred on
~1.0 %o. These bimodal peaks suggest two populations in the 580 data. The 8'3C
data does not replicate the two peaks seen in the 580 dataset, instead a single
broader peak between 1-2 %o 5'*Cvrog) is displayed, roughly centred on 1.6 %o
5"3C(vrpe). There is a larger tail <1 %o, creating a slope from the peak, this is not
recreated on the >2 %o portion of the data, which shows a sharper slope from the
peak. The lack of bimodality within the &'3C data implies continuity across this
data set, with the previously observed clustering being driven by the 'O isotope
data. These trends in the 3'0 and 3'3C data remain when categorised into core
top and downcore samples, with the twin peaks clearly visible in the §'80 data
and broad single peak for the 8'3C data (Figure 6.3-2). The distributions of stable
isotope values are consistent between the modern core top records and the
temporal record of UPC 028, over the last ~10 ka.

6.3.3 K-means clustering analysis
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Figure 6.3-3 K-means cluster analysis for Gc. inflata when all data are incorporated. Two
clusters were used for the analysis based on NbClust assessment (see inset). Clusters
derived appear to be divided based on &'®O(wrps) as the principal factor. Cluster 1
predominantly falls <1.70 %o 5'®Owrpe) whilst Cluster 2 predominantly lies >2.33 %o
5'80vrps) aligning with Morard et al., (2016).

206



K-means cluster analysis was utilised to mathematically delineate groupings, with
two clusters calculated to be the best fit for the data, based on 26 indices
(Methods 3.2.4) (Figure 6.3-3). Comparison between Figure 6.3-1 and Figure
6.3-3 identifies presence of both clusters in the core top and downcore record.

Cluster 1 features all specimens with values with <2 %o 8'®Ovppg) values and a
large variation in 8'3C(rpg) values, with a range of ~0.11-2.26 %o &'3C(veps)
(Figure 6.3-3). Cluster 2 meanwhile is comprised of individuals with 8'80rpg)
values >2 %o and a range of 5'3*Cvrpg) values between ~0.65-1.94 %o &'3C(vros)
(Figure 6.3-3). Combined with the density distribution data this further suggests
the two clusters are linked to the 5'®Orps) split, and may indicate an isotopic
signature between two separate morphotypes. Further comparison with Figure
6.3-4 corroborates the value of isotopic boundaries laid out in Morard et al.,
(2016).

6"Cvppg) (%)
]

0 0.5 1.5 2
0 = ' ‘ '
° °
® [
[ ]
05 +
° % o ° ® W g °
© ° . ® o © .o. . .}o .. ® o
1 .. o '... .{ o0 .. e o o
¢ ° ® w o°° ..” :..
? .. [ ) :.
2 ° ° |
<15 ° o ®o °
a °
% °
9 21 '
e}
2.5 o ¢ .. '. [ ] .;: ° 8 *
o. S ° .8.: SO . °
L Y g .‘ Y R
3+ S * S ° °
°
eTypel eUncertain eType ll
35 +

Figure 6.3-4 Gc. inflata likely morphotypes estimated based on &'®0Owerpg) limits set in
Morard et al., (2016). Compared to Figure 6.3-1 it appears both the core top and downcore
data comprise of morphotype I (Type I, <1.70 %0 5'®O(vroe)) and morphotype Il (Type I, >2.33
%o 8'80(vrpB)), two data points are ascribed as uncertain, falling between the ranges of Type
| and Type Il of Morard et al., (2016).

From previous margin studies employing multi-specimen stable isotope analysis,
only Chiessi et al., (2007) and Jonkers et al., (2021) provide both 580 and &'3C
values for samples, with Voigt et al., (2015) and Morard et al., (2016) only making
580 data available. Whilst this enables an estimate of morphotype to be inferred
following ranges in Morard et al., (2016), it limits the ability to perform cluster
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analysis. Despite this, the multi-specimen averaged data has been plotted for the
Chiessi et al., (2007) and Jonkers et al., (2021) datasets, alongside the UPC
spatial and temporal data (Figure 6.3-5). Data broadly follow trends observed in
UPC results, with two distinct groupings visible, between Type | (<1.70 %o
5'®0rpe)) and Type Il (>2.33 %o 5'8Ovrpe)), in which a minority of data fall,
implying clear isotopic separation between groupings (Figure 6.3-5).

Comparison between Figure 6.3-3 and Figure 6.3-5 see minor differences
between the positioning of the two K-means cluster results, with the slight

encroachment of cluster two.
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Figure 6.3-5 K-means cluster analysis of all Gc. inflata stable isotope data for the western
South Atlantic margin. Two clusters form, corroborating results in Figure 6.3-4. Dashed
lines indicate 5'®0Ovrps) limits for inference of Type | (<1.70 %o) and Type Il (>2.33 %), as
published in Morard et al., (2016). Inset shows results of multiple indices approach to
determine optimal number of clusters for K-means analysis. Using all UPC, Chiessi et al.,
(2007) and Jonkers et al., (2021) data.
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6.3.3.1 Spatial morphotype distribution
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Figure 6.3-6 Spatial distribution of morphotypes using §'®0(vrps) ranges from Morard et al.,
(2016) for classification. A majority of individuals are classified as Type Il (50 specimens)
versus Type | (39 specimens) with the remainder classified as Uncertain (2 individuals).
Type Il individuals predominate sites in the shallower northwest of the study area, with
increasing proportions of Type | specimens to the east of the margin. Central circle
indicates the site classification if all individual points were averaged, through this method
comparison with historical studies is possible. It is clear that a number of sites would
produce a Type U average signal, not representing individuals recovered from the site.
Bathymetric data modified from Hernandez-Molina et al., 2016 and McGuire et al., 2019.

Mapping the spatial distribution of potential morphotypes using the &'8Ovpps)
isotopic results obtained for individual tests, enables analysis geographic
patterns to be analysed (Figure 6.3-6). All sites have a minimum of five data
points with initial observations indicating the majority of sites show a mix of
morphotypes, based on the §'80vprpg) isotopes. Within the spatial core top study
39 individuals are classified as morphotype Type |, 50 individuals are classified
as Type Il, whilst two are recorded as Uncertain morphotype. Three sites feature
only one morphotype, with UPC 093 recording only Type | individuals from the
northeast of the margin, while UPC 122, the shallowest site, and UPC 141 both

featuring only Type Il specimens in the centre/southwest of the margin. The two
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individuals classified as Uncertain, with values approaching ~2 %o 8'®Ovpps), are
located in the southwest of the margin at sites UPC 001 and UPC 081
respectfully. This visualisation in Figure 6.3-6 shows a dominance of the Type Il
form in the northwest of the margin, and increasing numbers of Type | individuals
further offshore and to the east of the margin. In addition to the individual
measurements, overall site average 5'80Orpg) Were classified, displayed as the
central circle in Figure 6.3-6. This produces a number of sites with average Type
U classification despite individuals classifying as either Type | or Type Il and
should be considered when comparing with multi-specimen data (Chiessi et al.,
2007; Voigt et al., 2015; Morard et al., 2016; Jonkers et al., 2021).

6.3.3.2 Temporal morphotype distribution
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Figure 6.3-7 UPC 028 temporal single specimen &'®Orps) data for Gc. inflata, separated
isotopically into the two likely morphotypes represented. Coeval samples record
individuals of both morphotypes inferring water mass migration is common through
geological time, with the isotopic offset between populations preserved. Two samples are
identified which display only one morphotype.

Temporal variation in morphotype can be similarly described to the spatial
assessment using the 8'80Ovrpg) values of core site UPC 028. All individual data
points are classified with 56 individuals classified as Type | and 41 classified as
Type I, covering a roughly 10 ky interval (Figure 6.3-7). As with the spatial
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dataset, the temporal samples of the same age are frequently composed of both
morphotypes suggesting the site experienced both water masses. Two sample
horizons appear entirely composed of a single morphotype, circled on Figure
6.3-7.

6.3.4 Encrustation
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Figure 6.3-8 '30(vroB) and 8'3Cvros) individual Ge. inflata results categorised by degree of
encrustation, both core top and downcore data. Visually, two clusters are present, split by
580, with the grouping >2 %o §'30(vroe) dominated by more heavily encrusted individuals.

Classification of encrustation types (A-D, and U) resulted in 179 individual Gc.
inflata specimens categorised with single specimen stable isotopes acquired.
Percentages of the total collected is provided, composed of two non-encrusted
(A) class specimens (1.12 %), nine minor encrusted (B) classified individuals
(5.03 %), 48 (C) medium encrusted specimens (26.82 %), 113 heavily encrusted
(D) individuals (63.13 %), and seven (U) unknown individuals (3.91 %). The latter
U classified group were run prior to publishing of papers investigating
encrustation classification. Core top samples comprise 91 individual paired
measurements, with 88 downcore samples from UPC 028, providing 97
measurements for temporal assessment. Data is categorised by encrustation and
displayed in Figure 6.3-8 showing the spread of 8'80Orpg) and 8'3C(vrps) values,
with category D dominating individuals >2 %o 5'®Ovros). All Gc. inflata data were
visually categorised for encrustation type following methodology of Jonkers et al.,

(2021) as discussed above. Distributions are visualised in Figure 6.3-9.
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6.3.4.1 Density Distributions of encrustation types
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Figure 6.3-9 Stable isotope value distributions categorised for encrustation level following
Jonkers et al., (2021) scheme. Plot features all recorded Gc. inflata values obtained by this
study. Note encrustation level A (non-encrustation) features only two representatives,
whilst D (heavily encrusted individuals) accounts for 113 individuals.

Relatively few non-encrusted (A) individuals are available, resulting in a twin pair
of peaks in the "0 and &'3C data. 5'80Ovrog) values report a tight range between
0.61-0.84 %o, whilst the 8'3C(vrog) range is slightly broader between 0.38-0.71 %o.
Minorly encrusted (B) individuals produce a single flatter peak for both 50 and
8"3C. The range of 5'®0Qrps) values is 0.20-2.60 %o, with the majority of values
falling <2 %.. Minor encrusted &'*C(vrog) values fall between 0.11-1.55 %o, with
the slight peak located at approximately 1.40 %o.

Moderately encrusted (C) individuals show two peaks in the 5'8Oeps) data, with
the larger peak centred at ~1.0 %o with a range of ~0.32-1.51 %o, the second,
more subdued peak is centred 2.70 %o with a range of 2.44-2.96 %o (Figure 6.3-9).
One individual falls between these two obvious peaks at ~1.96 8'80Ovpps) %0 and
is not easily prescribed into either grouping. For the 8'*Crps) data a single,
normally distributed peak is visible centred at ~1.42 %., with a broad range of

0.65-1.99 %o largely consistent with peaks (Figure 6.3-2).
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Majorly encrusted (D) individuals are by far the most numerous grouping,
showing two peaks in the 5'8Ovrpg) data similar to C (Figure 6.3-9). Unlike the C
grouping however, the heavier 5'®Oppg) grouping is more numerous with 75
individuals forming a peak centred on ~2.74 %o, with a range of 2.37-3.22 %.. The
smaller peak centres on ~1.02 %o, with a range of 0.21-1.69 %0 and comprises of
38 individual measurements, producing two populations in 30 space. For
5'3Cvrpp) a single large peak is produced, which skews to the right, toward higher
8'3C values. The peak is centred at ~1.70 %o, with a range of 3'3C(vrpg) values
encompassing 0.51-2.26 %.. The U encrustation grouping shows two peaks in the
5'80(vrpe) data, with the main peak centred at ~1.11 %o, total data range is
relatively compact (1.00-1.55 %o). 8'*C(vppg) data by comparison forms a broader
peak with a range of 0.86-1.50 %o (Figure 6.3-9).

Density plots accounting for encrustation level, splitting data into core top
samples or downcore samples enabled interrogation of data in a spatial and
temporal sense to observe whether the stable isotopic trends were present
(Figure 6.3-10). In both instances category A does not feature enough individuals
to plot, whilst only the downcore dataset has enough U categorised individuals
for them to be included.

Overall, plots produced for core top individuals classified by encrustation (Figure
6.3-10) produce largely similar profiles to when all data was plotted (Figure 6.3-9).
Category B shows a single broad peak for both 88O rpg) and &'3Cvrps) values,
with slight right skews to lower 5'Owrps) and higher 3"Crps) values
respectively. Twin peaks in category C 5'80Orpg) values remains, with a greater
number of individuals at <1.7 %o. 8'3C(vrps) values show a similar single peak to
category B, albeit with a slight left skew to lower &'*C(vrpg) values. Category D
also shows broadly similar bimodal peaks to all Ge. inflata 5'8Ovprpg) data, with a
skew to higher 5'80(vrpg) values. 5'*Cvprps) data is bimodally distributed, with the
main mode around ~1.70 %o, and the bulk of reported values between 1.2-2.0 %eo.
The second smaller mode is ~0.8 %o with a range of ~0.5-0.94 %o 8'3C(vrpg).
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Core Top Stable Isotope Density Distributions
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Figure 6.3-10 Distribution of core top and downcore encrusted individuals for both
5'80(vroB) and 8'3C(vrpe) values. Top panels: Total number of core top specimens is 91
measurements, the individual representatives for categories A and U respectively were
removed due to too few data points for distribution plotting. Lower panels: Total number
of downcore specimens is 97 measurements, including core top measurements for site
UPC 028. The one category A representative was removed, insufficient for distributions.
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Downcore encrustation data density curves for four categories are displayed in
Figure 6.3-10. Category B sees the spread of the 5'®Ovpps) values concentrated
around ~1.00 %o, with a range of 0.60-1.17 %o, displaying a shorter range of
values than the core top record. 8'3C(vrps) data meanwhile has a bimodal peak
with the larger peak centred around ~1.40 %o and the second peak at ~0.67 %o, a
range from ~0.67-1.56 %.. Downcore category C encrustation record features
bimodal '80rps) peaks, with a smaller peak falling between ~2.40-3.00 %.. The
second larger peak spans ~0.30-1.50 %0 5'®Orpg), With the peak centring at
~1.00 %o. Downcore category C &'3Cvrpg) distributions are similar to those seen
in downcore category B data, with a slightly broader range of ~0.63-1.94 %o, the
dominant peak centres on ~1.50 %o whilst the secondary peak lies at ~0.80 %e..
Category D encrusted individuals represent the largest group in the downcore
record and form a clear set of bimodal peaks, separated from one another in
5'80vrpB) space at approximately 1.80 %o. The larger peak centres at ~2.70 %o
5'80Ovrpe), ranging from 2.37-3.07 %o, the smaller peak has a wider range,
between 0.31-1.51 %o, centred at ~0.90 %.. Compared to category B and C in the
downcore record, category D shows a more unimodal normal distribution of
8'3Cvrpp) values, ranging from ~1.06-2.13 %o and centred on ~1.55 %.. The final
category U reflects the same profiles as the overall plot in Figure 6.3-9 as all
unknown encrusted specimens originate from UPC 028.
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6.3.4.2 Spatial and temporal variation of encrustation
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Figure 6.3-11 Spatial dispersion of Gc. inflata encrustation states, higher levels of
encrustation observed in northern and northwest sections, whilst southern sites, and
those further offshore, have higher proportion of individuals with lower levels of
encrustation. Bathymetric data modified from Hernandez-Molina et al., 2016 and McGuire
et al., 2019.

Spatially mapping the categorisation of Gc. inflata data by encrustation state sees
the majority of sites dominated by heavily encrusted D individuals (Figure 6.3-11).
Few sites record individuals with no or minor (A and B) encrustation. Most sites
show variation in encrustation state, with only one site reporting a single
encrustation type. Study region sites within shallower waters and in the northwest
show greater propensity for more heavily encrusted individuals however, sites in

the southern portion of the margin show fewer heavily encrusted individuals.

Analysing the UPC 028 downcore record for encrustation classification a couple
of trends are visible (Figure 6.3-12). Firstly, samples of the same age frequently
contain individuals of multiple encrustation types, with Category D the most
common. Individuals >2 %o 5'8Orpe) are pre-dominantly heavily encrusted, with

a subset of individuals categorised as medium encrusted, and no individuals
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showing no or minor encrustation. The <2 %0 5'®O(vrps) dataset shows a more
varied set of classifications, with fewer relative numbers of heavily encrusted
individuals, and a higher proportion of medium encrusted individuals. Unlike the
>2 %o 8'®0(vrpB) dataset there is a small proportion of no and minor encrusted
individuals, and all of the unknown encrustation individuals. Additionally, sample
age does not appear to have an impact on encrustation state, with examples of

no, minor and medium encrustation occurring at all depths within the core.
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Figure 6.3-12 Downcore 5'80vrpg) data categorised by encrustation level. >2 %o §'®0Ovrpg)
measurements dominated by heavily (D) and medium encrusted specimens (C). <2 %o
5'80vrpB) measurements show more varied encrustation states, with higher proportions of
C and instances of minor or no encrustation. Proportion of encrustation type by sample
interval is provided.

217



6.3.5 Encrustation and Morphotype

Morphotype 8'8Oros) classifications alongside encrustation categorisations
within 8'®0 and &'3C space are displayed in Figure 6.3-13. Type | morphotypes
display a wider range of encrustation states. Proportionally, Type | is comprised
of 2.2 % category A encrusted individuals, 7.8 % of category B encrusted
specimens, 40 % of category C encrusted individuals, 42.2 % of category D
encrusted examples and 7.8 % with an Unclassified encrustation level (Figure
6.3-14). Type Il by comparison is much less cosmopolitan, composed of 1.1 %
category B individuals, 12.6 % category C specimens and dominated by 86.2 %
category D individuals (Figure 6.3-14). Two datapoints with unassigned
morphotypes from &'80 values (Type U) comprise a category B and category C

example each (Figure 6.3-14).

Category A comprises of only Type | individuals (Figure 6.3-13), B sees highest
occurrences in Type | also, with 77.8 % of individuals present and one specimen
each for Type Il and Type U. C, comprising of its 48 individual data, has 75 %
located in the lighter 8’80 cluster, whilst 22.9 % reside within the heavier 5'80
Type Il cluster, and a single specimen remains unclassified. D is by far the most
numerous category within this study at 113 individuals, and of all the categories
shows the most even distribution between the morphotypes. Type | accounts for
33.6 % of all D individuals recovered, but Type Il dominates with 66.4 % of
specimens showing heavy encrustation. The remaining seven Uncategorised
individuals are all present within Type I.
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Figure 6.3-13 5'®0vrps) and 5'3C(vrpe) plot of data categorised for assumed morphotype
based on previously published expected ranges of 5'®0rpg) (Morard et al., 2016). Circles
= Type |, squares = Type Il and triangles = Type U. Colours denote encrustation state, red
= A, no encrustation, yellow = B, minor encrustation, green = C, medium encrustation, blue
= D, heavily encrusted, black = U, encrustation unknown.
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Figure 6.3-14 Composition of each morphotype by classification of encrusted individuals.
Type Il individuals display an 86.6 % propensity for heavily encrusted individuals, twice
that of Type I. Whilst Type | is dominated by Medium (C) and Heavily (D) encrusted
individuals, the type records higher proportions of lesser encrusted and unknown

categorisations.
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6.4 Discussion

6.4.1 Previous studies

Re-circulated
Brazil Current

Legend

Core top locations

X UPC 028

© UPC Core Tops
(This Study)

® Jonkers et al 2021

© Morard et al., 2016

X* Voigt et al., 2015

® Chiessi et al., 2007

o Current (e —

Figure 6.4-1 Location of previous Gc. inflata core studies relating to BMC migration
(Chiessi et al., 2007; Voigt et al., 2015), morphotype classification (Morard et al., 2016;
Jonkers et al., 2021), and encrustation impact (Jonkers et al., 2021). Location of this study
is highlighted (Black Box, containing UPC cores) alongside broad position of regional
ocean currents (Peterson and Stramma, 1991), UPC sites lie on the southern Brazil Current
limb and is seasonally influenced by northern Malvinas Current intrusion (Chapter 4).

As previously mentioned, a number of Gc. inflata studies have been conducted
on the western South Atlantic margin (Chiessi et al., 2007; Voigt et al., 2015;
Morard et al., 2016; Jonkers et al., 2021). A majority of these sites originate from
the Chiessi et al., (2007) core top margin transect, which collected limited multi-
specimen stable isotope data, with no morphotype or encrustation classification
data (Figure 6.4-1). This data first highlighted the ~2 %o 5'80veps) offset observed
latitudinally (Chiessi et al., 2007). However, lack of morphotype and encrustation
data, combined with the multi-specimen &'80 averaging, limited the investigation
of morphotype and/or encrustation parameters on foraminiferal isotope values.

Similar constraints limit the three downcore sites where Gc. inflata 8'®0 records
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were recovered (Voigt et al., 2015), alongside a lack of published &'C records
(Figure 6.4-1).

Morphotypes were first classified in the isotopic records of Morard et al., (2016).
The authors estimated morphotype classifications on observed plankton
morphotype-isotope relationships, and through this method inference of
morphotype was made on the existing isotope data (Chiessi et al., 2007; Voigt et
al., 2015) through use of average isotope ranges (Morard et al., 2016). Isotope
ranges utilised by Morard et al., (2016) are used in the present study to estimate
morphotype in the absence of direct morphometric measurement of individual
foraminifers. See methods for stated ranges (Section 3.2.3).

Jonkers et al., (2021) utilised data from the above-mentioned studies, and was
the first study to introduce an encrustation framework to attempt to explain the
isotope offset observed at the BMC. Whilst a step forward, this study lacks a
single specimen approach that could help disentangle morphotype and/or
encrustation signals through specimen mixing. Expanding this framework to
include single-specimen data is the focus of the present work, enabling the spatial
and temporal variability of encrustation to be analysed within a spatially and
temporally dense context, within a known BMC mixing region. The distribution of
this data is displayed in Figure 6.1-2, whilst the core tops are classified by study
in Figure 6.4-1.

All of the Gc. inflata data from the western South Atlantic margin, for which both
5'80wrps) and &'3Cvrog) is available, is summarised by study in Figure 6.4-2.
From this summary plot it is clear that two clusters are principally maintained,
aligning well with results of this study. It is important to note that both the Voigt et
al., (2015) and Jonkers et al., (2021) data comprise of multi-specimen datasets,
this likely accounts for values found between the morphotype 8'®Qvpps) ranges

suggested by Morard et al., (2016).

Comparison of the cluster analysis with the literature assessing morphotypes
latitudinally, shows broad agreement for the majority of §'80 values reflecting the
expected morphotypes. The exception to this is some Type | data (29 data points
- Jonkers Type 1?) from BMC classified site GeoB13862-1, this data was visually
categorised as Type |, but produces comparatively high 'O values (Figure
6.4-3) (Jonkers et al., 2021). Type | is thought exclusive to the BC but the 5'80
values of this Jonkers Type |? grouping are more similar to Type I MC
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categorised results. The site lies to the south of this study, within the BMC, with
the other BMC site (GeoB6311-2) from Jonkers et al., (2021) seemingly not
corroborating this finding. However, the number of Type 1? individuals
GeoB13862-1 produces raises questions on origin/classification of these
specimens within the BMC and/or the reliability of morphotype inference based
on &'80 values.
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Figure 6.4-2 All available Gc. inflata 5'®0rpe) and 5'3C(vrpp) isotope data for the western
South Atlantic margin classified by study. UPC All (yellow diamonds) represents core top
and downcore isotope data from this study, Jonkers et al., (2021) data (pink squares)
comprises core top and downcore data, Chiessi et al., (2007) comprises core top only data
(black diamonds). Dashed lines denote Morard et al., (2016) §'®O(vroe) range for Type |
specimens (<1.70 %o 5'®Owrpe)) and Type Il (>2.33 %o 5'80O(rpe)), With few data falling
between, clustering is observed despite multi-specimen averaged Gc. inflata data.

Explaining the deviation of this southerly BMC site from the morphotype-isotope
relationship established by Morard et al., (2016) presents four possibilities. The
first, and most likely explanation, is a number of individuals/samples were
incorrectly categorised as Type |, resulting in a higher than expected (>1.70 %o
5'80Owrpe)) average for the multi-specimen samples. This seems particularly
plausible, as delimiting Type | and Type Il specimens from one another can a
qualitative practice. In the case of Jonkers et al., (2021) this assessment was
done “by eye” rather than using morphometric software such Image Pro Premier,
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which can quantitatively delimit morphotypes based on aperture/final chamber
size ratios, as was the intended approach of this study prior to laboratory time
restrictions being imposed. Other possibilities that should not be discounted but
that seem less likely based on the wealth of end member isotope data produced
by the single-specimen analysis of this study are: that samples were infilled at
this site altering the sample average, hence not impacting other BMC sites. A
third possibility is the isotope limits suggested by Morard et al., (2016) do not
perfectly delineate morphotypes present on the margin. A final possibility is that
within the BMC region populations are not entirely allopatric, contrary to Morard
et al., (2011), creating a narrow zone in which Type | morphotype occupies MC
waters. This last suggestion seems unlikely, but cannot be completely
disregarded without further morphotype and genotype profiling of Southern
Ocean and South Atlantic samples. Definitively determining which explanation is
most likely would require further sampling on the western South Atlantic,

benefiting from paired single specimen isotopic and morphotype measurements.
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Figure 6.4-3 Isotope inferred morphotype classifications. Chiessi et al., (2007) and results
from this study (UPC) based on &'80 values, following Morard et al., (2016) ranges. Jonkers
et al., (2021) visually categorised samples before 580 values derived. Majority of samples
align with the &'®0 values. Exception is Type 1? values which originate from core
GeoB13862-1 (grey star Figure 6.4-2), represented by empty red circles.
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6.4.2 Spatial and temporal morphometric relationships

6.4.2.1 Spatial morphometric relationships
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Figure 6.4-4 Modified figure from Morard et al., (2016). A) Spatial distribution of literature
core top Gc. inflata data from Morard et al., (2016). Red symbols represent Type |
morphotypes, blue symbols signify Type Il morphotypes, grey star indicates a mix of
morphotypes. Grey box represents this studies area. Black arrows detail main
oceanographic processes from Chiessi et al., (2007), background colour is mean annual
SST from Locarnini et al., (2013). B) Taken from Morard et al., (2016), SST variability plotted
against latitude for austral summer (January) and austral winter (July), shading
corresponds to monthly average SSTs from the World Ocean Atlas 2013 on a 0.25° grid
with a smoothed averaged curve. C) Core top §'®0O(roe) isotope results categorised for
inferred morphotype plotted for this study (transparent circles) alongside data compiled
within Morard et al., (2016) (solid circles), and Jonkers et al., (2021) (triangles). Type | (Red),
Type Il (Blue) and Type U (Yellow). Diamond symbols reflect stars in Panel A and are from
the Voigt et al., (2015) study. Black circles indicate Chiessi et al., (2007) core top data with
no morphotype classification in Morard et al., (2016). Type 1? individuals from Jonkers et
al., (2021) show higher than expected &'®0Orps) morphotype values. Dashed black lines
indicate latitudinal range of UPC core top study area.

Mapping data from published literature it is possible to broadly estimate potential
morphotypes along the western South Atlantic margin, observing 8'80 offsets
between the two genotypes of Gc. inflata (Figure 6.4-4). The latitudinal trend
down the margin previously suggested that the ~2 %o &'8Owrps) offset and
morphotype transition co-occurred in line with the BMC average position, at
approximately 38 °S (Chiessi et al., 2007; Morard et al., 2016; Piola and Matano,

2019).
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Comparing recently published multi-specimen morphotype and isotope data from
Jonkers et al., (2021), 8'80veps) data from historical studies (Chiessi et al., 2007;
Voigt et al., 2015; Morard et al., 2016), and single specimen isotope data from
this study, it appears the multi-specimen isotope values mask a broader region
that is occupied by these two morphotypes, with no statistically significant
population of isotopic “intermediates” between Type | and Type Il as shown in
Jonkers et al. (2021). This mixing of morphotypes seems likely the result of
seasonality and inter-annual variation within the BMC region (Olson et al., 1988;
Voigt et al., 2015; Piola and Matano, 2019). If this site experienced a relatively
equal exposure to both BC and MC currents hosting Gc. inflata specimens, it
could be expected that the average of a multi-specimen approach would result in
data smearing that would produce 380 values toward the middle of the Morard
et al., (2016) morphotype end member ranges, smoothing out the distinct isotopic
value ranges expressed by these two morphotypes. Analysing this on a more
local scale, results of this study show a mixed population of the two morphotypes,
with the presence of both morphotypes found in the majority of core top
assemblages. It had not been possible to quantify and map this distribution in the
previous multi-specimen analyses of populations of Gc. inflata (Chiessi et al.,

2007; Morard et al., 2016; Jonkers et al., 2021) due to isotopic data averaging.

Comparison to previous results of assemblage studies (Chapter 4) are depicted
in Figure 6.4-5. Assumed morphotype distributions largely follow trends observed
in the Warm versus Cold species, with more northern and eastern sites displaying
higher numbers of Type |, associated with BC waters, whilst the western sites
typically see the MC correlated Type Il predominate (Figure 6.4-5). Another
indicator of water mass distribution, impacting occurrence of the two
morphotypes, is number of species recorded, with higher diversity linked to
warmer water masses (Figure 6.4-5) (Kucera, 2007; Schiebel and Hemleben,
2017). Again, the eastern portion of the margin with deeper water depths, see
higher proportions of inferred Type | morphotypes present alongside increased
species richness. Similarly, higher numbers of predicted Type Il Gc. inflata
coincide with lower diversity on the western portion of the margin and in shallower
water depths. Whilst single specimen isotopes identify mixed assemblages of
morphotypes, the proportions of these morphotypes recovered align with
suggested average BMC positioning from Chapter 4. If the single-specimen data
is averaged per site there is a prevalence of intermediary values (Type U),
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obscuring the end-member variability present at individual sites (Figure 6.4-G).
Seven of fifteen stations yield a Type U value, five Type Il and the remaining three
sites a Type | result. This is despite individuals from the isotope clusters of Type
| and Il known to be present across much of the margin.

With the grouped averaged isotopic analysis a more intermediary oceanographic
picture is created, rather than the detail provided by single specimen analysis,

identifying isotopic test variability within the BMC (Morard et al., 2016).

The limited number of individuals recording 8'®Oweps) values between
1.70-2.33 %o (Type U) from UPC sites imply a lack of tests produced in a truly
transitional mixed water mass within the BMC, instead clusters predominate
either side of this range (Figure 6.4-2). Two UPC recorded instances are found
in the southwest of the margin, proximal to the potential boundary between BC
and MC waters as defined by species richness, and to a lesser extent the Warm
vs. Cold species plots (Figure 6.4-5). Whilst they may represent a true mixing
value for the BC and MC during calcification within the BMC, the fact these Type
U specimens are a marked minority suggests there are no true water mass
intermediates, with it more likely these specimens are impacted by processes

such as infilling or contamination.

To summarise, the overwhelming majority of specimens 580 values can be used
to assign specimens into morphotype Type | or Il (Morard et al., 2016), with sites
more often than not containing individuals of both inferred morphotypes. Placing
the results of this study alongside the latitudinal findings of Chiessi et al., (2007)
and Voigt et al., (2015), as displayed in Morard et al., (2016), the UPC core top
data maintains associated water mass and morphotype signatures (Figure 6.4-4).
Presence of both isotopically distinct morphotype populations at any given site
implies variable overlying water mass signatures from BMC migration over the
site to enable allopatric populations to be maintained, rather than a true

intermediary water mass signature related to intense BMC mixing.
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Figure 6.4-5 Overview of morphotype distributions according to 5'®0Orps) classification
ranges from Morard et al., (2016). Comparison with Chapter 4 assemblage mapping results
shows comparable distributions of inferred Type | with (A) higher percentages of warmer
species and (B) increased species diversity, associated with the BC. Inferred Type Il
predominance aligns with lower warm water species occurrences on the west of the
margin (A), and lower diversity of species in shallower waters (B), associated with the MC.
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6.4.2.2 Temporal morphometric relationships

As with the spatial morphometric analysis, the same inferred morphotype
classification was applied to the downcore record of UPC 028 (Figure 6.1-2,
yellow star). Previous temporal 8'®0vrpg) isotope work using Gc. inflata on the
South Atlantic margin is documented in Voigt et al., (2015) and Morard et al.,
(2016). These studies utilised three cores to display BMC migration through time,
the core locations are represented by stars in Figure 6.1-2 and Figure 6.4-1. A
northern core experiences BC conditions and a southern core MC conditions
exclusively, the intermediary core monitoring BMC migration, experiences both
water masses and is thought to comprise of mixed morphotypes (Voigt et al.,
2015; Morard et al., 2016). UPC 028 is a downcore record proximal to the Voigt
et al.,, (2015) intermediary core (GeoB13862-1). UPC 028 samples almost
exclusively infer mixed morphotype groupings, utilising single specimen analysis,
with only two samples suggesting either purely Type | or Type Il specimens, as
shown in Figure 6.3-7, inferring influence of both BMC water masses at UPC 028
through time. No Type U individuals are recorded, with all data split into either
inferred morphotype, based on Morard et al., (2016) ranges, suggesting no
intermediary mixed water mass occurs at site UPC 028 through time.

Classification of averaged GeoB13862-1 data from Voigt et al., (2015) is split into
likely morphotypes based on §'80 values, enabling comparison with UPC 028
data. One noticeable difference between the data is the narrower range of '30
values produced by the averaged isotope values in GeoB13862-1 (~2 %o
5'80(vrpB)) compared to UPC 028 (~2.75 %o 5'®Orpg)) (Figure 6.4-6). This is
explained through differing methodologies used; Voigt et al., (2015) data was
averaged over approximately ten specimens in comparison to the single
specimen methods used in this study, accordingly that data likely represents
averaging of the 880 values between the two end-member populations observed
in this study, rather than individuals that were calcifying in waters that could be

considered an intermediate “blend” of BC and MC &80 values.

Secondly, the Voigt et al., (2015) data produces a significant number of
unclassified data points (~74 instances), whilst UPC 028 has no occurrences of
Type U (mixed) individuals. This abundance of Type U data likely reflects the
averaging process rather than representing true water mass conditions. When
UPC 028 data is similarly averaged, results typically produce more moderate
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6'80 values, bringing ranges in line with GeoB13862-1 Type U and Type |
samples (Figure 6.4-6).

Higher numbers of inferred Type | individuals observed in both downcore records
is consistent with published BMC migration during the mid-Holocene, to the south
of this study region, as discussed in Chapter 5 (Voigt et al., 2015; Gu et al.,
2018c). However, the inferred morphotypes remaining mixed in the UPC 028 core
implies at least some cooler MC associated Type |l specimens arrived at the site,
even during the warmer mid-Holocene (Figure 6.4-6). This suggests that while
BMC migration moved south, MC influence was not totally removed, enabling the
populations to remain allopatric through time (Morard et al., 2011; Morard et al.,
2016).
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Figure 6.4-6 UPC 028 downcore Gc. inflata '®0wrps) data classified into inferred
morphotypes show a clear separation. Plotted alongside is the nearby downcore record of
GeoB13862-1 (Voigt et al., 2015). GeoB13862-1 record produced &'®0Owrpe) values by
averaging ten individual foraminifera per data point, results of which have been used to
obtain likely morphotype. Dashed lines denote averages for Type | (pink), Type U (yellow)
and Type Il (blue). Voigt et al., (2015) data produces significant numbers of Type U
morphotypes likely the result of averaging of data (yellow diamonds). Averaged UPC 028
samples (green dots) produce similar §'®0rps) values, suggesting Voigt et al., (2015) data
was derived from mixed morphotype populations. Solid lines are the average UPC Type |
(red) and Type Il (blue), with averages notably lower and higher respectively, than the Voigt
et al., (2015) multi-specimen averages, implying multi-specimen approaches smear the
data, likely creating more intermediary Type U values.
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Unlike the averaged data, use of single specimen analysis provides additional
complexity to the regional picture, showing clear separation between inferred
morphotypes consistently downcore, and implying no intermediary water mass
presence. Using multi-specimen data likely still enables the overall trends of BMC
migration to be observed, at sites such as UPC 028 and GeoB13862-1 across
the Holocene, through average isotope and morphotype population shifts.
However, it may present a false image of intermediary values and omits
identification of minor morphotype populations that inform on water mass
temporal variation. An ideal situation would utilise significant (>10) numbers of
visually and isotopically classified Gc. inflata morphotypes to enable morphotype
temporal dominance to be assessed, provide an average for BC (Type 1), MC
(Type 1), alongside an overall signatures per sample for comparison with past
BMC migration studies.

6.4.2.3 Mechanism for site morphotype variability

Mechanistically a number of scenarios can explain how two morphotypes may
occupy the same site spatially, yet remain allopatric and not display significant
quantities of intermediary isotope values. Figure 6.4-7 shows four scenarios
accounting for mixed morphotype site populations, whilst preserving allopatric
associations (Morard et al., 2011; Morard et al., 2013; Morard et al., 2016). The
first scenario depicted assumes both water masses have a similar sized
morphotype populations, and an even amount of time overlying the site, (Figure
6.4-7 A). In this first instance the resulting assemblage produces an even split
between morphotype and the corresponding isotopic signature. Performing
grouped analysis on Gc. inflata tests from this site produces an average value,
likely between the two populations and omits seasonal/inter-annual variation. The
second scenario (Figure 6.4-7 B) shows one current dominating for longer
periods, however the foraminiferal population size is diminished compared to the
secondary water mass, as such morphotype assemblages remain evenly split.
Using grouped specimen analysis, signatures obtained from such sites are
averaged between populations, despite experiencing one water mass condition
for longer time periods. In this scenario Gc. inflata records may differ from other
proxies, showing differing foraminiferal populations between water masses i.e. a
BC dominated situation may produce higher sub-tropical species population but
cooler Gc. inflata signals.
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Figure 6.4-7 Schematic representations of possible morphometric assemblages based on
overlying water mass dominance and relative Gc. inflata populations. Number of
foraminifera represent population size, weight of coloured arrow indicates relative
dominance of labelled water mass. Coloured chart indicates recorded assemblage
proportions. A) Equal distribution of foraminifera within water masses and equal water
mass dominance provides equal morphotype assemblage representation. B) Equal
assemblage proportions resulting from higher population in the less dominant water
mass. C) Equal dominance of competing water masses, but higher populations within one
promotes assemblage dominance of one morphotype. D) Equal foraminiferal populations
but greater dominance of one water mass produces assemblage dominated by one
morphotype. Grouped isotopic analysis and averaged results negate identification of
subsidiary populations within assemblages, smoothing over recorded complexity.

Scenario C depicts a situation where the overlying water mass is split evenly but
foraminifera populations heavily favour one water mass, leading to one
morphotype dominating assemblages (Figure 6.4-7 C). Grouped isotopic analysis
swings in favour of this morphotype, implying the site only experiences one water
mass. Single specimen analysis however, enables this smaller population to be
recognised, capturing variation otherwise omitted. The final scenario (Figure
6.4-7 D) sees comparable populations of morphotypes between water masses,
but one water mass dominates through time. In this scenario one morphotype

dominates the assemblage and thus the recorded signal, grouped analysis would
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again miss the variation of the minor morphotype component and thus the

overlying water mass variability and complexity.

Applying these four models to the spatial portion of this study suggests either
process B or D are most likely to explain the resulting core top data. The
reasoning for this is the prevailing oceanography of the region. The BMC is known
to migrate over a significant portion of the region, encompassing the study UPC
sites (Olson et al., 1988; Matano et al., 2010; Hernandez-Molina et al., 2016;
Paniagua et al., 2018; Piola and Matano, 2019). Scenarios B and D provide
examples where one current, in this case the BC, is the dominant current through
time. The UPC cores sit to the north of the BMC region and thus it could be
expected that the BC would likely dominate temporally, either seasonally or on
an inter-annual basis (Olson et al., 1988; Matano et al., 2010; Hernandez-Molina
et al., 2016; Piola and Matano, 2019).

Observations from previous plankton tow data sets have suggested large
populations of Gc. inflata both within the BMC and northern MC water masses
(Boltovskoy et al., 1996; Boltovskoy et al., 2000). These populations are likely
linked to the high nutrient and chlorophyll concentrations within these regions,
with Gc. inflata known to favour more mesotrophic states compared to the
oligotrophic BC (Brandini et al., 2000; Loncari¢ et al., 2007; Matano et al., 2010;
Schiebel and Hemleben, 2017). As such the most likely scenario from Figure
6.4-7 to explain the spatial core top data, that provides a roughly even split of

morphotypes derived from 8'80 data is scenario B, given modern oceanography.

The temporal story likely shifts through several scenarios with changing BMC
position, impacting water mass presence temporally and thus the morphotypes
and recorded isotope signatures. During the early Holocene (pre-9 ka) the higher
proportion of MC Type Il specimens likely indicates scenario C is occurring, with
a less dominant BC. As proportions of Type | increase across the mid-Holocene
an extreme scenario B may be said to occur, with increasing BC strength
producing assemblages that reflect a more equal distribution and then a
dominance of Type | (Figure 6.4-7). The peak of this is likely seen around 6 ka.
Thereafter proportions migrate to a more even split over the mid- and late-
Holocene, before shifting back to a Type Il and MC dominated system perhaps
indicative of scenario C between ~2.0-0.8 ka. From this cooling pulse values shift

back to a more even, or BC dominated, split to the modern (Figure 6.4-7). This
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interpretation principally uses the UPC isotope data, both as a proportion of the
individual data points per time-slice, but also as an overall average for
comparison with Voigt et al., (2015) multi-specimen averaged data, to suggest
mechanisms through time. Ideally, a larger number of individuals per time-slice
would enable greater confidence in interpreting BMC migrations.

6.4.3 Encrustation

This study derived the encrustation classification system from the previously
mentioned work however, subtle differences are noted. Jonkers et al., (2021)
classify specimens into non-encrusted, encrusted and mixed for stable isotope
measurements. It is not made clear whether this mixed category comprises of
samples composed of non-encrusted and encrusted specimens, or specimens
showing minor to moderate encrustation i.e. B+C. Additionally, Jonkers et al.,
(2021) data is multi-specimen and it is unclear whether all individuals within a
measurement are similarly encrusted. As a result, direct comparison is difficult

regarding distribution of stable isotope data in relation to encrusted forms.
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Figure 6.4-8 5'®0(rpe) values plotted with encrustation state to determine whether
encrustation systematically increases recorded 5'®0Owrps) values. Whilst encrustation
appears minorly correlated (thin dashed lines) with increasing 530 values, when split into
the two morphotype groupings, it is unlikely the sole cause for increasing §'%0 values.
Morphotype &'80(vros) boundaries (thick dashed lines) <1.70 %o (Type 1) and >2.33 %, (Type
Il). Category U values removed due to uncertain encrustation state.
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Results from UPC cores located within the BMC show an extremely weak
correlation between encrustation state and more positive 5'80 values (Figure
6.4-8). However, this trend is likely driven by the lack of specimens that account
for the less encrusted individuals, and as such the data is skewed at the “least
encrusted” end towards the few specimens that happened to have been
recovered. It would appear that encrustation level actually has little impact on
580 values in the BMC, as the Type | morphotypes, which are well represented
in encrustation categories B, C and D, all show a full spread of data over the
same 8'80Owepe) range of 0.2 — 1.7 %o. A similar pattern is seen for Type I
morphotypes in the encrustation categories, being well represented in C and D,
with largely overlapping 8'8Orog) ranges between 2.3 — 3.3 %.. If there was a
systematic offset in 8’80 values between different encrustation types, we would
not expect to see such extensive overlap in the full range of 8'80 values across
the different encrustation types between the two different morphotype groups.

Despite the aforementioned difficulties in encrustation classification systems
findings for this study were placed alongside the results of Jonkers et al., (2021)
to compare density distributions across the BMC (Figure 6.4-9). There are a
number of similarities between the Jonkers et al., (2021) data and the UPC
collection. Both studies display multiple encrustation states and a range of
associated 580 and 5'3C values, with the distribution of individuals being uneven
between encrustation states (Figure 6.4-9). Non-encrusted forms are a rarity in
both the UPC cores and the Jonkers et al., (2021) data, whom similarly report low
580 values corresponding with non-encrusted forms observed at BC and BMC
sites, and a lack of higher 8'80 non-encrusted forms recovered from MC sites
(Figure 6.4-9). Alongside the few individuals showing no encrustation,
comparatively few individuals show minor encrustation levels, implying moderate
to heavy encrustation is the norm, spatially and temporally. Both §'80 clusters
comprise a number of encrusted states, and despite dominance of heavy
encrustation at higher 5'80 values it is clear this does not exclude more encrusted
forms from lower 5'80 values. This trend is visible in both UPC and Jonkers et
al., (2021) BMC sites with available encrustation data (Figure 6.4-8 and Figure
6.4-9).
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Figure 6.4-9 Replotted Jonkers et al., (2021) encrustation categorised 5'®Orpe) and
5'3C(vrpB) data replotted with all UPC data. UPC data is further categorised from Non-
encrusted (A), light- (B), medium- (C) and heavily-encrusted (D) specimens, and
unclassified data (U). All density scales are the same. UPC sites show broader 5'80 ranges,
likely due to single specimen approach. Heavily encrusted forms show propensity for
higher 5'80 values, whilst less encrusted states skew to lower 5'30 values.
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6.4.3.1 Spatial representation

The spatial distribution of encrustation is variable both between encrusted states
at individual sites and between proximal locales. The distribution of heavily
encrusted individuals (D) suggests encrustation is present and impacting all sites,
often dominating shallower sections of the margin to the west/northwest.
Alongside high numbers of heavily encrusted individuals are the large number of
medium encrusted individuals, which often form the second largest proportion at
sites. Dominance of these two states is in line with the findings of Jonkers et al.,
(2021) regarding the abundance of encrusted forms when compared to the
number of non-encrusted individuals. Within the spatial study, the few instances
of non-/minor encrustation tend to fall along the SW-NE transect across the study
region (Figure 6.4-10). Encrustation categorisations, when compared to
assemblage data from Chapter 4, show less encrusted individuals aligning with
the potential BC/MC boundary, with the BC likely the dominant water mass based
on assemblage mapping (Figure 6.4-10). Similarly, sites where heavily encrusted
individuals dominate are more prevalent in shallower sites to the west and
northwest, where cooler MC waters have greater impact seasonally (Saraceno et
al., 2005; Paniagua et al., 2018; Piola and Matano, 2019).

This spatial assessment of encrustation provides a snapshot of the variable
encrustation state on both the intra- and inter-site level. Encrustation
categorisations for this study were only conducted on individuals used for single
specimen isotope analysis. These individuals typically originate from the >212
um size fractions used to attempt water column reconstructions as suggested in
Birch et al., (2013). As such this may enter a size specific bias into the variability
of encrustation and further work would be required to assess this, and entire
sample encrustation variability. However, given this study similarly encountered
a rarity of non-encrusted specimens (<2 % this study vs. <3 % Jonkers et al.,
(2021)) it would appear fairly representative of margin encrustation states, and
provide a more detailed assessment of individual test encrustation state.
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Figure 6.4-10 A) Encrustation distributions overlain on warm species assemblage data
percentages, cooler assemblages in shallower waters are dominated by heavily encrusted
specimens i.e. Category D. B) Encrustation categories and species richness shows
shallower MC dominated regions contain higher frequencies of heavily encrusted
specimens, whilst warmer BC waters align with lower encrustation occurrences.
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6.4.3.2 Temporal representation

Encrustation history is analysed at site UPC 028 through the downcore record.
As with the spatial study, the record shows variability with all encrustation types
represented. Importantly, encrustation level does not increase with burial depth,
with some of the least encrusted specimens occurring below ~7 ka, or ~380 cm
(Figure 6.4-11). This suggests encrustation is unlikely to be occurring within the
sediment, instead occurring prior to deposition, likely within the water column
(Jonkers et al., 2021).
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Figure 6.4-11 Classified temporal data from this study (UPC categories: A, non-encrusted,
red circles; B, minor encrusted, yellow circles; C, medium encrusted, green circles; D,
heavy encrustation, blue circles; U, unclassified encrustation, black circles) and
GeoB13862-1 downcore encrustation data (Jonkers encrusted, blue triangles; Jonkers
mixed encrusted, orange triangles; Jonkers non-encrusted, red triangles) (Jonkers et al.,
2021). In both datasets, heavily encrusted forms predominate higher 5'80 values.
Additionally, both sites record a variety of encrustation states at depth. This study (circles)
reports higher encrustation variability <1.7 %. '®Oros) values and at greater proportions,
whilst the GeoB13862-1 displays a number of values between morphotype ranges (dashed
lines, Type | <1.7 %o 8'®0ros) and Type Il >2.33 %o '®Ovroe) (Morard et al., 2016).

Additionally, the propensity for higher levels of encrustation to coincide with
higher 8'80 values is also evident (Figure 6.4-11), furthering the association of
more heavily encrusted forms with cooler MC waters (Jonkers et al., 2021). This
is also seen in the Jonkers et al., (2021) data, with encrusted specimens more
frequently, but not systematically, displaying >2 %o &'8Oweps) values (Figure
6.4-11). However, observations suggest this study reports a greater proportion of
<1.7 %o &'®O(rpe) heavily encrusted states, and a greater frequency of lower
encrusted individuals, albeit Jonkers et al., (2021) typically only report non-
encrusted or encrusted rather than categorising for level of encrustation (Figure
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6.4-8 and Figure 6.4-11). This shows lower 380 values can occur alongside
heavily encrusted forms, providing evidence that &'®0 values are not

systematically impacted by increasing encrustation state.

To surmise a higher proportion of encrusted specimens being coincident with
higher &'80 values, and the temperatures of the two BMC contrasting water
masses, infers a thermal influence on the likelihood of Gc. inflata crusts
developing. This is observed in the spatial proportions of encrusted individuals
recovered by this limited study, with higher proportions of encrusted individuals
occurring at sites that produced cooler assemblage signals (Figure 6.4-10). The
temporal signal observes representation of both encrusted and non-encrusted
states at all depths, indicating encrustation, as a process, happens prior to
deposition. It also signals that encrustation is occurring at the site through time
despite southward BMC migration through the mid-Holocene (Voigt et al., 2015;
Gu et al., 2018c). However, a larger investigation would be required to identify

whether this impacts the proportion of encrusted individuals through time.

The thermal influence on likelihood of encrustation is further corroborated by the
lack of non-encrusted specimens south of the BMC, and the reported increase in
proportion of encrusted specimens with increasing water depth (Jonkers et al.,
2021). Increasing water depth, and cooling temperatures, does not fully explain
the encrustation mechanism, with encrusted specimens reported alongside non-
encrusted forms from plankton tows (Rebotim et al., 2019; Jonkers et al., 2021).
This suggests that dwelling depth and vertical migration are not the primary
trigger of crust development, instead only increasing the chance of crust
development. Determining the driver of crust formation is beyond the scope of
this study, but defining the cause of encrustation will require a spatially and
temporally dense sampling program, alongside further plankton nets, sediment
traps and in-situ water column profiles. Whilst intensive, this would enable a
better understanding of the ecology of this species and the oceanographic

meaning of recorded stable isotopes in the fossil record.
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6.4.4 Morphotype and encrustation signals

This study has shown the variability of encrustation state, both temporally and
spatially, and the range of associated 3'®0 signatures aligned with those
encrustation states. It is clear that more heavily encrusted forms have a
propensity for higher 5'80 values, but this is not exclusive in the UPC data, with
the inferred Type | (<1.7 %o 8'®0rpg)) cluster featuring significant numbers of
medium-heavily encrusted forms (Figure 6.3-14 and Figure 6.4-12). The
presence of heavily encrusted specimens within the isotopically lighter grouping,
alongside minor and medium encrusted Type Il (>2.33 %o 8'®Oprpg)) forms,

suggests encrustation does not systematically increase 8'80 values.

Whilst morphotypes cannot be definitively stated, utility of estimations based on
the Morard et al., (2016) isotopic ranges is valid, given the clear clustering of data
observed in Figure 6.4-3, with the stated boundaries. This permits comparison of
encrustation and morphotype for the Jonkers et al., (2021) BMC site data (Figure
6.4-13), and this studies data (Figure 6.4-12), with those assumptions in mind.
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Figure 6.4-12 Encrustation and assumed morphotype classification data for UPC cores.
More heavily encrusted specimens (D) are found with higher 50 values, suggesting
possible Type Il correlation and alignment with MC &'®0 values. Although heavy
encrustation is visible in either assumed morphotype, the <1.7 %0 5'®0vros) Type | grouping
shows higher proportions of lower encrustation, aligning with Type | assignment and BC
5180 values of Jonkers et al., (2021).
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Figure 6.4-13 BMC sites (GeoB13862-1 and GeoB6311-2) from Jonkers et al., (2021), south
of this study. Classified by morphotype and encrustation state show variable encrustation
states with 580 values. A high number of Type 1? data points >2.33 %o, 5'®0Orog) all
originating from the same site may suggest encrustation plays a role in increasing 5'30
values, occupying space previous studies would expect indicative of Type Il morphotypes
(Morard et al., 2016). However, given the difficulty in visually discerning morphotypes, all
Type 1? specimens originate at site GeoB13862-1 and the examples of encrusted forms at
lower 830 values, it seems encrustation does not uniformly cause the isotope offset.

Figure 6.4-13 presents all available Jonkers et al., (2021) BMC site encrustation
data coded by morphotype. Mixed encrustation data was removed due to the lack
of clarity on what mixed encrustation entails. Analysis identifies a large number
of Encrusted Type 1? classified individuals with >1.7 %o 5'®Oveps), all originating
from site GeoB13862-1 (Figure 6.4-13). These values show higher than expected
5'80 values given the assigned morphotype classification. This could either
suggest encrustation within the BMC region may impact §'80 signatures, raising
5'80 values, rather than the morphotype offset as stated by Jonkers et al., (2021).
Alternatively, and more likely, it may reflect a number of parameters including
misidentification of morphotype/averaging of multiple specimens within the multi-
specimen approach, or site-specific impacts not accounted for by encrustation
i.e. infilling. Further outliers remain relating to: low 3'®0 Type | Encrusted
samples, lower than expected 8'80 Type |1? Encrusted samples and higher than
expected 8'® 0 mixed morphotype non-encrusted specimens (Figure 6.4-13).
Jonkers et al., (2021) utilised a visual inspection to determine morphotype, with

the subtle morphometric differences between the two genotypes known to
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intersect (Morard et al., 2011; Morard et al., 2016; Jonkers et al., 2021). These
outliers, combined with the Type |I? data, are more likely a product of the multi-
specimen analyses method used, either through misidentification, or through the
qualitative categorisation of encrustation, rather than an intermediary water mass
signature or significant 5’80 increases relating to encrustation. Unfortunately, this
present study can only speculate over the morphotype of individual foraminifera
using isotopic measurements, however no strong correlation is reported between
encrustation and increasing &80 values that would indicate a systematic process
impacting the record (Figure 6.4-8).

Understanding the morphotype-encrustation relationship on 3'0O values is
complex and is likely further exacerbated by temporal BMC migration over
seasonal, and longer timescales leading to mixed morphotype samples (Olson et
al., 1988; Saraceno et al., 2004; Voigt et al., 2015; Paniagua et al., 2018; Gu et
al., 2018c; Piola and Matano, 2019). Determining cause of the BMC 580 offset
therefore requires single specimen samples to attempt to disentangle these
factors. In conjunction with increasing sample resolution within the BMC region
and utilising seasonal sediment trap and/or plankton net data. This would
facilitate definitively tying morphotype and encrustation to water column data, and

mitigate mixing of morphotypes potentially seen in multi-specimen data.
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6.5 Conclusions

Gc. inflata is an important species in the tracing of hydrographic fronts and
through its fantastic fossilisation potential, remains a key tool in understanding
past and present oceanography (Schiebel and Hemleben, 2017). Previous
studies have reported 5'80 differences along the western South Atlantic margin
correlating with morphotype, and thereby genotype, shifts across the
oceanographically variable BMC region (Chiessi et al., 2007; Morard et al., 2013;
Morard et al., 2016). Subsequent work analysed this isotope-morphometric
relationship and found little impact, relating the ~2 %o &'8Ovrpg) shift to variable
encrustation states, with little variation between encrusted morphotypes within
the BMC (Jonkers et al., 2021). The aims for this study were to resolve these
morphotype and encrustation relationships and are listed below with the relevant
findings of this study:

- How is the isotope-morphotype relationship of Gc. inflata, highlighted in
previous work, expressed in the spatial and temporal distributions of Type
| and Type Il individuals across the BMC?

Results of this study have highlighted the variability of Gc. inflata in core top
samples spatially, and downcore samples temporally, particularly in regards to
stable isotope results. Classification of morphotype through 380 values shows
distinct clustering into groupings aligning with previously published morphotype
ranges (Morard et al., 2016). From the single specimen isotope data presented
here, there is a lack of evidence for an intermediary water mass with associated
intermediate 5'80 values within the BMC, inferring morphotype ranges are upheld
within the confluence. This is contrary to other studies employing multi-specimen
averages, whom observed 580 values between the morphotype Type | and Type
Il ranges (1.70-2.33 %o 8'8Ovrpg)) (Chiessi et al., 2007; Voigt et al., 2015; Morard
et al., 2016; Jonkers et al., 2021). Intermediary results from previous work are
likely due to averaging of individuals from both BC and MC water masses, and
thus representatives from the two distinct morphotypes. However, within the BMC
this study suggests further combined morphotype-isotope single specimen
analysis is needed to determine whether the isotope ranges proposed by Morard
et al., (2016) encapsulate morphotype reliably. This is based on UPC single
specimen isotope data aligning well with the Morard et al., (2011) and Morard et
al., (2016) boundaries seen elsewhere on the western South Atlantic margin.
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- Do Gec. inflata encrustation classifications exhibit spatial and temporal
variations over the BMC?

It is evident from the UPC cores that medium and heavily encrusted states are
prevalent within the confluence, with this study similarly reporting a rarity of non-
encrusted forms, and no instances of non-encrustation with high 5'®0 values
(Jonkers et al., 2021). Spatial variation is common within the core top samples
on both intra- and inter-site level, with few sites displaying a single encrustation
state. Comparison with previous assemblage studies (Chapter Four) sees a slight
propensity for higher encrustation states aligning with cooler water assemblages,
however further isotope data is needed to confirm this trend. Temporally,
encrustation states remain mixed in core UPC 028, with few samples showing
exclusivity of encrustation state. Additionally, encrustation does not appear to
increase with burial depth, suggesting encrustation is occurs prior to deposition,
corroborating previous studies findings (Jonkers et al., 2021). Wider
implementation of encrustation methodology would enable assemblage level
variations to be properly understood, spatially and temporally, which would aid in
understanding the prevalence of non-encrusted and minor encrusted forms more

broadly.

- Through use of single specimen isotopic analyses, are &'80 values
impacted by encrustation state on the Uruguayan margin?

This study disputes previous work to suggest encrustation is a dominant factor in
explaining the 8'80 offset linked to BMC position, but rather may be a factor in
explaining variation within a region of dynamic oceanography (Jonkers et al.,
2021). Observations of this study show distinct clustering of stable isotopes, in
line with previous isotope-morphotype ranges, with a variety of encrustation
states present in both groupings (Morard et al., 2011; Morard et al., 2016). Whilst
higher 5'80 values show a greater propensity for more heavily encrusted states,
there are numerous heavily encrusted single specimens within the lower §'30
Type | cluster. Additionally, the lower encrusted states (B and C) report similar
5'80 ranges to the heavily encrusted forms (D), with the exception of non-
encrusted (A), which is likely due to the limited number of specimens recovered.

Thus, UPC data suggest no systematic increase in 8'80 values with encrustation.

Previous multi-specimen studies encrustation Type |? results are explained
through likely miss-identification and mixing of intersecting morphotypes when
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judged “by eye”, or site-specific impacts on 880 values. However, should the
Jonkers et al.,, (2021) Type |I? data be replicated in a broader study, then
isotopically determining morphotype may in future require accounting for potential
encrustation offsets. If encrustation state was systematically impacting 3'80
values, rather than strictly the host water mass temperature, this could have
implications for regional oceanographic studies connected to ocean fronts
(Chiessi et al., 2007; Voigt et al., 2015; Morard et al., 2016; Jonkers et al., 2021).
This clarification in the relationship between &'80 values, morphotype and
encrustation is therefore key to identifying water mass associations within the
seasonal BMC context, and should be the focus of future work. Regardless, this
study recommends single specimen isotope analysis, to investigate morphotype
and encrustation impacts within the BMC and wider South Atlantic margin, but
also to capture the spatial and temporal variability of this species, in order to fully
understand the impact on Gc. inflata.

Further work to continue to fully examine whether a relationship between
morphotype and 5'80 value exists within the BMC region is required. Morphotype
analysis undertaken with awareness of encrustation as a factor would enable
resolution of the morphotype-isotope association further, building on previous
work which used averaged multi-specimen isotope data, by utilising single
specimen data to aid in identifying the cause of variability (Morard et al., 2016;
Jonkers et al., 2021). Variability necessitates the need for paired morphotype
identification and single specimen stable isotope analysis to ensure true
representation of assemblage proportions, relating to both encrusted state and
morphotype identification. Additionally, greater categorisation of encrustation
data is required to understand the range of &'80 values produced. Whilst
qualitative this data would provide further context for sites, particularly when
comparing sites within and external to the BMC. All of these factors will aid in the
representation of modern oceanographic systems and the reconstruction of past
BMC migrations. This was the original aim for the study however, constraints
relating to the COVID19 pandemic and the time-consuming nature of such a
study, resulted in the reconsideration of aims to enable data critical for other
chapters to be collected.
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6.5.1 Key take away messages

- Applying previously published morphotype &'80 ranges to Gc. inflata data
produces two clear clusters, following similar patterns observed in BC and
MC water masses on the western South Atlantic margin (Morard et al.,
2011; Morard et al., 2016).

- Spatially, core top sites display both intra- and inter-site variation in
inferred morphotype, displaying a high degree of variation within the BMC
that would be lost without use of single specimen stable isotopes.
Temporally this variation is also seen with the majority of samples
containing a mixture of both morphotypes.

- Encrustation, when categorised qualitatively, displays significant spatial
and temporal variation. Higher encrustation states seemingly have a
higher propensity for higher 5'80 values.

- However higher encrustation does not always equate to a higher §'80
value with numerous examples of heavily encrusted forms associated with
lower §'80 values and Type | classified individuals. This would indicate
that encrustation does not systematically result in higher 8'80 values
within the BMC UPC cores.

6.5.2 Limitations

As previously mentioned, this study suffered from a number of constraints, chief
among them was the COVID 19 pandemic, shutting laboratories and limiting the
time for, and quantity of, single specimen stable isotope data able to be acquired.
This required isotope data was targeted to serve multiple chapters, as such
detailed morphotype visual categorisation of Gc. inflata specimens was
unfeasible and necessitated use of &'80 ranges to attempt to categorise
morphotype. Additionally, the number of specimens categorised for encrustation
and analysed using single specimen stable isotope analysis, was significantly
reduced. Ideally, a minimum of 25 specimens would have been morphometrically
measured and classified before single specimen isotope analysis was performed,
with wider assemblages classified visually (for encrustation and morphotype) to
ensure representation (Brombacher et al., 2017).

Visual encrustation inspection was possible immediately prior to stable isotope
analysis, through comparison with previously published work, however by its

nature, this data is qualitative (Jonkers et al., 2021). To maintain consistency in
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classification this was conducted by one individual, but is more broadly a
limitation in the assessment of encrustation and limited in the ability to assess
internal encrustation/infilling. The final limitation of this study is the spatial
coverage of the study region, and more broadly the western South Atlantic
margin. The availability of margin material was pre-determined by cores utilised
for industrial processes prior to donation, and subsequent sampling by previous
scientific studies. This is particularly pertinent to the availability of core tops, with
material for a number of sites unavailable or unsuitable due to previous sampling
efforts. Whilst previous studies targeting Gc. inflata were available from the
western South Atlantic margin, the lack of published 3'3C data from historical
studies inhibited inter-site comparison (Voigt et al., 2015). Ideally, this study
would have sampled from sites outside of the BMC region to verify encrustation
and morphotype distributions, to fully assess the value gained from single

specimen stable isotope analysis over multi-specimen averaging.

6.5.3 Future Work

Future work should aim to ground truth the relationship between isotopic value
and morphotype on a single specimen basis. To do this the original methodology,
as outlined in Section 2.8.2, would be employed to obtain morphometric data for
Type | and Type Il, alongside continued use of single specimen isotopes to pair
data. This could further expand the use of single specimen morphotype and
stable isotope analysis to target causation of encrustation in Gc. inflata, the
distribution of morphotypes, and the wider influence on 3'®0 signatures. This
work would require measurement of ocean column properties alongside analyses
of modern plankton tow and sediment trap data, from outside and within the BMC,
to target what causes the 580 offset on the western South Atlantic margin. These
efforts, whilst time-consuming, would better enable assessment of Gc. inflata
morphotype and encrustation assemblage proportions within the mixing zone,
and permit use of Gc. inflata more confidently to trace the margins complex
oceanography temporally. Similarly, the use of single specimen analysis permits
a greater complexity and fidelity of data to be acquired, enabling ‘mixed’
assemblages resulting from BMC seasonality and/or migration to be thoroughly
investigated. Such work would ideally be collected concurrently with water
column properties, particularly for identifying potential conditions that trigger
encrustation in the species. Finally, increasing spatial resolution of core top
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studies, and the number of dated temporal records, both within and external to
the BMC, would enable a detailed picture of Holocene western South Atlantic
oceanography to be reconstructed. This latter point is useful to compare how

modern anthropogenic induced climate change impacts regional oceanography.
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Chapter 7 Conclusions and further work

7.1 Conclusions

This project aimed to answer a number of research questions relating to the
spatial and temporal variability of samples collected from a relatively
understudied region in which complex oceanography dominates the surface
waters (Solomon et al., 2007; Jansen et al., 2007; Masson-Delmotte et al., 2014;
Piola and Matano, 2019). Through use of planktonic foraminiferal assemblages,
single specimen isotopes (where possible i.e. for Gc. inflata and Gr.
truncatulinoides), radiocarbon dating and ITRAX XRF data this variability was
highlighted across the margin (Chapter 4), through time (Chapter 5), and within
individual species (Chapter 6). This study exemplifies the merits of high resolution
sampling programs and multi-proxy approaches, in assessing complex
oceanographic interactions on the continental margin. Particularly spotlighting the
variability of assemblages and stable isotopes, both inter-sample and intra-
sample, within such oceanographically complex sites.

This study has also facilitated wider comparisons with published literature
(Chiessi et al., 2007; Voigt et al., 2015; Morard et al., 2016; Gu et al., 2018c;
Jonkers et al., 2021), through contemporenity of dated studies, to better constrain
the temporal and spatial significance of margin oceanography change, and
quantify the magnitude of such shifts (Chapter 4 and Chapter 5). Understanding
the detail of these ocean mixing zones is a key component in comprehending
broader questions relating to modern, and past, South American oceanographic
and continental climate systems. This feeds into predictions for future regional
climate change, and provides knock on implications to the global system (Chapter
2). As noted in Chapter 1 and Chapter 2, this study samples a region of relatively
poor global oceanographic data coverage for the last 10 ky, which has been
highlighted in previous literature and IPCC reports (Solomon et al., 2007; Jansen
et al., 2007; Masson-Delmotte et al., 2014; Piola and Matano, 2019). Thus this
thesis has aimed to contribute in closing these data gaps, improving our
knowledge on the direction and size of BMC latitudinal migrations during the
Holocene in response to changing atmospheric and ocean circulation patters,
facilitating a better understanding of global climate.

249



Colloaborative modelling work, with partners at the University of Utrecht (Kruijt,
2019), was also used to confirm planktonic foraminiferal data collated in this study
is unlikely the product of significant transport prior to deposition (Chapter 4).
Based on previous studies relating to the transport potential of plankton groups,
concerns were raised on the reliability of these proxies to record local/regional
past climates (Van Sebille et al., 2015; Lange and Sebille, 2017; Nooteboom et
al., 2019). However, based on the modelled data, transport appears to have
minimal impact on the 3'®0 estimates, with particles travelling the greatest
distances often the result of entrainment within eddies rather than single straight
line transport (Kruijt, 2019). Transport may be a factor to consider in other

marginal settings, and should be a consideration for future studies.

Additional work on certifying the morphotype-isotope-encrustation record of Gc.
inflata aimed to build on previous work to determine the relationship between
readily observable factors, and confirm the species place as an oceanographic
front tracer (Chiessi et al., 2007; Morard et al., 2011; Morard et al., 2016; Jonkers
et al., 2021) (Chapter 6). Within this package of work, and through use of single-
specimen stable isotope analysis, it was clear the margin showed spatial and
temporal variation in 8'80 values recorded, and a propensity for higher levels of
encrustation. The use of single-specimen isotope permitted a disentangling of
samples that would otherwise have been classified as containing a mixed 5'80
signal. Instead, this study was able to show the composition of a ‘mixed sample’
breaking down the individual specimens that contributed, and inferring movement
of currents across sites through time. Encrustation did not seem to be impacted
by spatial location of burial, with some of the best preserved samples originating
at depth in the core, in agreement with previous work that suggests encrustation
occurs prior to deposition (Jonkers et al., 2021). Due to factors outside this
studies control, no new morphometric data was collected, restricting opportunities
to fully integrate paired morphometric and single-specimen isotope data.
However, this does permit future work to build on this thesis and aid in the
determination of the role Gc. inflata plays in recording Southern Hemisphere

oceanographic fronts over the Holocene.

Lessons learned from this study for other regions and studies fall into a few key
areas summarised in greater detail in the following sections of this chapter. From
an overview this thesis has illustrated the high degree of variability margin sites
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can offer, particularly when adjacent to complex oceanographic structures like
the BMC. This is observed both spatially and temporally, in the assemblage and
isotopic data provided. Sampling, where possible, should take this into account
and may also have to model transport potential of proxies utilised. The second
takeaway from this study is the dynamism of these confluences, and their
potential fingerprint in the geological record. Extracting such information remains
a challenge but can benefit from high resolution studies, and implementation of
single-specimen stable isotope analysis. These techniques, combined with non-
destructive ITRAX XRF scanning for downcore records, permit greater volumes
of data to be extracted from the geological record, uncovering additional
complexities. The third application from this study relates to the utility of Gc.
inflata in tracing oceanographic fronts. This study agrees with previous work that
there is likely a 8'80 offset across the BMC, however notes that intermediary
isotope values are more likely a result of multi-specimen averaging within the
mixing zone samples. Determining whether the &'®0 split is purely related to
encrustation or morphotype requires further research and there is still remaining

work on this key species.

The following sections will summarise the findings of each data chapter.

7.1.1 Uruguayan Margin planktonic foraminiferal spatial variability

Spatially mapped assemblage data reveals variable species distributions, and
their reflected ecological associations. Across the margin, a distinct western and
shoreward cooler fauna contrasts the distal eastern, deep water, warmer
dominated faunas. This variation was not unexpected within the Brazilian-
Malvinas Confluence (BMC), however this work demonstrates that using isolated
individual sites, as is typical of palaeoceanographic research, would fail to
capture the complex oceanographical interactions present offshore Uruguay.
This is evidenced by the diversity of assemblage classifications within the study
region, resulting in significant variation across just <1° latitude and longitude
(~7100 km?). Similarly, planktonic foraminiferal isotopes show variability across
the region, enabling the fingerprinting of distinct water masses. The multi-core
approach of this study provides insight into regional complexity that would not be
replicated by a single “representative” site. As such future studies in regions of
known oceanographic complexity should apply similar sampling strategies to
better resolve spatial variation.
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This study utilised, where possible, single specimen isotopes, identifying
complexity lost by averaging over significant numbers of specimens (Chiessi et
al., 2007; Morard et al., 2016). Employing this method identified intra-site
variations, likely reflective of site inter-annual, and potentially some inter-
seasonal, variation of overlying water mass properties. Isotope inter-site variation
did not readily identify significant spatial offsets across the core-top transect,
when compared to assemblage classifications. However, sites in the furthest

southwest seemingly displayed less influence of warmer water masses.

Modelling the transport history of “foraminifera-like particles” on the western
South Atlantic margin suggests the magnitude of test transport has limited impact
on the extremities of water column records. Therefore, the likelihood of test
transport explaining all margin wide variability is low. Future parameter
refinements within the model could include water mass nutrients, species survival
capabilities outside preferential temperature ranges, potential variable dwelling
depths or variable genotype ecologies within species. Such parameters may
reveal greater ramifications of expatriation to assemblage data and isotopic
results. Transport should be more widely considered in future studies, both within
the studied region, and in similarly complex ocean environments outside open

ocean conditions.

7.1.1.1 Key take away messages

- Assemblage mapping highlights the variability in planktonic foraminiferal
distributions across a marginal transect, displaying additional complexities
between sites accounted for by oceanographic constraints.

- Inter-annual and seasonal variability of records explains correlation of CTD and
isotope data and is likely the reason for the clustering of multiple taxa within the
same sites. Single specimen stable isotopes present a tool to investigate this
further, fingerprinting water masses within the region.

- Transport and expatriation of foraminifera shows BC transport from warmer
SSTs is a possibility although a small (~0.7 °C) offset is expected on the
temperature ranges. This is unlikely to significantly impact isotope results but
may explain some significant outliers.

- Within complex oceanographic settings a dense sampling strategy enables

reconstruction of overlying oceanographic spatial structures. Use of fewer sites
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as representative of a larger region is likely to introduce error in understanding
local oceanographic frameworks, resulting in simplification of regional systems.

7.1.2 Palaeoceanographic, palaeoenvironmental and palaeobiotic

Holocene records from the Uruguayan margin.

A new <200-year resolution Holocene record for the Uruguayan margin was
produced from UPC 028 covering the last 10 ka, based on new radiocarbon
dating. This record included data that enabled identification of changing thermal
and nutrient qualities of overlying water masses. This was evident in species
abundances, the planktonic foraminiferal stable isotopes of four species, and the
ITRAX XRF semi-quantitative elemental ratios. Combined, a high-resolution
reconstruction of the Uruguayan margin is provided, documenting the temporal
record of BMC latitudinal migration south during the early to mid-Holocene, before
a shift to a more dynamic state likely driven by the onset of ENSO conditions
impacting atmosphere-ocean processes. This is supported by a detailed review
of nearby terrestrial and oceanic proxies from the literature to understand the
complex mechanisms behind this oceanographic confluence.

7.1.2.1 Key take away messages

- Site UPC 028 documents a number of proxies that largely concur on
latitudinal migration of the BMC. This is summarised by a southward shift of
the confluence over the majority of the early and mid-Holocene, established
through a weakening of the SWWB, and leading to warming and decreasing
eutrophic conditions as BC begins to dominate.

- This dominance of the BC is broken by a short-term cooling event between
8.4-8.0 ka in which cold eco-groups dominate, isotopes shift to more
eutrophic conditions and carbonate production seemingly increases. This
brief event sees more MC influence, and is likely triggered by freshwater
entering the North Atlantic.

- The maximum southward extent of the BMC is reached during the mid-
Holocene (~6.0 ka) where establishment of ENSO conditions in the Pacific
drive atmospheric and oceanographic processes to enable greater dynamism
on the margin. From this point onward, greater mixing occurs between BC
and MC currents over Site UPC 028, favouring the establishment of
transitional eco-groups and a mesotrophic system.
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- The Late Holocene is characterised by a continuation of mid-Holocene trends
until a cooling interval between 2.3-1.0 ka, with a northward shift of the BMC
potentially linked to a weakening of the BC and/or SST gradients influencing
the SWWB annual position northward. This is evidenced in isotope records,
an increase in the presence of cold eco-groups and a potential shift back to
more eutrophic records following the Gg. bulloides:Gs. ruber white ratio.

- Establishment of modern conditions occurs after 1.0 ka with a slight
southward migration of the BMC to the present location, visible in the reversal
of cold eco-groups in favour of warmer species, a shift to warmer conditions
as indicated by stable isotopes, alongside the return to more mesotrophic

conditions.

7.1.3 Impact of encrustation on Gc. inflata isotopic and

morphological signatures with respect to BMC migration

Results of this study highlight the variability of Gc. inflata in core top and
downcore samples, particularly in regards to stable isotope results and
encrustation factors. Classification of morphotype through 380 values shows
distinct clustering into two groupings aligning with previously published
morphotype ranges (Morard et al., 2016). However, the single specimen results
obtained indicate previous studies intermediary values likely represent smearing
of multi-specimen cross-morphotype averaging, rather than true intermediary

water masses from BMC mixing.

It is evident from the UPC cores that medium and heavily encrusted states are
prevalent within the confluence, with this study similarly reporting a rarity of non-
encrusted forms, and no instances of non-encrustation with high 5'®0 values
(Jonkers et al., 2021). Spatial variation of encrustation is common within the core
top samples on both intra- and inter-site level, with few sites displaying a single
encrustation state. Temporally, encrustation states remain mixed in core UPC
028, with limited examples of encrustation state exclusivity in samples.
Additionally, encrustation does not increase with burial depth, suggesting
encrustation occurs prior to deposition, corroborating previous studies (Jonkers
et al., 2021).

This study disputes previous work to suggest encrustation is the dominant factor
explaining the 8'80 offset linked to BMC position, but rather may be a factor in

explaining variation, within a region of dynamic oceanography (Jonkers et al.,
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2021). Observations of this study show distinct clustering of stable isotopes, with
a variety of encrustation states present in both groupings (Morard et al., 2011;
Morard et al., 2016). Whilst higher 580 values show a greater propensity for
more heavily encrusted states, there are numerous heavily encrusted single
specimens within the lower §'80 Type | cluster. Thus, UPC data suggests there

is no systematic increase in 8'80 values with encrustation.

Further work should be undertaken to fully examine relationships between
morphotype, encrustation and 8'80 values, by employing single specimen paired
isotope-morphotype analysis. Undertaken with awareness of potential
encrustation effects this would resolve associations further, clarify regional
variability, and enable representation of morphotype and encrustation
assemblage proportions. Additionally, greater categorisation of encrustation data
is required to understand the relationship with 8'80 values. Whilst categorical this
data provides further context for sites, particularly when comparing sites within,
and external to, the BMC. Combined, these factors will aid in the representation
of modern oceanographic systems, understanding the role of Gc. inflata in
recording these systems, and reconstruction of past BMC migrations.

7.1.3.1 Key take away messages

- Isotopic variability is considerable in both the core top and downcore records,
with a split into two distinct clusters at approximately 2 %o 5'Opps.

-  When mapped, most core top samples display spatial heterogeneity
regarding morphotype classification, temporal samples also display
variability. This suggests samples comprise individuals from both BC and MC
water masses both spatially and temporally.

- Encrustation, when categorised qualitatively, displays significant spatial and
temporal variation. Higher encrustation states seemingly have a higher
propensity for higher §'80 values and dominate the margin.

- However, higher encrustation does not always equate to higher 580 values,
with numerous examples of heavily encrusted forms associated with lower
5'80 values and Type | classified individuals. This indicates encrustation
does not systematically result in higher 'O values, within the BMC UPC
cores.

- This study due to COVID-19 was restricted to inferring morphotype through
8'80 values. Thus, further work should look to corroborate the allopatric
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nature of Gc. inflata within the BMC to aid in understanding the morphotype
relationship to encrustation and 380 values, by employing paired single

specimen morphotype-isotope analyses.

7.2 Outlook and suggestions for future work

The work of this study has raised several questions on the spatial and temporal
variability recorded within oceanographically complex basins, such as the BMC.
There are several aspects to this study that require reflection and should be

considered as areas for future focus.
1. Impact of seasonality on spatial assemblage and isotope studies.

Identifying the modern seasonal depositional trends and the signals they
preserve over an annual cycle would aid in understanding the preserved core top
signals. In order to achieve this, numerous seasonal sediment traps would need
to be deployed and recovered, ideally across a regularly spaced gird. This would
enable assessment of the composition of winter vs. summer assemblages within
the BMC region, and alongside seasonal CTD profiles and plankton tows permit
association of BC vs. MC input to sites. An extensive programme of single
specimen isotope analysis from plankton tows, sediment traps and core tops
would allow species potentially present in both BMC water masses to be
recovered, with isotopic ranges better constrained to observed water mass
properties, and the variation therein recorded. Finally, an expanded core top
study, with radiocarbon dating to ensure contemporaneity, could then understand
the relative proportions of BC vs. MC planktonic foraminifera contributing to each
site, enabling greater confidence in understanding how overlying water masses
are recorded on the seafloor. However, such an undertaking is not without
significant expense of both time and financial resources, which represent
significant barriers to obtaining this data at the present time.

2. Corroboration of UPC 028 events through further downcore dating and
additional site studies. Building a spatially and temporally extensive
understanding of Holocene palaeoceanography.

Five preliminary radiocarbon dates provided the temporal context for this study,
with interpolation enabling dating of intervening samples. Additional radiocarbon
dating would help better constrain the proxies, particularly concerning timing of
three significant events: The 8.2 ka cooling period at the end of the early
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Holocene, the onset of Mesotrophic conditions and excursions of Ca/Ti and S/Ti
ratios during the mid-Holocene, and the late Holocene cooling event between 2.3-
1.0 ka. Future work would aim to not only better constrain the dating on these
events, but also the extent of excursion from the background. Alongside
increasing the resolution of the stable isotope record, both in terms of number of
samples but also the number of analyses per interval, would enable increased

confidence in trends between samples and identifying causation of excursions.

Uncertainty surrounds the nature of large Ca/Ti and S/Ti excursions found in the
mid-Holocene, post ENSO intensification. There is the potential that these reflect
deposition of organic material, however this study lacked the ability to discern
this, with certainty. Employing TOC analyses on fresh samples, and from
proximal cores, may aid in answering this question. Future work could also
encompass analysis of the sediment composition, in terms of silt, clay and sand
content to determine sediment sourcing to UPC028. Aiding determination of
whether core sites are purely influenced by the marine system throughout
geological history, or with relative sea level change and terrestrial climate regime
shifts, see greater fluvial input.

Samples from two additional cores were washed and processed for subsequent
planktonic foraminiferal investigations at the University of Leeds. Provided
suitable dating was available, these records could expand the understanding of
Uruguayan margin processes spatially, as well as temporally. A benthic
foraminiferal and contourite study, conducted by Cian McGuire as part of his PhD
thesis, found cores within the collection had the capability to extend records back
into the late Pleistocene. Through exploitation of samples already present at the
University of Leeds, or housed within the BOSCORF repository in Southampton,
there is the potential to obtain palaeoceanographic and palaeoclimatic
reconstructions across Last Glacial Maximum, within an unstudied portion of the

world’s oceans.

3. Encrustation-morphotype impact on &'30 values and their wider
distribution across the margin, investigating possible seasonal signals.

This study echoes calls for future studies to source further plankton tow studies,
and sediment trap data, clarifying cause of encrustation to fully understand its
impact on recorded 3'80 signature (Jonkers et al., 2021). Additionally, this study
was unable to acquire morphometric data for paired single-specimen stable
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isotope and morphometric analysis, future work should seek to acquire this data.
By making an extensive single-specimen paired morphometric-isotope record of
data sourced from seasonal plankton tows, sediment traps and core tops, the
encrustation-morphotype impact on isotope signatures can be fully quantified.
This is essential work for quantifying the 580 offsets found across the BMC, and
critical for understanding how morphometric, and by extension genotypic,
variability is recorded within this extensively-used oceanographical front marker
(Morard et al., 2011; Morard et al., 2016; Schiebel and Hemleben, 2017). A
similar study on core top material was the original aim for the study however,
constraints relating to the COVID-19 pandemic and the time-consuming nature
of isotope and morphometric work, resulted in the reconsideration of aims to

enable data critical for other chapters to simultaneously be collected.
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Appendix A.1 Core top samples
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Appendix B.1 Core top assemblage counts
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Appendix B.2 Downcore assemblages counts
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Appendix C.1 Core top stable isotopes
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Appendix D.1 Acquired Radiocarbon dates

Radiocarbon dates
Depth  C14 Radiocarbon Marine20 Calibrated 1 o error 2 o error Assumed vs
Publication code Sample identifier (cm) Age (years BP £ 1 o) Age range (cal BP) (years) (years) Measured

- UPCo28 CT 0-2cm -62%10 -62 10 10 Assumed

UCIAMS-228257 UPC028 97-89cm  97-99 1830+ 25 1235.9 119 248 Measured
UCIAMS-228258 UPCO028 197-199 cm 197-199 3560 = 30 3280.7 150 301 Measured
UCIAMS-228259 UPC028 310-312 cm 310-312 5170 =40 5359.4 160 355 Measured
UCIAMS-228260 UPCO028 400-402 cm 400-402 7550 = 60 7819.9 177 338 Measured
UCIAMS-228261 UPCO28 487-489 cm 487-489 934070 9,944.30 280 503 Measured

Appendix D.2 Interpolated Radiocarbon date

See sheet UPC028RADIOCARBON in
Mair_AM_Earth_And_Environment_PhD_2022_Summary_Appendices.xls

Appendix E.1 K-means analysis R script

#K means analysis of Gc. inflata data for k-means cluster analysis
#Load a visualisation package factoextra

#Following steps on statology.org/k-means-clustering-in-r/
library(factoextra)

library(dplyr)
library(farver)
(
(

ggplot2)
library(tidyverse)

library

library(cluster)

#import data sets csv

InflataAll = read.csv("~/Desktop/Leeds PhD/Isotopes/Chapter 6/InflataRKSimp.csv")
#View the data table

View(InflataAll)

#Summary of all data stats
summary(InflataAll)

#attach database so values can be searched
attach(InflataAll)

#Rename InflataAll

df <- InflataAll

df <- na.omit(df)

df <- scale(df)

#Attempt to find optimal number of clusters for the data set through production of an
elbow plot

fviz_nbclust(df, kmeans, method = "wss"

#Alternative method to find optimal number of clusters is to use gap statistic,
comparing total intra-cluster variation

gap_stat <- clusGap(df,
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FUN=kmeans,

nstart=25,

K.max = 15,

B =50)
#plot number of clusters vs. gap statistic
fviz_gap_stat(gap_stat)

#Info from towardsdatascience.com/10-tips-for-choosing-the-optimal-number-of-
clusters-277e€93d72d92

#And now the silhouette method
fviz_nbclust(df, kmeans, method = "silhouette", k.max = 24)
#Still not sure which to use so lets see what cValid suggests for number of clusters
library(clValid)
clusterValidation <- clValid(df, nClust = 2:35,
clMethods = c("hierarchical","kmeans","pam"), validation = "internal")

#Get a summary, from this Pam method suggests 2 clusters, hierarchical 33 and
kmeans 3

summary(clusterValidation)
#Sum of squares method attempt
#Additional packages
library(tidyverse)
library(magrittr)
library(cluster)
library(cluster.datasets)
library(cowplot)
library(NbClust)
library(clValid)
library(ggfortify)

(

(

(

(

(

(

(
library(clustree)
library(dendextend)
library(factoextra)
library(FactoMineR)
library(corrplot)
library(GGally)
library(ggiraphExtra)
library(knitr)
library(kableExtra)

#kmeans for 2-7 for sum of squares
kmean_calc <- function(df, ...

kmeans(df, scaled = ..., nstart = 30)

}
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km2 <- kmean_calc(InflataAll, 2)
km3 <- kmean_calc(InflataAll, 3)
km4 <- kmeans(InflataAll, 4)
km5 <- kmeans(InflataAll, 5)
km6 <- kmeans(InflataAll, 6)
km7 <- kmeans(InflataAll, 7)

p1 <- fviz_cluster(km2, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 2")

p2 <- fviz_cluster(km3, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 3")

p3 <- fviz_cluster(km4, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 4")

p4 <- fviz_cluster(km5, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 5")

p5 <- fviz_cluster(km6, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 6")

p6 <- fviz_cluster(km7, data = InflataAll, ellipse.type = "convex") + theme_minimal() +
ggtitle("k = 7")

plot_grid(p1, p2, p3, p4, p5, p6, labels = ¢("k2", "k3", "k4", "k5", "k6", "k7"))
#Actual Sum of squares bit
ssc <- data.frame(

kmeans = c¢(2,3,4,5,6,7),

within_ss = c(mean(km2$withinss), mean(km3$withinss), mean(km4$withinss),
mean(km5$withinss),

mean(km6$withinss), mean(km7$withinss)),

between_ss = c(km2$betweenss, km3$betweenss, km4$betweenss,
km53$betweenss,

km63$betweenss, km73$betweenss)
)
ssc%<>% gather(., key = "measurement", value = value, -kmeans)
#ssc$value <- log10(sschvalue)
ssc%>% ggplot(., aes(x=kmeans, y=log10(value), fill = measurement))+
geom_bar(stat="identity", position = "dodge")+ ggtitle("Cluster Model
Comparison") + xlab("Number of Clusters")+ ylab("Log10 Total Sum of Squares")+
scale_x_discrete(name="Number of Clusters", limits = c("0", "2", "3", "4", "5", "6", "7"))
#Still not sure what number of clusters to use, lets try NbClust
res.nbclust <- NbClust(InflataAll, distance = "euclidean",
min.nc = 2, max.nc = 15,
method = "complete"”, index = "all")
factoextra::fviz_nbclust(res.nbclust)+ theme_minimal()+

ggtitle("NbClust's optimal number of clusters")
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#From this result going to use 2 clusters as suggested by 8 indices in nbclust

#and significantly fewer than 13 or 15 which were the other suggestions

#First to make repeatable/reproducible

set.seed(1)

#perform k-means clustering with 3 clusters

Inflatakm <- kmeans(InflataAll, centers = 2, nstart = 50)

#See results

Inflatakm

#Plot results of final k-means model

fviz_cluster(Inflatakm, data = InflataAll)

#Add cluster assignment to original data

Finallnflata <- cbind(InflataAll,cluster=Inflatakm$cluster)

#View final data

head(Finallnflata)

View(Finallnflata)

#Attach data

detach(InflataAll)

attach(Finallnflata)

#Try plotting

ggplot(Finallnflata)+
(aes(x=d13C.VPDB, y=d180.VPDB, colour=factor(cluster)))+
geom_point()+
scale_colour_manual(values=c("red2","blue2"))+
scale_y_reverse(limits=c(3.5,0))+
xlim(0,2.5)+

labs(x=expression(delta®*13*"C"["(VPDB)"T*"
(\u2030)"),y=expression(delta®*18*"O"["(VPDB)"]*" (\u2030)"))+

theme(plot.title = element_blank(), panel.grid.minor =
element_blank(),panel.grid.major = element_blank(),panel.background =
element_rect(colour = "black", fill = "NA"), strip.background = element_blank(),
strip.text = element_blank(), axis.text = element_text(colour = "black",size = 10),
legend.position = "right", axis.title = element_text(size=15))+

guides(colour=guide_legend("Cluster"))

Appendix F.1 UPC 023 ITRAX data. See sheet UPC023ITRAXRAW in
Mair_AM_Earth_And_Environment_PhD_2022_Summary_Appendices.xls

Appendix F.2 UPC 028 ITRAX data See sheet UPC028ITRAXRAW in
Mair_AM_Earth_And_Environment_PhD_2022_Summary_Appendices.xls

Appendix F.3 UPC 122 ITRAX data See sheet UPC0122ITRAXRAW in
Mair_AM_Earth_And_Environment_PhD_2022_Summary_Appendices.xls
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Appendix G.1 Gs. ruber White interpolated assemblage
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Appendix G.2 Gs. ruber Pink interpolated assemblage
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Appendix G.3 Gr. hirsuta interpolated assemblage
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Appendix G.4 O. universa interpolated assemblage
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Appendix G.5 T. sacculifer interpolated assemblage
1 1
Legend

® Sites

T. sacculifer
relative abundance (%)

0 5
/
upcoZi)
— uPC 16@\
JUPC125

oUPC 001

oUPC153

Appendix G.6 Gc. inflata interpolated assemblage
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Appendix G.7 Gg. bulloides interpolated assemblage
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Appendix G.8 Gt. glutinata interpolated assemblage
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Appendix G.9 N. incompta interpolated assemblage
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Appendix G.10 N. pacyderma interpolated assemblage
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Appendix H.1 Core photos. Sections one to six

Core Section Number




Appendix | SEM Plate 1
Species are listed in order of downcore assemblage record. See Appendix B.2
for listing.

Gs. ruber pink T. sacculifer

SEM HV: 10.0 kV WD: 15.12 mm SEM HV: 10.0 kV WD: 15.11 mm

View field: 534 ym Det: SE 100 pm View field: 902 um Det: SE 200 pm

Date(m/d/y): 02/06/20 LEMAS - Leeds University SEM MAG: 307 x | Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gr. tumida Gr. crassaformis

SEM HV: 10.0 kV WD: 14.94 mm VEGA3 TESCAN

W ELE T TEEEE Mikrotax: Crundwell 2018. J. Foramin. Res
SEM MAG: 243 x Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gs. ruber pink, T. sacculifer, Gr. tumida and Gr. crassaformis. Scale bars are specific to
image, where images were not collected using the SEM at the University of Leeds the

reference for the image source is provided.



Appendix | SEM Plate 2

Species are listed in order of downcore assemblage record. See Appendix B.2
for listing. Follows on from Plate 2.

Gr. menardii

SEM HV: 10.0 kV WD: 15.21 mm VEGA3 TESCAN|

Mikrotax: Norris 1998 ODP Sci. Res. 159 TG - e T

Ge. siphonifera % O. universa

SEM HV: 10.0 kV : 185.. SEM HV: 10.0 kV 'WD: 15.07 mm VEGA3 TESCAN
View field: 489 pm : SE View field: 444 pm Det: SE

SEM MAG: 566 x | Date(m/dly): 02/06/20 LEMAS - Leeds University | SEM MAG: 623 x | Date(midly): 02106/20 LEMAS - Leeds University

Gr. menardii, Gs. ruber white, Ge. siphonifera and O. universa. Scale bars are specific to
image, where images were not collected using the SEM at the University of Leeds the

reference for the image source is provided.



Appendix | SEM Plate 3

Species are listed in order of downcore assemblage record. See Appendix B.2
for listing. Follows on from Plate 2.

Gs. conglobatus G. falconensis

SEM HV: 10.0 kV WD: 14.86 mm SEM HV: 10.0 kV WD: 15.24 mm
View field: 757 ym View field: 450 ym

SEM MAG: 366 x  Date(m/d/y): 02/06/20 LEMAS - Leeds University SEM MAG: 616 x  Date(m/d/y): 02/06/20 LEMAS - Leeds University

Ge. calida N. dutertrei

SEM HV: 10.0 kV WD: 15.10 mm VEGA3 TESCAN|

. . . . . View field: 541 ym Det: SE
MIkrOtaX Welner et al 201 5 Marlne M |Cr0pa|0nt0| N SEM MAG: 511 x Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gs. conglobatus, G. falconensis, Ge. calida and N. dutertrei. Scale bars are specific to
image, where images were not collected using the SEM at the University of Leeds the

reference for the image source is provided.



Appendix | SEM Plate 4

Species are listed in order of downcore assemblage record. See Appendix B.2
for listing. Follows on from Plate 3.

Gr. hirsuta oo Tn. parkerae

SEM HV: 10.0 kV WD: 15.12 mm VEGA3 TESCAN

View field: 820 um Det: SE 200 ym q .
SEM MAG: 337 x | Date(m/d/y): 02/06/20 LEMAS - Leeds University SCh Iebel and Hem leben 201 7 Plan kton Ic Foram .

Gtr. rubescens : T. clarkei

),

/

SEM HV: 10.0 kV WD: 15.27 mm 50 Mm

View field: 185 um Det: SE

| SEM MAG: 1.50 kx| Date(mdly): 02/06/20 LEMAS - Leeds University Schiebel and Hemleben 2017 Planktonic Foram.

Gr. hirsuta, Tn. parkerae, Gtr. rubescens and T. clarkei. Scale bars are specific to image,
where images were not collected using the SEM at the University of Leeds the reference

for the image source is provided.
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Appendix | SEM Plate 5

Species are listed in order of downcore assemblage record. See Appendix B.2
for listing. Follows on from Plate 4.

Gt. minuta C. nitida

Schiee and Hemleben 2017 Planktonic Foram.

Schiebel and Hemleben 2017 Planktonic Foram.

Gec. inflata

Gt. glutinata

SEM HV: 10.0 kV WD: 15.09 mm VEGA3 TESCAN
View field: 552 ym Det: SE
SEM MAG: 501 x | Date(m/d/y): 02/06/20 LEMAS - Leeds University

SEM HV: 10.0 kV WD: 15.30 mm VEGA3 TESCAN|

View fi 28 um Det: SE
SEM MAG: 1.21 kx | Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gt. minuta, C. nitida, Gc. inflata and Gt. glutinata. Scale bars are specific to image, where

images were not collected using the SEM at the University of Leeds the reference for the

image source is provided.
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Appendix | SEM Plate 6
Species are listed in order of downcore assemblage record. See Appendix B.2

for listing. Follows on from Plate 5.

Gg. bulloides i Gr. scitula

SEM HV: 10.0 kV WD: 15.23 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 15.29 mm VEGA3 TESCAN|

View field: 569 um Det: SE 100 pm View field: 433 pm Det: SE 100 pm
SEM MAG: 486 x | Date(m/d/y): 02/06/20 LEMAS - Leeds University SEM MAG: 639 x  Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gr. truncatulinoides N. incompta

SEM HV: 10.0 kV WD: 15.19 mm SEM HV: 10.0 kV WD: 15.28 mm

View field: 492 ym Det: SE 100 pm View field: 279 pm Det: SE

Date(m/dly): 02/06/20 LEMAS - Leeds University SEM MAG: 994 x  Date(m/d/y): 02/06/20 LEMAS - Leeds University

Gg. bulloides, Gr. scitula, Gr. truncatulinoides and N. incompta. Scale bars are specific to
image, where images were not collected using the SEM at the University of Leeds the

reference for the image source is provided.
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Appendix | SEM Plate 7

Species are listed in order of downcore assemblage record. See Appendix B.2
for listing. Follows on from Plate 6.

Tb. quinqueloba N. pachyderma

SEM HV: 10.0 kV WD: 15.30 mm VEGA3 TESCAN
View field: 301 ym Det: SE 50 um
SEM MAG: 919 x Date(m/d/y): 02/06/20 LEMAS - Leeds University

SEM HV: 10.0 kV WD: 15.30 mm VEGA3 TESCAN

View field: 262 um Det: SE 50 um
SEM MAG: 1.06 kx | Date(m/d/y): 02/06/20 LEMAS - Leeds University

Th. quinqueloba and N. pachyderma. Scale bars are specific to image, where images
were not collected using the SEM at the University of Leeds the reference for the image

source is provided.
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