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Abstract 

The mid-to-late Pliocene (~3.3 – 2.5 Ma) is an intriguing period for investigating Earth’s 

past climate dynamics as a potential analogue for future warmth due to anthropogenic climate 

change. In the Southern Ocean, the Ross Sea and the adjacent West Antarctic Ice Sheet exert 

significant influence on global climate through their roles in carbon cycle processes, deep ocean 

circulation, and eustatic sea level. Previous ocean drilling records have shown that the marine-

based West Antarctic Ice Sheet exhibited highly dynamic behavior in the Pliocene and responded 

to cyclical variations in Earth’s orbital geometry (Naish et. al, 2009). However, fundamental 

questions remain regarding the biogeochemical response of Southern Ocean marine productivity 

to changes in ice sheet dynamics and sea ice cover. The International Ocean Discovery Program’s 

Expedition 374 to the Ross Sea (2018) recovered multiple sediment cores, including those from 

Site U1524 on the continental rise. I present a 900,000 year record of the carbon and nitrogen 

content in bulk sediment in the Pliocene-aged cores from Hole U1524A. This record shows the 

response of carbon export from the Ross Sea continental shelf to orbital and longer-term forcings 

of the West Antarctic Ice Sheet and global climate. From 3.3 to 3.0 million years ago, I observe a 

gradual, non-monotonic increase in organic carbon to nitrogen ratios, followed by a decrease from 

3.0 to 2.8 million years ago. Sediment color reflectance measurements, implying changes in 

surface water productivity, are tightly anti-correlated with organic carbon to nitrogen ratios 

between 3.3 and 3.0 million years ago, but are positively correlated between 3.0 and 2.8 million 

years ago. I discuss these trends in the context of concurrent sedimentology, physical 

oceanography, and ice-sheet dynamics. Finally, I note that potential diagenetic effects limit 

interpretation of this record, and I suggest that bulk carbon and nitrogen stable isotope 

measurements combined with compound-specific analyses may provide more insight into carbon 

and nitrogen cycle dynamics during the mid-to-late Pliocene. 

Background and Significance 

Antarctic Ice Sheets 

The Antarctic ice sheet is the largest mass of freshwater on Earth, and it exerts significant 

control on global climate through eustatic sea level, ice albedo, and thermohaline circulation 

(Oppenheimer, 1998; Altabet and Francois, 2001). Since the continent was reglaciated in the 

Miocene, the ice sheet has repeatedly expanded and retreated on glacial-interglacial timescales 
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(Mercer, 1983). The Antarctic ice sheet is divided into two major sections by the Transantarctic 

Mountain Range: the larger, more stable East Antarctic Ice Sheet and the smaller, less stable 

West Antarctic Ice Sheet (WAIS). 

Of the major ice sheets today, WAIS is the most immediate risk as a source of sea level 

rise, with a complete collapse resulting in an increase in global mean sea level of 4 to 6 meters 

(Oppenheimer, 1998). WAIS is a marine-based ice sheet with part of its ice mass grounded on 

land below sea level and the other part as a floating ice shelf extending toward the ocean 

(Oppenheimer, 1998). Though only melting of the grounded ice affects global sea levels, 

changes in sea ice affect biological production and the global climate as well (Anderson et. al, 

1983). WAIS has completely collapsed in Earth’s past, possibly as recently as the last 

interglacial (Mercer, 1983), and the International Panel on Climate Change has identified the 

behavior of WAIS as a major source of uncertainty in future projections (IPCC, 2014). As such, 

a more complete understanding the dynamics of WAIS in response to past climatic changes is 

imperative to predicting its future response to anthropogenic climate change. 

The Biological Pump 

The transfer of carbon from the surface ocean into deep sea sediments mediated by 

phytoplankton is termed the ‘biological pump’. In the surface ocean, primary producers fix 

dissolved inorganic carbon (DIC), which exchanges with the atmosphere, into dissolved organic 

matter (OM). This OM is progressively transferred to higher trophic levels, and the vast majority 

of organic carbon that was originally fixed by phytoplankton is respired back to DIC. However, 

about 1% of organic carbon that is fixed in surface waters globally sinks to the seafloor 

(Emerson and Hedges, 1988). It is then buried and exposed to decomposition by microbes and 

infauna, and about 90% of the carbon that reaches the seafloor is ultimately oxidized (Hedges 

and Keil, 1995). Therefore, only about 0.1% of global surface ocean productivity is ultimately 

preserved in the sedimentary record. This organic carbon burial is a crucial process in the global 

carbon and oxygen cycles because it serves as a long-term sink for carbon dioxide from and as a 

source of oxygen to the surface ocean-atmosphere system (Shackleton, 1987). 



   

  

   

     

   

  

 

 

   

 

  

 

   

 

  

  

     

    

 

 

Nirenberg Honors Thesis 5 

The Ross Sea and Site U1524 

Adjacent to WAIS, the Ross Sea is the most productive region of the Southern Ocean 

(Arrigo et. al, 2008). Primary production in the region is primarily driven by various diatom 

species and the red alga, Phaeocytis antarctica, during blooms in the both early and late austral 

summer (DeJong et. al, 2017). This productivity in the Ross Sea, in particular, plays a critical 

role in the global biological pump. About 25% of total oceanic uptake of atmospheric carbon 

dioxide occurs in the Southern Ocean, both through surface water solubility exchange and the 

biological pump, and the Ross Sea is an important location of global drawdown of CO2 into the 

deep ocean (Takahashi et. al, 2002). 

In addition to its role in the carbon cycle, the Ross Sea continental shelf and slope are 

major areas of formation of Antarctic bottom water, which bathes much of the deep ocean, and 

this process helps drive global thermohaline circulation (Jacobs et. al, 1970). Hillary Canyon, a 

submarine canyon in the Ross Sea, is one of the largest channels for delivering this dense 

Antarctic bottom water from the continental shelf to the abyssal ocean (McKay et. al, 2018). 

Sediments are transported along with water flow down Hillary Canyon in recurring turbidity 

currents, like ‘avalanches’ of sediment suspended in water. Though significant deposition of 

these sediments does not occur in Hillary Canyon itself, flowing sediments periodically spill over 

the canyon levees and deposit in “channel overspill deposits” on the banks. Site U1524 is a 

location of these overspill deposits, at 74o13.05’S, 173o37.98’W at 2394 m water depth, and 

provides a near-continuous depositional record since at least the Miocene (McKay et. al, 2018). 

This site is shown in geographic context with other IODP and DSDP sites in the Ross Sea in 

Figure 1. 
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Figure 1. Bathymetric map of the Ross Sea, showing Site U1524 and other drilling sites from IODP Expedition 

374. Figure from McKay et. al, 2018. 

Milankovitch Cycles and Earth’s Climate 

The main mode of global climate variability in the Quaternary has been repeated cycles 

of Northern Hemisphere glaciations and deglaciations. The fundamental driver of these glacial-

interglacial cycles are changes in the amount and distribution of solar radiation reaching Earth’s 

surface due to changes in the geometry of Earth’s orbit around the Sun (Hays et. al, 1976). Three 

orbital parameters, eccentricity, obliquity, and precession, control this variability in insolation, 

oscillate on different timescales, and are collectively referred to as Milankovitch cycles. These 

cycles are depicted in Figure 2. Eccentricity, or how elliptical Earth’s orbit is, varies between 

0.0034, close to circular, and 0.058, more elliptical, with two dominant periods of about 100,000 
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and 400,000 years. Obliquity, or the angle of tilt of Earth’s axis relative to its plane of orbit, 

varies between 22.1 and 24.5 degrees with a period of 41,000 years. Precession, or the direction 

Earth’s axis points, varies in multiple cycles with an average period of about 23,000 years. 

Figure 2. Illustration of cyclical variations in Earth’s orbital parameters, referred to as Milankovitch cycles. 

These parameters control the spatial and temporal distribution of solar energy on Earth’s surface. Figure 

modified from Villanueva, 2009 and is not to scale. 

Obliquity primarily controls the total annual insolation received at the poles (Huybers, 

2006). When the Earth’s axis is more tilted, the angle of incoming solar radiation at the poles 

during the summer is more directly overhead, increasing the solar energy flux per area. Because 

the poles are completely dark during the winter in all points of the obliquity cycle, increased 

obliquity corresponds to higher average annual insolation at the poles. The combination of 

precession and eccentricity determines the intensity and duration of seasons in each hemisphere. 

If Earth’s orbit were a perfect circle, the length of the seasons would all be equal. However, the 

orbit is elliptical, therefore the distance between the Earth and Sun is not constant throughout the 

year. Kepler’s second law of planetary motion states that an imaginary line connecting the Earth 
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and Sun must sweep out equal areas in equal times as the Earth orbits the Sun. As a result, the 

Earth travels slower when it is furthest from the Sun in its orbit and faster when it is closest. 

Today, the Northern Hemisphere experiences summer when the Earth is farthest from the Sun in 

its orbit. As a result, Northern summers are relatively long, 8 days longer than in the Southern 

Hemisphere, and less intense, as insolation decreases with the square of distance from the Sun. In 

the opposite precession configuration, Northern hemisphere’s summers would be shorter but 

more intense. The effect of the precession cycle is modulated by eccentricity as precession has 

more impact when the eccentricity of Earth’s orbit is high. Eccentricity, obliquity, and precession 

work together to control how much and how long solar energy reaches different areas on Earth, 

and these insolation cycles produce a response in Earth’s climate system. 

Over the last 800,000 years, it is known from Antarctic ice cores that global ice volume, 

Antarctic temperatures, and atmospheric carbon dioxide concentrations are very tightly 

correlated and vary with a characteristic 100,000 year period, corresponding to the eccentricity 

cycle (Saltzman et. al, 1999). Before this time, in the earlier Pleistocene and Pliocene, global ice 

volume and deep-sea temperature, recorded in the oxygen isotopes of deep-sea carbonates, show 

a smaller amplitude of variability and oscillate with a dominant 41,000 year period, 

corresponding to the obliquity cycle (Lisiecki and Raymo, 2005). However, most records used to 

show this dominance of obliquity are from the Northern Hemisphere or the Atlantic Ocean, and 

the LR04 benthic isotope stack may not be globally representative of orbital variability in the 

Pliocene. In fact, the dominance of the 100,000 year signal and absence of 41,000 year 

variability have been observed in Southern Hemisphere records during this same time interval 

(Caballero-Gill et. al, 2019). During these periods, insolation changes due to Milankovitch cycles 

alone cannot explain the full amplitude of glacial-interglacial climate variability or the 

occurrence of abrupt climate transitions. Therefore, positive feedback mechanisms internal to 

Earth’s climate system are necessary to fully explain glacial-interglacial cycles. The exact 

mechanisms of these feedbacks are not yet fully understood, though the carbon cycle and 

atmospheric carbon dioxide likely play a critical role. In particular, changes in the strength and 

efficiency of the global biological pump, especially in the Southern Ocean, have been proposed 

as the main cause of glacial-interglacial differences in atmospheric CO2 (Sigman and Boyle, 

2000). 
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The Mid-to-Late Pliocene 

The Pliocene epoch, between 5.33 and 2.58 million years ago, was a time of fundamental 

change in Earth’s climate system. During the Pliocene, Earth’s cryosphere transitioned from a 

unipolar world, with major ice sheets only in the Southern Hemisphere, to a bipolar one with the 

onset of major and persistent Northern Hemispheric glaciation that dominated Quaternary 

climate variability. A feature of Pliocene climate was a long-term trend of global cooling and an 

unsteady decrease in atmospheric carbon dioxide concentrations (Pagani et. al, 2010). 

Though the early Pliocene was certainly the warmest part of the epoch, an interval 

between 3.3 and 3.0 million years ago is termed the ‘Mid-Pliocene Warm Period’ as it was a 

period of warm global temperatures between two major glacial events, the Marine Isotope Stage 

(MIS) M2 glacial event at 3.3 million years ago and the development of major Northern 

Hemisphere ice sheets after 3.0 million years ago. Existing paleoclimate records indicate that 

mid-Pliocene warm period global average temperatures were between 2 and 3 oC warmer than 

present with CO2 concentrations between about 340 and 380 ppm (Brierly et. al, 2009; Pagani et. 

al, 2010). Estimates of mid-Pliocene mean sea levels vary between 10 and 40 m above present, 

with a value of 25 m most commonly used in climate simulations (Raymo et. al, 2011). As a 

world with moderately higher temperatures, atmospheric CO2 concentrations, and mean sea 

level, the mid-Pliocene is often used as a potential analogue for Earth’s warming future climate 

due to anthropogenic climate change. 

Carbon to Nitrogen Ratios as an Organic Geochemical Proxy 

Carbon to nitrogen (C/N) ratios are commonly used to indicate the source of OM 

(Meyers, 1994). Empirically, marine phytoplankton uptake nutrients in a fairly consistent ratio, 

called the Redfield ratio, and this has been found to hold true in the Southern Ocean (Redfield et. 

al, 1963; Hoppema and Goeyens, 1999). The C/N ratio of marine OM generally follows the 

Redfield ratio of 106/16, whereas terrestrially-derived OM generally has higher and more 

variable C/N ratios (Redfield et al., 1963; Hedges et. al, 1986). The difference in C/N ratios 

between marine and terrestrial OM reflects a difference in the biomolecular composition of these 

photosynthesizers. Terrestrial plants contain several biomacromolecules, such as cellulose and 

lignin, that are carbon-rich and nitrogen-free, and this composition is reflected in a high C/N 

ratio, typically between about 20 and 500. Phytoplankton do not contain these molecules, and 
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their composition is reflected in a lower C/N ratio, typically around 7 (Redfield et. al, 1963). 

Though the distinctions between the fresh OM compositions can be blurred by decay processes 

(Hedges and Oades, 1997), in appropriate contexts, the C/N ratios of sedimentary organic matter 

are used to distinguish the sources of the OM (Li and Bebout, 2005; Nakatsuka et. al, 1995; 

Ruttenberg and Goñi, 1997). 

Motivation 

Although both Antarctic Ice Sheets were already fully established by the Pliocene, 

previous ocean drilling work has shown that the West Antarctic Ice Sheet exhibited dynamic 

behavior during the Pliocene, especially during warm periods (Naish et. al, 2009). The ice sheet, 

sea ice, and related physical oceanographic processes exert significant control on the 

biogeochemistry of the adjacent Ross Sea, including the critical sequestration of carbon in deep 

sea sediments through the biological pump (Smith et. al, 2000). Organisms, such as the diatom 

blooms of the Ross Sea, record their environmental conditions through their chemical and 

isotopic compositions, and the small fraction of their remains that are preserved in the 

sedimentary record contain these environmental signals, though they may be altered during 

transport and post-depositional diagenesis (Hedges and Oades, 1997; Robinson et. al, 2012). Site 

U1524 on the continental rise of the Ross Sea provides a continuous record of deposition in the 

mid-to-late Pliocene, and analyzing the organic material in cores from hole U1524A, in context 

with other sedimentological records, provides new insight directly into the biogeochemical 

response in the West Antarctic continental margins to ice sheet and global climatic forcings 

during these periods. Specifically, I measured the total organic carbon to total nitrogen 

(TOC/TN) ratios of bulk sediments in this core as an indicator of  the origin of organic matter to 

determine shifts in carbon cycle dynamics of the Ross Sea during the Mid-Pliocene Warm Period 

and the subsequent cooling Late Pliocene. 
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Methods 

Sample Preparation 

Samples were dried in aluminum boats at 80 °C. After at least 48 hours, the samples were 

removed from the oven and ground to a fine texture similar to powdered sugar using a mortar 

and pestle. The ground samples were transferred to glass vials using weigh paper, and the vials 

were stored in a dessicator until analysis. 

For elemental analysis, silver capsules were heated to 500 °C for two hours to combust 

any potential organic contamination. After cooling, 14-16 milligrams of sample were weighed 

into capsules in triplicate. 50 microliters of Milli-Q water were added to wet the capsules. Then, 

10 microliters of 20% hydrochloric acid solution were added to acidify the samples and remove 

inorganic carbon. The capsules were placed under vacuum overnight to dry and then placed in a 

desiccator. The capsules were then closed for analysis. 

The addition of excess hydrochloric acid reacted all inorganic carbon to carbon dioxide, 

and effervescence was observed in some acidified samples. Therefore, only organic carbon 

remained after the samples were dried, and carbon measured through elemental analysis was the 

total organic carbon (TOC). However, acidification did not remove inorganic nitrogen, so 

nitrogen measured through elemental analysis was total nitrogen (TN). Total nitrogen is the sum 

of organic nitrogen, mineral-bound nitrogen, weakly-bound ammonium, and strongly-bound 

ammonium (Robinson et. al, 2012). 

Elemental Analysis 

Samples were analyzed using a Costech Instruments combustion elemental analyzer 

(EA), with helium used as the carrier gas at a flow rate of 100 mL/min. In the EA, each sample 

was flash-combusted at 1150 °C. The combustion products are then run through an oxidation (45 

cm long, packed with chromium oxide catalyst, silvered cobaltous/cobaltic oxide, and quartz 

wool) then a reduction column (45 cm long, packed with reduced copper wire and quartz wool), 

after which all nitrogen is converted to N2 and all carbon is converted to CO2. The gases are run 

through a gas chromatography separation column (2 m long) to separate the components, after 

which they pass through the detector at different elution times. The detector records a voltage 

over time, and the resulting plot is a chromatogram. The nitrogen and carbon peaks were 

separated by at least 30 seconds to avoid overlap of the two peaks. The integrated voltage over 
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time, as compared to a baseline voltage, for each element peak is reported by the software as the 

response in mV*s. 

For calibration, seven masses of acetanilide standard were used. Acetanilide has a known 

composition of 71.089% carbon and 10.363% nitrogen by weight, and the masses of carbon and 

nitrogen in each level of acetanilide were calculated. Responses of carbon and nitrogen for each 

level of acetanilide were obtained from the software used to run the EA. For nitrogen calibration, 

the mass of nitrogen in each standard was plotted against the nitrogen response, and a least-

squares regression line was calculated. The same method was used for carbon calibration. Five 

capsules with phenylalanine were used as checks to ensure the instrument was working properly 

throughout each run. 

Figure 3. An example nitrogen calibration using the standard EA method. Example unknown sample 

measurements are shown as red points. For unknown samples, a nitrogen response is measured through 

integrating the nitrogen peak on the chromatogram, and using the least-squares calibration line, an equivalent 

mass of acetanilide, with a known nitrogen content, is calculated. No uncertainty is reported. 
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Typically, the EA software calculates the calibration line using nitrogen response from 

the chromatograms as the y-variable and mass of nitrogen as the x-variable, as shown in Figure 

3. However, I reversed these axes. Least-squares regression assumes all uncertainty is in the y-

variable with complete certainty in the x-variable. Very small amounts of acetanilide were used 

for calibration in this project, with masses as low as 18 micrograms, because nitrogen 

concentrations in the sediment samples were very low. Sample nitrogen concentrations were 

between 2 and 3 orders of magnitude lower than that of acetanilide, 10.363 wt%, so 2 to 3 orders 

of magnitude less acetanilide had to be used to contain an equivalent mass of nitrogen for 

calibration. Due to the small masses of acetanilide, there was much greater uncertainty in the 

mass of nitrogen in each standard, originating from limitations in the accuracy of the microgram 

balance used to weigh the acetanilide standards, than uncertainty in the responses calculated by 

the EA software from the chromatograms. Therefore, the calibration line was calculated as the 

least-squares regression line of the mass of nitrogen versus the nitrogen response, rather than 

vice-versa. The same method was used for carbon calibration. 
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Figure 4. Modified calibration method using the same standards as shown in Figure 3. Example unknown 

sample measurements are shown in red with uncertainties. Note the inversion of the axes from the standard EA 

method. For each measured nitrogen response, a 95% prediction interval for an equivalent mass of acetanilide, 

using the calibration line, is reported. Note the difference in widths of the prediction intervals between the two 

example points; calibration uncertainties are greater on the margins of the calibration range and lowest near the 

center. 

Calculating Measurement Uncertainties 

The seven levels of acetanilide used to construct the calibration line never show a perfect 

linear relationship, and as such, there is an associated uncertainty in the slope and intercept of 

each calibration line from these deviations. The EA software only reports point estimates of 

masses of nitrogen and carbon calculated from the least-squares regression line, not accounting 

for calibration uncertainty. Along with modifying how the calibration line is constructed, I also 

modified this method by calculating the uncertainty in every carbon and nitrogen measurement 

associated with calibration uncertainty, as shown by the red error bars in Figure 4. 
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For each sediment sample with unknown nitrogen contents, the nitrogen response was 

reported from the EA software. For each measurement, a 95% prediction interval of the mass of 

nitrogen in the sample was constructed using the uncertainties in the slope and intercept of the 

calibration line. Half of the range of the prediction interval is reported as the uncertainty for each 

measurement. 

The statistical logic behind these prediction intervals is as follows. The purpose of the 

calibration is to determine the linear relationship between observed nitrogen response and the 

mass of nitrogen in the sample. The seven masses of acetanilide are used to constrain this 

relationship as well as possible, but there is always uncertainty. To encapsulate this uncertainty, 

given any point within the calibration range, a 95% prediction interval for a specific nitrogen 

response corresponds to the most probable range of masses of nitrogen for that response. If I 

were to repeat using seven masses of acetanilide to create a calibration line many times, each 

time forming a 95% prediction interval at any specific nitrogen response, and then measure a 

future known nitrogen mass corresponding to that response, roughly 95% of those intervals 

would contain the true mass of nitrogen. Prediction intervals were calculated using Expression 1. 

1 (�) − �̅).∗�" ± �!"% %&'()*+'%+,' - . *+/0++1 &( (0++*&2 ∗ �4'1 + 
� 
+ (� − 1)�5 

(1)
. 
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Variable Description 

�" Point estimate of the mass of nitrogen in the 

sample, calculated using linear least-squares 

regression 
∗�!"% %&'()*+'%+,' - . *+/0++1 &( (0++*&2 Critical value of the Student’s t-distribution 

corresponding to a two-tailed 95% confidence 

value with n - 2 degrees of freedom 

�4 Standard deviation of the residuals from the 

linear least-squares regression 

� Number of masses of acetanilide = 7 

�) An unknown sample response 

�̅ Mean nitrogen response of the standards 
.�5 Sample variance of the nitrogen responses of 

the standards 

Table 1. Description of variables used in Expression 1. For 7 masses of acetanilide, 
∗�!"% %&'()*+'%+," *+-.++/ &( (.++*&0 = 2.571. 

For example, say an unknown sample gives a nitrogen response of 10. Given the 

calibration line from the standards, a 95% prediction interval for that response of 10 corresponds 

to a range of nitrogen masses of 19 to 21 micrograms, which would be reported as 20 

micrograms with an uncertainty of 1 microgram. If the standards used to make that calibration 

line showed more deviation from linearity, the relationship between response and mass of 

nitrogen would be less constrained, and this would be reflected in a wider prediction interval (i.e. 

between 15 and 25 micrograms for this example), which would be reported as 20 +/- 5 

micrograms of nitrogen, or five times the uncertainty. 

Uncertainty Propagation 

The uncertainties reported in final TOC/TN calculations are propagated from the 

uncertainties in each individual measurement, originating from calibration error. Uncertainty in 

each measurement contributes to uncertainty in the average value of carbon or nitrogen content. 
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Uncertainty in carbon and nitrogen content contributes to uncertainty in the ratio of carbon to 

nitrogen. When averaging values, errors were added in quadrature using Equation 2, where N is 

the number of values averaged. 

����� �� ������� =
�
1
;<����� �� ���ℎ �����. (2) 

When propagating error in %C and %N to TOC/TN ratios, Equation 3 was used. 

. . 

%�
E ∗ 'C

����� �� %� 
+ C

����� �� %� 
����� �� 

�
� 
= C

%� 
E E (3)

%� %� 

Results 

Carbon and Nitrogen Depth Profiles 

Data was obtained from 102 samples along cores from hole U1524A. Due to some 

samples being out of the calibration range for either carbon or nitrogen, 98 samples were 

analyzed for organic carbon content, 89 samples were analyzed for total nitrogen content, and 

organic carbon to nitrogen ratios were calculated for 82 samples, as both carbon and nitrogen had 

to be within calibration range on the same replicate. Depth profiles for total organic carbon and 

total nitrogen contents are shown in Figure 5, and the depth profile of the ratio of these two 

measurements, TOC/TN, is shown in Figure 6. 
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Figure 5. A) Organic carbon content depth profile for hole U1524A. Values mostly vary between 0.2% and 

1.0%, with a minimum value of 0.11% and a maximum of 1.75%. Errors shown are at 95% confidence level. 

B) Total nitrogen content depth profile for hole U1524A. Values mostly vary between 0.02% and 0.06%, with 

a minimum value of 0.019% and a maximum of 0.312%. Errors shown are at the 95% confidence level. 
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Figure 6. Total organic carbon to total nitrogen ratio depth profile for hole U1524A. TOC/TN varies between 

7.8, close to a typical marine phytoplankton value of about 7, and 24.8, more typical of terrestrial organic 

material (Redfield et. al, 1963; Hedges et. al, 1986). Errors shown are at the 95% confidence level. 
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TOC/TN Record of the Mid-to-Late Pliocene 

An age model based on shipboard biostratigraphy for hole U1524A was applied to 

translate depths into ages (McKay et al., 2018; B. Romans, personal communication). The 

calculated ages range from 3.3 Ma at the bottom of the sections to 2.4 Ma at the top. The 

sedimentation rate between samples increases after 2.78 Ma, so the highest temporal resolution 

data are from samples older than 2.78 Ma. 

Figure 7. Total organic carbon to total nitrogen ratios of bulk sediment versus sediment age. Sample averages 

are shown with error bars at the 95% confidence level. A three-point moving average was added to smooth the 

data. 

In Figure 7, TOC/TN ratios show a gradual, non-monotonic increase from 9.7, 

statistically indistinguishable from typical phytoplankton values of about 7 in the oldest 

sediment, at 3.3 Ma, to values around 20, more typical of terrestrially-derived organic material, 

at 3.0 Ma (Redfield et. al, 1963; Hedges et. al, 1986). From 3.0 Ma to 2.78 Ma, the data then 
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shows a gradual, non-monotonic decrease from terrestrial-type values of 20 to a more marine 

composition around 10. 

 

Discussion 

Sedimentological records of Hole U1524A 
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Figure 8. Sedimentological records from hole U1524A. From left to right, the age of the sediments, the depth 

below sea floor, core number, recovery rate, local sedimentation rate (LSR), the epoch in which the sediments 

were deposited, graphic lithology, presence and density of greenbeds and turbidites, cluster lithology, sand and 

clast weight percents, iceberg-rafted debris mass accumulation rates (IBRD MAR), b* color reflectance 

measurements, and TOC/TN with a 3-point running average in red. These data are from McKay et. al, 2018, 

Patterson et. al, in prep 2020, and this study.  

 

These sections are split into three lithostratigraphic units (LSUs): IB, IC, and II. Local 

sedimentation rate is highest in LSU II, then decreases in LSUs IC to IB. Cores from hole 
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U1524A contain mid-to-late Pliocene and earliest Pleistocene age sediments. The graphic 

lithologies indicate compositions of diatom-rich/bearing mud and mud, with the lowest diatom 

content and highest mud content in LSU IB. Diatom content increases and mud content 

decreases downhole. The cluster lithologies show a similar trend, with diatom ooze content 

highest in LSU II, and decreasing through LSUs IC and IB. Diatom-rich mud and diatom-bearing 

sandy mud both increase from LSU II through LSU’s IC and IB, showing an opposite 

relationship than that of diatom ooze. Thin-bedded turbidite deposits are most frequent in LSU 

II, and their occurrence decreases through LSUs IC and IB. Sand weight percent and iceberg-

rafted debris mass accumulation rates show similar trends as mud content, with the lowest values 

and amplitudes in LSU II, and higher values and amplitudes through LSUs IC and IB. b* is a 

measure of the color reflectance of sediment on a yellow-blue scale, with negative values 

corresponding to more blue reflectance, and positive values corresponding to more yellow 

reflectance. Negative, blue values are more characteristic of mud whereas positive, yellow values 

are indicative of diatom content. b* data shows similar trends among lithostratigraphic units with 

more diatoms in LSU II and more mud in LSUs IC and IB. The total organic carbon to nitrogen 

ratios reported in this project are shown in Figure 8 in context with these other sedimentological 

records. Note that higher, terrigenous values are on the left and lower, marine values are on the 

right in order to align directions with the b* column. 
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Figure 9. Depth profile of normalized b* and TOC/TN. Both quantities were converted into z-scores, so a 

normalized value of 1 corresponds to one standard deviation above the mean of that quantity over these 

sections of hole U1524A. Normalized values of b* were inverted, so negative normalized values of both b* 

and TOC/TN indicate diatom reflectance and marine organic material compositions, respectively. 

In LSU II, b* and TOC/TN are tightly anti-correlated. In this region, b* values that 

indicate more diatom-rich lithology correspond to TOC/TN ratios of organic material with a 

more terrestrial composition. In LSUs IC and IB, b* and TOC/TN show a correlated relationship 

in most sections, with the major exception near 175 m depth below sea floor. 

Without considering the TOC/TN results, the b* measurements, in accordance with 

sedimentological records shown in Figure 8, would indicate increased marine productivity and 

little terrigenous input in LSU II. In LSUs IC and IB, b* would indicate decreasing marine 

productivity and increasing terrigenous input. However, this interpretation is seemingly 

contradicted by the TOC/TN results. 
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Figure 10. Total organic carbon to total nitrogen ratios of bulk sediment versus sediment age divided by 

lithostratigraphic units. 

Long-term trends in TOC/TN correspond to changes in lithostratigraphy, as shown in 

Figure 10. In LSU II, TOC/TN shows a gradual, unsteady shift from typical diatom values 

around 7 to typical terrestrial carbon values around 25. This trend reverses at the boundary 

between LSU II and LSU IC, which corresponds with the end of the Mid-Pliocene Warm Period, 

and TOC/TN decreases in LSU IC to IB back towards diatom values. 

In LSU II, lithology and color reflectance indicate the largest diatom fractions in this 

section. However, in the same unit, TOC/TN ratios indicate a shift in the origin of the organic 

material away from diatom-like compositions to more typical terrestrial compositions. Notably, 

due to the anti-correlation of b* and TOC/TN in LSU II shown in Figure 9, the most diatom-like 

reflectances correspond to the organic material that seems to be the most terrestrially influenced. 

In LSUs IC and IB, lithology and color reflectance indicate the largest terrigenous inputs of mud, 

sand, and IBRD, yet TOC/TN ratios indicate a shift in the origin of the organic material back 

towards diatom-like values. b* and TOC/TN appear more correlated in these units. 
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As b* and TOC/TN are anti-correlated in LSU II and correlated in LSUs IC and IB, the 

change in this relationship indicates the presence of different feedback mechanisms operating 

during the times when these sediments were deposited. Color reflectance measurements and the 

composition of organic material seem to disagree in these units, and below, I discuss one 

hypothesis to address this apparent disagreement in terms of a larger framework by incorporating 

orbital forcings, physical oceanography, and ice sheet dynamics. 

Depositional Environments 

LSU II was deposited between 3.3 and 3.0 million years ago, during the Mid-Pliocene 

Warm Period. The lithology of high diatom ooze content and diatom-rich mud indicates open 

marine conditions at Site U1524 with little to no sea ice cover over the continental rise during 

this time. Thin-bedded turbidite deposits are most frequent in LSU II, indicating frequent 

turbidity currents at Hillary Canyon. 

LSU IC was deposited between 3.0 and 2.87 million years ago, during the Late Pliocene 

after the end of the Mid-Pliocene Warm Period. More mud content, greater sand weight percents, 

and higher iceberg-rafted debris mass accumulation rates indicate conditions with greater and 

more persistent sea ice cover at Site U1524 than during the Mid-Pliocene Warm Period. The 

portion of LSU IB analyzed here was deposited between 2.87 and 2.4 million years ago, and the 

lithological trends of greater mud, sand, and IBRD contents indicate even more sea ice cover 

over the continental rise than indicated in LSU IC. The frequency of thin-bedded turbidite 

deposits decreases in LSUs IC and IB. 

In sum, the lithologies of the lithostratigraphic units indicate a long-term, stepwise 

increase in sea ice cover over Site U1524 on the continental rise. This interpretation is consistent 

with other findings indicating a stepwise increase in sea ice cover in the Ross Sea between 3.3 

and 2.5 million years ago (McKay et. al 2012). The frequency of thin-bedded turbidite deposits 

indicates a decrease in turbidity currents at Hillary Canyon concurrent with this increase in sea 

ice cover. 

MIS M2 Glacial Event 

The beginning of this record at 3.3 Ma corresponds to the end of the large Pliocene 

glacial event, Marine Isotope Stage (MIS) M2, which ended at 3.312 Ma (Tan et. al, 2017). 
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During this event, Antarctic ice sheets were greatly expanded (De Schepper et. al, 2014). One 

hypothesis for the driver of this ice sheet expansion is that it occurred during a phase of orbital 

cycles when eccentricity and obliquity were both low (Patterson et. al, 2014). When obliquity, 

which controls the distribution of insolation across latitudes, is low, the poles receive less 

insolation during the summer, making the summers colder and lowering summer ice sheet 

ablation rates. This allows for an expansion of the ice sheet, as less ice melts during the summer, 

and the winters are still cold as the poles do not receive insolation year-round. 

Figure 11. Depiction of orbital parameters, ice sheet dynamics, and physical oceanography during the MIS M2 

glacial event, ending 3.312 million years ago. The orbital diagram shows low eccentricity and obliquity of 

Earth’s orbit around the Sun. Figure modified from Patterson et. al, in prep 2020. 

As the West Antarctic Ice Sheet is greatly expanded, the Ross Sea shelf is completely 

covered by ice. Antarctic bottom water (AABW) forms farther out over the continental margins, 
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and the zone of maximum primary productivity, shown as the yellow rectangle in Figure 11, is 

pushed far from the continent. 

Mid-Pliocene Warm Period 

As eccentricity and obliquity increase after the M2 glacial and into the Mid-Pliocene 

Warm Period, the West Antarctic Ice Sheet retreats. Glacial-interglacial cycles are then 

dominated by the cycles of eccentricity-modulated precession, as observed through iceberg-

rafted debris accumulation rates (Patterson et. al, in prep 2020). Precession and eccentricity 

control the length and intensity of seasons. When the Earth is in the orbital configuration with 

the southern hemisphere experiencing summer when the Earth is closest to the Sun in its orbit, 

summers are short and intense, causing increased ice sheet ablation rates and a retreat of the 

West Antarctic Ice Sheet. In the opposite precession configuration, summer are long and cold, 

decreasing ablation rates and allowing the West Antarctic Ice Sheet to expand. Precession is 

modulated by eccentricity because if Earth’s orbit is perfectly circular, the Earth is equidistant 

from the Sun during all seasons, and precession does not impact seasonality. Conversely, 

precession has greater impact when eccentricity is large. 

Figure 12. Depiction of orbital parameters, ice sheet dynamics, and physical oceanography during the Mid-

Pliocene Warm Period, between 3.3 and 3.0 million years ago. 
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In Figure 12, glacial-interglacial variability is dominated by the precession cycle, with 

glacials during times of long, cold summers and interglacials during times of short, intense 

summers. Glacial periods show an expanded WAIS, more extensive sea ice cover, though not as 

far as the continental rise, increased bottom water formation, decreased upwelling of lower 

circumpolar deep water, and the zone of maximum primary productivity is pushed northward 

over the open ocean. During interglacials, enhanced upwelling of relatively warm lower 

circumpolar deep water onto the continental shelf promotes basal melting of WAIS. Antarctic 

bottom water formation is reduced, sea ice cover is reduced, and the zone of maximum primary 

productivity moves towards the continent. 

After the M2 glacial event, the Ross Sea continental shelf is exposed. Dense Antarctic 

bottom water forms on the shelf, sinks, and then flows into the abyssal ocean through Hillary 

Canyon, where overspill deposits form at Site U1524. Terrigenous organic material stored on the 

shelf and on the continent is reworked and exported from the shelf along with bottom water 

formation, and this signal of increasing terrigenous carbon export is observed in the increasing 

TOC/TN ratios of the organic material being deposited at Site U1524 as observed in LSU II. 

Basal melting of the ice sheet by increased upwelling of warm circumpolar deep water also 

increases carbon export from the shelf. Thin-bedded turbidite deposits, found abundantly in LSU 

II, form at Site U1524 as turbidity currents flow through Hillary Canyon along with bottom 

water flow. 

Through glacial-interglacial cycles during the Mid-Pliocene Warm Period, WAIS is 

overall greatly reduced from the M2 event, and sea ice cover does not extend over Site U1524, in 

accordance with the lithology of LSU II. Circumpolar deep water upwells onto the continental 

margins and shelf, stimulating productivity near the continent. As such, the zone of maximum 

primary productivity is over Site U1524 during both glacial and interglacial times, and this is 

reflected in the high diatom ooze content of LSU II. 

Though diatoms form a significant proportion of the sediment deposited at Site U1524, 

terrestrially-derived carbon is also being exported from the shelf and delivered to Site U1524 

with bottom water flowing through Hillary Canyon. As both of these processes (diatom 

productivity and terrigenous carbon export) are enhanced during interglacials, this can 

potentially explain why b* and TOC/TN are anti-correlated in LSU II. Diatom deposition and 
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terrestrially-derived organic fractions at Site U1524 are the highest at the same times, and this 

could account for the seemingly contradictory relationship. 

Late Pliocene Cooling 

After the Mid-Pliocene Warm Period, there is a long-term global cooling trend in the 

Late Pliocene continuing into the Pleistocene. The cause of this cooling is not currently agreed 

upon, with leading hypotheses including long-term declines in atmospheric carbon dioxide 

concentrations (Lunt et. al, 2008), changes in orbital forcings (Maslin et. al, 1998), and tectonic 

influences (Cane & Molnar, 2001). Precession and eccentricity still dominate glacial-interglacial 

variability, though under a cooler background climate and more expanded, on average, WAIS. 

Figure 13. Depiction of ice sheet dynamics and physical oceanography during the Late Pliocene between 3.0 

and 2.5 million years ago. Orbital forcings are similar to those during the Mid-Pliocene Warm Period, though 

in a colder background climate. 

As the global climate cools, the Antarctic continent and the continental shelf become 

more persistently covered by ice, shown in Figure 13, and less terrigenous carbon is exported 

from the shelf to the continental rise at Site U1524. This signal is observed in the TOC/TN 

record at Site U1524 in LSUs IC and IB as values shift from a more terrestrial composition 

towards a typical diatom composition. Sea ice cover over the continental rise at Site U1524 

becomes more persistent through glacial and interglacial times, and this is reflected in the 

increasing mud fractions, sand weight percents, and iceberg-rafted debris mass accumulation 

rates in LSUs IC and IB. The frequency of thin-bedded turbidite deposits decreases as there are 

less turbidity currents and bottom water flow through Hillary Canyon. 
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During glacial periods, bottom water formation over the shelf increases while upwelling 

circumpolar deep water, which controls the zone of greatest primary productivity, moves out past 

the continental margins into the open ocean. Though terrestrially-derived carbon export from the 

shelf is decreased overall, bottom water flowing through Hillary Canyon still contains the 

terrestrial organic signal. As sea ice covers the continental rise, the sediments depositing at Site 

U1524 have a higher mud fraction. Therefore, b* and TOC/TN in this case would both indicate 

continental sources. During interglacials, bottom water formation decreases. Circumpolar deep 

water upwells onto the shelf, promoting basal melting of WAIS, and the productive zone moves 

back over the continent. Less terrestrial organics carried by bottom water flow reach Site U1524, 

and the sediments depositing at the site would contain more diatom content. b* and TOC/TN in 

this case would both indicate marine sources. Thus, during the Late Pliocene, the correlation 

between b* and TOC/TN that is observed in LSUs IC and IB can be explained even while those 

values are anti-correlated during the Mid-Pliocene Warm Period. 

Conclusions 

In this project, the carbon and nitrogen compositions of the organic matter in mid-to-late 

Pliocene-aged sediment in IODP cores from hole U1524A were reported, and the uncertainties in 

these values were calculated in a novel way, using prediction intervals from each calibration in 

the elemental analysis. This data, when incorporated with existing sedimentological records of 

Site U1524, provides new insight into the past dynamics of carbon cycling in the Ross Sea as 

well as the West Antarctic Ice Sheet. After the MIS M2 glacial event, WAIS retreated during the 

Mid-Pliocene Warm Period, exposing the continental shelf. During this interval, terrestrial 

carbon export from the shelf to the slope increased, as indicated through TOC/TN ratios, and 

there was low to no sea ice cover over the slope, as indicated by lithology. After the end of the 

Mid-Pliocene Warm Period, long-term global cooling occurred during the Late Pliocene. During 

this time, terrestrial carbon export decreased, and there was a stepwise increase in sea ice cover 

over the slope. Two indicators of sediment origin, b* color reflectance and TOC/TN, show 

contrasting relationships across lithostratigraphic units. In LSU II, b* and TOC/TN are tightly 

anti-correlated, whereas in LSUs IB and IC, these data are, with some exception, positively 

correlated. Incorporating changes in physical oceanography, ice sheet dynamics, and 

biogeochemistry may resolve this apparent inconsistency, emphasizing the need for a multi-
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proxy approach to interpretation of paleoproductivity. As the Ross Sea and WAIS play crucial 

roles in the global carbon cycle dynamics and eustatic sea level, understanding the response of 

these regions to climatic forcings is imperative. Because there is no true model Earth to 

experiment on, we must instead look to the past, and the Pliocene serves as the most 

geologically-recent window into what Earth’s climate may soon become. 

Further Questions and Future Work 

The measurements I report reflect both the original composition of the organic material 

and any alterations during transport and post-depositional diagenesis. Though it is unlikely that 

the signals I observe are solely due to diagenetic effects, comparison of my bulk organic 

measurements with analyses of diatom-bound organic matter, which is thought to be more 

resistant to alteration (Robinson et. al, 2004), from the same sections of hole U1524A would 

show the impact of diagenesis on the composition of bulk organic matter in this environment. In 

addition, preservation rates of different organic materials are unequal, as concentration of some 

compounds resistant to microbial oxidation are sensitive to bottom water oxygen concentrations, 

such as pigments and unsaturated lipids (Hedges and Keil, 1995). Compound-specific analyses, 

such as for long-chain alkanes, and measurements of redox-sensitive metals, such as authigenic 

uranium, could indicate changes in the bottom water oxygen conditions at Site U1524, which 

would affect organic carbon degradation during early burial (Jacobel et. al, 2020). 

In the near future, the stable isotopes of carbon and nitrogen, reported as d13C and d15N, 

of the bulk organics in these samples will be measured. Carbon isotopes have been shown to 

record phytoplankton blooms in the Ross Sea, showing Rayleigh fractionation as blooms deplete 

surface waters of aqueous carbon dioxide, with 13C-enrichment in surface sediments associated 

with blooms (Villinski et. al, 2000). d15N of surface sediment has been shown to be strongly 

related to the concentration of nitrate in surface waters in the Southern Ocean, with more 15N-

enriched sedimentary nitrogen reflecting nitrate depletion by phytoplankton at the surface, and 

this signal has also been found to be generally preserved in sediments, allowing its use as a 

paleoceanographic proxy (Altabet and Francois, 1994). These two additional measurements will 

allow for further and more complex interpretation of Ross Sea productivity and diatom bloom 

dynamics in the mid-to-late Pliocene. 
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