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ABSTRACT OF THE DISSERTATION

From the Deep Earth to the Atmosphere: New Geochemical Techniques to Address Marine
Productivity, Long-term Climate, and Continental Rifting

by

Brian Morrison House

Doctor of Philosophy in Earth Sciences

University of California San Diego, 2019

Professor Richard Norris, Chair

This dissertation, as indicated by its title, is eclectic, but is united around the theme of
developing and applying new geochemical approaches to answer large-scale questions in
earth science. And it represents an interdisciplinary contribution, drawing on paleobiology,
paleoclimate and paleoceanography as well as incorporating near surface and deep earth
seismic models and signal analysis techniques to expand the range of conclusions that can be
extracted from large geochemical datasets. The first two chapters focus on the marine
biosphere in the geologic past. Chapter 1 presents a new high-throughput method for
establishing paleo export productivity as well as evidence that increased supply of Southern

Ocean water masses during glacial intervals stimulated productivity off the coast of East

Xil



Africa. The method presented in Chapter 1 enabled Chapter 2, in which an unprecedented
global view of marine productivity reveals a global biological “heartbeat”: marine
productivity varies at the same frequencies as Earth’s orbital obliquity and precession,
indicating a fundamental link between astronomical and biological processes. Chapters 3 and
4 explore the information contained in the carbon in marine sediments to better constrain the
amount and form of C subducting along the Sunda margin, Indonesia and to infer a multi-
phased expansion of Cy4 grasslands on the Indian subcontinent, indicating punctuated episodes
of aridification. The final chapter traces the He isotope signature of a mantle plume from the
core-mantle boundary to elucidate the processes involved in forming and sustaining
continental rifting in Ethiopia and Afar. The breadth of topics covered here reflects the range

of my own curiosity in pursuing what Nietzsche termed froliche wissenschaft — joyful science.
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CHAPTER 1

Unlocking the barite paleoproductivity proxy: a new high-throughput technique

reveals glacial/interglacial productivity changes at the East African margin

Brian M. House!, Richard D. Norris!

IScripps Institution of Oceanography, University of California San Diego, La Jolla, CA 92037

Corresponding author: Brian M. House (bhouse@ucsd.edu)



Abstract

The accumulation rate of barite (BaSO4) in marine sediments is a powerful tracer of paleo
export productivity due to the refractory nature of barite in sediments and its ability to record
ecosystem-wide productivity. Although it has been used to reconstruct past export
productivity and infer the effects of ocean circulation and nutrient supply on ocean
ecosystems, the complexity of and time needed for analyses has limited the usefulness of this
proxy. We developed a new high-throughput method for quantifying barite in marine
sediments, and using it in concert with X-Ray Fluorescence (XRF) core scans from IODP Site
1476 in the Mozambique Channel, we established a high-resolution record of export
productivity since ~8 Ma. Focusing on the past 1 Myr., we find dramatically lower export
productivity during glacial periods. We propose that diminished Antarctic Intermediate
Water formation during glacial episodes may reduce nutrient availability at IODP Site 1476.
This mechanism has been used to explain patterns of productivity in the high-latitude
Southern Ocean and Benguela Current system, so our results expand this hypothesis to

encompass the Indian Ocean as well.

1 Introduction

The accumulation rate of barite in marine sediments has proven to be one of the most
useful tracers of paleo export productivity in the world’s oceans (Dymond et al., 1992;
Dymond & Collier, 1996; Francois et al., 1995; Gingele & Dahmke, 1994; Paytan & Kastner,
1996). Due to the strong correlation between organic C and particulate barite concentrations

in sediment traps and surficial sediment samples, barite is hypothesized to form in the water



column as sinking organic matter is remineralized (Dehairs, et al., 1980; Dymond & Collier,
1996; Griftith & Paytan, 2012; Paytan & Griffith, 2007). Despite barite undersaturation in
much of the world’s oceans (Monnin et al., 1999), oxidation of organic matter may lead to
“microenvironments” rich enough in Ba and sulfate that barite precipitates (Chow &
Goldberg, 1960; Dehairs et al., 1980; Ganeshram et al., 2003). Marine barite is also highly
refractory in sediments that lack pervasive sulfate reduction (e.g. Dymond et al., 1992).
Furthermore, unlike many other proxies, the barite accumulation rate (BAR) reflects the
export productivity of all species within an ecosystem that contribute to marine snow rather
than tracing productivity of a subset of an ecosystem, such as calcifying organisms, or single
microfossil species. For example, changes in ecological regime that alter the composition of
biogenic sediments may appear as lulls in overall productivity if only a certain ecologic group
or species is tracked (e.g. Calvert and Pedersen, 2007).

The potential of the BAR proxy has not, however, been fully realized due in large part
to analytical challenges. Barite typically constitutes a small enough fraction of sediments that
direct quantification with techniques like X-Ray Diffraction or electron microscopy is
difficult and can lead to considerable uncertainty (Gingele and Dahmke, 1994; Robin et al.,
2003). Instead, two broad schemes have been used to measure or estimate barite abundance
in discrete samples: (1) the sequential barite extraction method, which involves quantification
of barite following removal of silicate minerals and other Ba containing phases (Bains et al.,
2000; Gonneea & Paytan, 2006; Ma et al., 2014; Paytan, 1995; Paytan et al., 1993; Paytan et
al., 1996), and (2) estimation of barite abundance by measurement of total Ba and correction
for non-barite Ba sources (Averyt and Paytan, 2004; Dehairs et al., 1980; Eagle et al., 2003;

Gingele and Dahmke, 1994; Olivarez Lyle and Lyle, 2006; Reitz et al., 2004). We present a



new high-throughput method falls under the first scheme and directly quantifies barite in
sediments without the need for correction. We also find that the commonly-used sequential
barite extraction method of Paytan et al., (1993) and subsequently modified, is likely to
underestimate true barite abundance and does not always produce repeatable results. Finally,
the new method presented here can repeatably measure barite concentrations using less than
one-tenth of the material needed for the sequential extraction method and is simple and uses
non-hazardous chemicals, allowing it to be used during coring expeditions to measure barite
concentrations in near real-time.

Non-destructive XRF core scanning is a particularly attractive method for estimating
barite concentration due to the analytical rapidity that permits high-resolution records (e.g.
Hull & Norris, 2011; Jaccard et al., 2010, 2013), but the results can be hard to interpret. The
ratio of Ba to a predominantly terrigenous element like Al, Fe, Ti, or Zr is often interpreted to
reflect Ba contributions from barite, but the analytical challenges in measuring barite in
discrete samples have, in part, limited the rigorous evaluation of this assumption. For [ODP
Site 1476 in the Mozambique Channel, we find that discrete barite measurements showed no
appreciable correlation with the previously-used XRF proxies of Ba/Al, Ba/Fe, and Ba/Ti.
The ratio of Ba/Zr showed a mild correlation. However, normalizing Ba to Rh and Ag, which
are present in the x-ray source and detector collimator respectively, showed a much more
robust correlation with an R? for Ba/Ag of ~0.7 (n= 67). We therefore used Ba/Ag and
discrete barite measurements from Site 1476 to “calibrate” the core scanning results and
generate an envelope of estimated barite concentrations at cm-scale resolution. We chose to
focus on the last ~1 Myr. of the ~8 Ma. record, and during this interval, the inferred barite

concentration and accumulation rate (calculated as the product of barite concentration, bulk



dry density, and sedimentation rate) are at least twice as high during interglacial periods than
during glacial intervals. While a relative paucity of paleceanographic data at Site 1476
prevents us from drawing definitive conclusions, changes in the supply of nutrient-rich
Southern Ocean masses to this site are consistent with our observations.

The supply of nutrient-rich water from high southern latitudes has been implicated in
sustaining productivity along the Antarctic margin and in the Benguela Upwelling System
(Etourmeau et al., 2009; Jaccard et al., 2013), one of the most productive regions of the global
ocean. Ventilation of deep waters and subduction to intermediate depths in the high-latitude
Southern Ocean produces Antarctic Intermediate Water (AAIW), which spreads North and
remains buoyant with respect to Antarctic Deep Water and North American Deep Water. The
interaction of the South Equatorial Current with Madagascar makes the Mozambique Channel
a region of exceptional eddy activity (José et al., 2014), and cyclonic eddies induce upwelling
in their centers, which appears to cause the majority of productivity within the channel itself
(e.g. Seetre and da Silva, 1984).

While this region has been the target of numerous hydrological and physical
oceanographic studies, the origins of biological productivity and ultimate nutrient sources,
both in the modern system and in the geologic past, have received significantly less attention.
The glacial/interglacial productivity pattern we find since 1 Ma at Site 1476 mirrors the trends
in the Southern Ocean and Benguela Upwelling System that are attributed to the diminution
of AAIW production due to less vertical mixing during glacial periods (Etourmeau et al.,
2009; Jaccard et al., 2013). This restricts the northern leakage of nutrients from the Southern
Ocean and hence the productivity in regions that rely on Southern Ocean nutrient supply to

sustain productivity. We propose a similar mechanism to explain the glacial/interglacial



export productivity trends within the Mozambique Channel, and our hypothesis would
provide a unified framework for understanding productivity in regions that rely on high-

latitude Southern Ocean water masses as a nutrient source.

2 Methods

2.1 Barite extraction and quantification procedure

Our novel method for quantifying barite in marine sediments relies on the well-
documented ability of chelating carboxyl-amine ligands to bind Ba, thereby dissolving barite
(Bao, 2006; Lea and Boyle, 1993; Paytan, 1995; Putnis et al., 2008). We used
diethylenetriaminepentaacetic acid (DTPA), an octadentate analogue of
ethylenediaminetetraacetic acid (EDTA), to quantitatively dissolve barite from a variety of
test sediments and natural samples. Seven bulk test sediments were chosen to represent a
range of lithologies, oceanographic settings, and expected export productivity levels (Table
1.1) to fully evaluate DTPA extraction of barite regardless of amount present or sediment
matrix. Test sediments included predominantly biogenic material INMD-12 105P CC and
ANT-03 46G CC) as well as calcareous clays (Hessler-61 and IODP Site 1480E trimmings),
all of which were expected to be rich in barite due to the abundance of foraminifera frustules.
A red clay (ANT-13 201P CC) was included as well to evaluate the effects of transition metal
oxyhydroxides deposits on Ba measurements, and a Mn-nodule from the same site was
powdered to test the ability of reducing agents to liberate Ba, Fe, Mn, and S directly from
metalliferous material. A sapropel was collected subaerially in Sicily, and a sample of
terrestrially-sourced material from off the coast of La Jolla, California was included to test for

interference from silicate-hosted Ba.



All sediments were dried at 50°C until the mass stabilized between two successive
weighings, after which samples were ground with an agate mortar and pestle. Subsamples
between 0.25 and 2 g were weighed and treated with 5 N acetic acid for 12 to 24 hours to
remove carbonates that could contribute Ba; dissolving carbonates also removes Ca that
would compete with Ba in DTPA complexation. Following acidification, samples were
centrifuged, the supernatant was decanted, and samples were washed with DI water three
times with centrifugation between each wash. A solution of 0.2 M DTPA was prepared by
adding sufficient NaOH to an aqueous slurry of DTPA to dissolve the ligand and raise the pH
to ~11.5-12. This ensures complete deprotonation of the pentaprotic DTPA, which is
necessary to maximize Ba binding efficiency (Putnis et al., 2008). Samples were treated with
0.2 M DTPA solution in a ratio of 20 mL/g sediment and sonicated for 3 hours before being
placed in a shaking water bath for at least 6 hours at 60°C. Aliquots of the resulting leachate
were filtered through a 0.45 um membrane and archived for analysis. Table 1.2 summarizes
the leaching method.

Approximately 50 uL of archived solution was added to 4 mL 2% v/v trace metal
grade HNO3/18.2 MQ cm! water for analysis using a Perkin Elmer Optima 3000 Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES) operating at 1300 W RF power,
15 L/min plasma Ar flow, 0.5 L/min auxiliary flow, and 0.8 mL/min through a concentric
flow nebulizer. Samples were introduced at a flow rate of 1 mL/min, and a 40 second wash of
2% trace metal grade HNO; was conducted between samples. Measurements were made in
axial view using the following emission peaks: Ba: 233.527 nm; Ca: 317.933 nm; Sr: 421.552
nm; Mn: 257.610 nm; Fe: 238.204 nm; S: 180.669 nm; and Al: 394.401 nm. A four-point

calibration curve was constructed using a multi-element standard in a solution of 50 uL 0.2 M



DTPA/4 mL 2% HNOs. Check standards were run every 15 samples to correct for
instrumental drift. Counts obtained from five replicate spectroscopic measurements were
averaged and converted to concentration values, and the precision on these replicates was
better than 1% for most Ba analyses and was no greater than 4% for analyses presented in
Table S1. Full procedural replicates of sample splits indicate an average one-sigma
uncertainty of ~ 0.11-4.8% (Table S1) for Ba analyses. While instrumental replicates of S
measurements gave a Relative Standard Deviation (RSD) of ~4%, S concentrations in
leachate aliquots used for Ba standard addition experiments — which should contain identical
amounts of S — differed by up to nearly a factor of two (978 ppb versus 519 ppb measured) for
the PLDS 81 Bx-1 0-5 cm sample.

The effects of a pre-extraction reduction step — designed to minimize Ba contributions
from Fe-Mn oxyhydroxides — were evaluated by treating samples with 20 mL/g sediment of a
0.2 M ascorbic acid solution in 5 N acetic acid. Bulk sediment samples for ascorbic acid
reduction were collected from the same archived sediment as those used for sequential barite
addition tests (Section 2.2), but due to sample depletion, we sometimes had to use new
samples of the original cores.

2.2 Method verification and quality control tests

Synthetic barite was prepared by addition of NaSO4 to BaCly; the resulting barite had
impurities (including Sr levels) below the detection limit of ICP-OES. We conducted
sequential barite addition experiments — in which progressively increasing amounts of
synthetic barite were added to sediment aliquots —to ensure that added barite could be
accurately quantified and as a check on possible interferences in measurement using ICP-

OES. For these experiments, one sample aliquot with no added barite and at least four



aliquots with different masses of added barite were submitted to the DTPA leaching
procedure. Separate Ba standard addition experiments were also conducted on individual
samples to evaluate non-spectral ICP-OES interferences that could not be corrected by
matrix-matching of calibration standards. In this case, at least two different masses of a Ba
standard prepared by dilution of 100ppm Ba standard were added to sample aliquots, and the
instrumental response was compared to the added Ba amount to determine the extent of
“rotational” matrix effects and establish a correction factor to account for suppression of the
Ba signal in complex matrices.

Sequential barite addition and Ba standard addition experiments were conducted on
each of the seven bulk test sediments (Table 1). In addition, we obtained seven samples from
the same cores and intervals previously analyzed using the sequential barite extraction method
of Eagle et al. (2003) and analyzed them using the DTPA leaching method. These samples
are not strict duplicates of what was previously analyzed, but we expect them to record
similar compositions to published results.

Finally, quantitative leaching of barite was verified by doping an aliquot of
decarbonated Hessler-61 material with synthetic barite representing >20 times the natural
barite abundance. High-resolution Scanning Electron Microscope (SEM) images of unleached
and leached aliquots were acquired by digitally mixing images from in-column (T1) and
standard backscatter detectors on an Apreo SEM. Elemental analyses of individual grains and
elemental maps of Ba, S, O, Si, Al, and Fe were produced using quantitative Energy
Dispersive X-Ray Spectroscopy (EDS) with an XFlash detector on a Quanta 600 SEM.

Additional tests designed to verify quantitative leaching were conducted by adding known



amounts of synthetic barite to a barite-free matrix of ground kaolinite and subjecting these
samples to the DTPA leaching procedure.
2.2.1 Calculation of barite dissolution at low pH
To estimate the amount of barite dissolved during the acid dissolution steps of the
sequential extraction method, we calculated the expected solubility of barite at low pH values.
This calculation assumed a liquid of zero ionic strength such that all activity coefficients were
one, and therefore it is likely to represent a lower bound on the true solubility. Using the

definition of the solubility product (Rumble, 2018):

B [Ba2+]
P [S027]

~1 0—9.97

k

along with the second dissociation equation for HoSO4 (Rumble, 2018):

_ [H]
- [sof]

~ 10—1.99

kq

we calculated dissolved Ba**, HSO4", and SO4>" concentrations for low pH values (Figure 1.4).
To further investigate the potential effects of HF and non-zero activity coefficients, we used
the PHREEQC geochemical modeling program to determine speciation and barite solubility
under the reaction conditions presented in Eagle et al. (2003), which employed a set of three
distinct HF/HNO3 digestion steps with different reagent concentrations. We used the included
wateq4f thermodynamic database to predict the amount of barite that would dissolve in 30 mL
of (1) 2:1 1M HNOs:HF, (2) 1:1 1M HNOs:HF, and (3) 1:2 1M HNOs:HF while maintaining
equilibrium with a great excess (10 mole) of barite and allowing the formation of BaF, should
it be thermodynamically favored. The results from these calculations are shown in Figure 1.4,
and we find that for all steps, BaF> never reaches saturation (maximum saturation index ~10°

%), indicating that the addition of HF will have minimal additional effect on barite solubility at
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low pH. For all pH conditions, however, the expected barite solubility calculated with
PHREEQC (which accounts for ionic strength effects) was higher than what we calculated
assuming activity coefficients of one. In total, the PHREEQC results suggest that if barite
dissolution proceeds to thermodynamic equilibrium during each of the acid digestion steps of
Eagle et al. (2003), a total of ~6 mg of barite will dissolve.

2.3 Discrete sample XRF measurements of total Ba

Sample preparation and analysis was carried out in the Peter Hooper Geoanalytical
Laboratory at Washington State University. Samples were re-ground to ensure adequate
homogeneity for XRF analysis and were mixed with Li2B4O7 in a 1:2 sample:flux ratio.
Sample beads were formed by fusion at 1000 °C in graphite crucibles, and the resulting beads
were ground and re-fused to ensure sample homogeneity. Sample surfaces were polished and
elemental abundance measured on a ThermoARL Advant’XP wavelength-dispersive XRF
spectrometer. Reproducibility of Ba between repeated duplicates and multiple calibration
cycles was within 1.6%.

2.4 Comparison between discrete barite measurements and core scanning XRF

To establish a correlation between discrete barite concentration and XRF core
scanning Ba records, 67 samples from IODP Site 1476 were analyzed by DTPA extraction
and the results were compared with XRF core scans conducted at the Scripps Institution of
Oceanography core repository. Core scans were conducted on an Avaatech XRF core scanner
equipped with a 100 W Rh target x-ray tube from Oxford Instruments and a Canberra X-PIPS
energy-dispersive detector with Ag collimator. Prior to analysis, the core surface was scraped
gently to remove oxidized material and was covered in 4 um SPEXCertiPrep Ultralene foil.

All scans were conducted at 1 cm resolution with a footprint of 10 x 12 mm with scanning
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gaps added to accommodate cracks or significant surface irregularities in the core. Scans
were taken at 10, 30 and 50 kV with count times of 10, 20, and 30 seconds respectively. An
x-ray tube current of 500 pHA and no filter was used for 10 kV scans while currents of 2000
pnA were used for both 30 and 50 kV scans with a Pd filter for 30 kV and Cu filter for 50 kV
scans. Data processing followed the procedure detailed in Addison et al. (2013). One-sigma
uncertainties averaged ~3% for Ba, ~4% for Zr and Rh, and 0.2% for Ag. The overall
uncertainties for elemental ratios were estimated by summing the individual elemental
uncertainties in quadrature.

For samples from IODP Site 1476, standard addition experiments were conducted on
three samples to monitor for changes in non-spectral interference affecting measured Ba
concentrations. Due to the paucity of material available from the stratigraphic splice for
which XRF measurements exist, samples from IODP Site 1476 A were analyzed and sample
depths were correlated to along-splice XRF measurements using shipboard magnetic
susceptibility measurements from the Special-Task Multisensor Logger “Fast Track”
(STMSL; Hall et al., 2017).

2.4.1 Construction of age model

For the samples from IODP Site 1476, we modified the shipboard biostratigraphy age
model to assign ages to samples and calculate a mass accumulation rate that was multiplied by
the measured sediment barite concentration to obtain the Barite Accumulation Rate (BAR). A
third-order polynomial was found to fit the biostratigraphic datums well (R? >0.99), and this
polynomial was not constrained to zero age at zero depth (i.e. a non-zero intercept was
permitted) as imposing zero age at the core top could propagate mathematical artifacts

through the rest of the age model. Instead, we assumed a linear sedimentation rate between
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the youngest biostratigraphic datum and the top of the core at zero age to minimize the

assumptions inherent in this section of the age model.

3 Results and Discussion

3.1 Method verification and comparison

3.1.1 Sequential barite addition experiments

A wide variety of sediment compositions were used for these tests to ensure that
leaching with DTPA reliably extracts barite regardless of sediment matrix. The results from
sequential barite addition experiments for each of the seven bulk sediments (Table 1) were
used to define lines of best fit using an ordinary least-squares regression (Figure 1.1). The y-
intercept of this line gives the amount of Ba in sediment with no added barite, while the slope
of the line gives an estimate of barite recovery with a slope of one indicating 100% full
recovery. However, we found that apparent matrix effects during ICP-OES measurement
confounded accurate determination of barite content. Matrix matching and internal standards
were unable to resolve these effects to our satisfaction, and substantially increasing sample
dilution was impractical for samples with low starting Ba concentrations. Instead, we
conducted Ba standard addition experiments (distinct from sequential barite addition
experiments), which, while more time consuming, better mitigated the presumed matrix
effects that were particularly prominent for the Fe- and Mn-rich sapropel test sediment.
Without such corrections, barite recovery varied between 89% for the sapropel and 99% for
the terrigenous test sediment (Table S1). While the corrections indicated by standard addition
experiments were small (0-9%; Table S1), applying t