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ABSTRACT

Radioactive isotopes can be used in paleoceanography both for dating samples
and as tracers of ocean processes. Here I use radiocarbon and uranium series isotopes to
investigate the ocean’s role in climate change over the last deglaciation. I present a new
method for rapid radiocarbon analyses as a means of age-screening deep-sea corals for
further study. Based on age survey results, I selected forty corals from the Drake Passage
and thirteen from the Reykjanes Ridge off Iceland and dated them with uranium series
isotopes. The uranium series dates give independent ages that allow radiocarbon to be
used as a tracer of circulation and carbon cycle changes. The radiocarbon records
generated from the Drake Passage corals show increased stratification in the Southern
Ocean during the last glacial maximum (LGM) that disappeared during the start of the
deglaciation as atmospheric CO; began to rise during Heinrich Stadial 1 (HI1).
Considering these data and using a simple mass budget calculation, I show that the drop
in atmospheric radiocarbon activity during H1 can be explained given direct carbon
exchange between the radiocarbon-depleted deep ocean and atmosphere, e.g. through the
Southern Ocean. The Drake Passage radiocarbon records also show evidence for
decreased air-sea gas exchange in the Southern Ocean during the Antarctic Cold
Reversal/Bolling-Allerad coincident with the hiatus in the deglacial CO; rise. During this
time period in the North Atlantic, radiocarbon reconstructions from deep-sea corals
collected from off Iceland show a similar ventilation rate to that observed today and
during the Holocene. To further investigate changes in North Atlantic ventilation over the
last de%laciation, I used an inverse model to assess the consistency of sedimentary
B1pa/2*0Th ratios from the Holocene, H1, and the LGM with the modern circulation.
Although sedimentary *'Pa/*Th has been used to infer changes in the strength of the
meridional overturning circulation in the past, I find that published data are consistent
with the modern circulation during the LGM and H1. These findings highlight the
importance of giving due regard to the uncertainties in the behavior and spatial
distribution of paleoceanographic tracers.

Thesis Supervisors: Dr. Laura F. Robinson (Associate Scientist in Marine Chemistry and
Geochemistry) and Dr. Olivier Marchal (Associate Scientist with Tenure in Geology and
Geophysics)
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Chapter 1. Introduction

Records of atmospheric CO, from bubbles trapped in ice cores show large (~80
ppm) variations in CO; over the past 800 ky, with the glacial periods characterized by
low atmospheric CO, and the interglacial periods characterized by high atmospheric CO,
[Luthi et al., 2008]. The strong correlation of atmospheric CO, with Antarctic
temperature (Fig. 1) over these timescales is compelling evidence for the link between
CO; and climate, and understanding these natural (pre-anthropogenic) carbon cycle
variations will help with predictions of the response of climate to increased
anthropogenic carbon emissions. The oceans are thought to be fundamental in driving
these glacial-interglacial CO, variations because the ~100 ky timescale of these cycles is
too short to be explained by tectonic processes and the deep ocean reservoir of carbon is
much larger than the terrestrial and re-equilibrates with the atmosphere on timescales of a
thousand years [Broecker, 1982]. Thus, understanding how ocean circulation has
changed in the past is crucial for determining the processes by which carbon was

transferred from the ocean to the atmosphere from glacial to interglacial periods.
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Figure 1. From Kump [2002]. Variations in atmospheric CO;, and Antarctic temperature
over the past 400,000 years from the Vostok, Antarctica ice core [Petit et al., 1999].

The most recent transition from a glacial to interglacial state (the last
deglaciation) started at about 18 ka (thousand years ago) and was finished by the start of
the Holocene at about 10 ka. The deglaciation was punctuated by periods of abrupt

climate change. Heinrich Stadial 1 (H1, ~17.8-14.7) was an extreme cooling event in the



Northern Hemisphere associated with large bands of ice-rafted debris (Heinrich layers)
throughout the northern North Atlantic as a result of massive iceberg discharge (Fig. 2).

This period also coincided with a postulated weakening of the East Asian monsoon and
the initial deglacial rise in atmospheric CO, and Antarctic temperature [Wang et al.,
2001]. H1 was followed by the Bolling-Allerod (BA, 14.7-12.8 ka), during which the
Northern Hemisphere experienced warmer temperatures and there was a pause in the rise
of Antarctic temperatures and atmospheric CO; (the Antarctic Cold Reversal, Fig. 2). The
Bolling-Allerod was followed by a return to more glacial conditions in the Northern
Hemisphere during the Younger Dryas (YD, 12.8-11.6 ka), and a resumption of the rise

in Antarctic temperatures and atmospheric CO; (Fig. 2).
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Figure 2. Oxygen isotope records from the NGRIP ice core from Greenland [NGRIP, 2004]
(red) and the EDML ice core from Antarctica [EPICA, 2006] (blue) over the last
deglaciation. Records are plotted on the GICCO05-synchronized age model of Lemieux-
Dudon et al. [2010]. 8'0 is a proxy for temperature, with less negative oxygen isotope
ratios corresponding to warmer temperatures. Note the anti-phased millennial temperature
changes in the Northern and Southern Hemispheres during Heinrich Stadial 1 (H1), the
Bolling-Allersd (BA), and the Younger Dryas (YD).



Widespread variations in the chemical characteristics of the ocean accompanied
these abrupt climate changes. Valuable insights to these variations are provided by
records of radiocarbon content in the atmosphere and the ocean, and by the behavior of
uranium-series isotopes. For instance, high-frequency variation in the radiocarbon
content of dissolved inorganic carbon (DIC) during the last deglaciation in the
intermediate and deep Northwest Atlantic has been reconstructed from benthic
foraminifera and deep-sea corals (Fig. 3). The oldest DIC is observed during the cold
periods of H1 and the YD, whereas the BA is characterized by relatively young DIC
throughout the water column, up to more than 3500 m depth [Robinson et al., 2005].
These variations could result from either a change in the ventilation rate or a change in

the source of the waters at that site, or some combination of the two.

Figure 3. From
Robinson et al. [2005].
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Another example of abrupt oceanic changes during the last deglaciation comes
from the ratio of 231-protactinium to 230-thorium (radioactive daughter products of 235-
uranium and 234-uranium, respectively) in deep North Atlantic sediments from the
Bermuda Rise (Fig. 4). Sedimentary 21pa/**Th increased dramatically at the start of HI,
fell back down to pre-H1 values during the BA, and then had another increase during the
YD [McManus et al., 2004]. These increases in the sedimentary *'Pa/**"Th ratio are

thought to reflect a reduction in the export of **'Pa to the Southern Ocean due to a slow-



down of the Atlantic meridional overturning circulation (AMOC). Freshwater discharge
in the North Atlantic at the start of the deglaciation (H1) is hypothesized to have lowered
the salinity (and hence density) in the deep-water formation regions, thus reducing the
strength of North Atlantic Deep Water (NADW) formation. This would reduce the
amount of heat transport from the Equator to the North Atlantic associated with the North
Atlantic Current, potentially explaining the relatively cold temperatures observed in the

Northern Hemisphere at this time. e —

et al. [2004]. Oxygen
isotope from planktonic
foraminifera reflecting sea
surface temperature,
salinity and global ice
volume (purple) and
sedimentary *'Pa/**'Th
from the Bermuda rise
(4,550 m). The similarity
between these two records
hints at a potential
connection between deep
circulation and climate.
The radiocarbon ages used
to construct the age model
are indicated by arrows.
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In this thesis I combine both data collection and modeling of the two isotope
systems mentioned above-radiocarbon and uranium series— to further investigate
climate events during the last deglaciation. As both of these systems contain radioactive
isotopes, they can be used to date geological samples. In Chapter 2 of this thesis, I
develop an efficient method of preparing samples for radiocarbon analysis, and apply this
method to conduct age surveys on a suite of deep-sea corals from the Drake Passage in
the Southern Ocean. However, the usefulness of radiocarbon and U-series isotopes goes
beyond generating dates for geological samples. When combined with an independent
estimate of sample age, these isotopes can potentially be used as tracers of ocean
circulation and the carbon cycle. For example, by pairing U-series ages with radiocarbon
measurements on deep-sea corals, I reconstructed the radiocarbon activity of DIC in the
Drake Passage (Chapter 3) and off Iceland in the North Atlantic (Chapter 4). The Drake

Passage radiocarbon record suggests significant changes in vertical stratification and
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carbon exchange between different water masses in the Southern Ocean during the last
glacial and deglacial periods. The radiocarbon record from the North Atlantic indicates
that ventilation near Iceland was similar during the Bolling-Allerod compared to today.
Finally, in Chapter 5, I use a compilation of sedimentary *'Pa/**°Th ratios from the
Atlantic during the last glacial maximum (LGM, between ~19-23 ka), H1, and the
Holocene with an inverse modeling approach to test the (in)consistency of these records
with an estimate of the modern circulation. By giving due regard to the uncertainties
both in the spatial distribution and behavior of **'Pa and 2%Th in the ocean, I assess the
robustness of the circulation changes that have been inferred from these records.
Together, these chapters provide insights into climate changes during the last

deglaciation, as well as the use of these tracers in paleoceanography.

1. Dating methods: radiocarbon and uranium series
1.1 Radiocarbon

Radiocarbon (*C) decays to '“N with a half life of 5730 = 40 years [Godwin,
1962], and thus can be used to date samples up to ~40 ka (~7 half-lives, Box 1).
Radiocarbon is produced in the atmosphere primarily by the interaction of nitrogen nuclei
with protons produced by cosmic rays. The "C is oxidized to form '*CO, and then is
incorporated into the carbon cycle (i.e. into the surface ocean DIC pool by air-sea gas
exchange). Thus radiocarbon provides a useful means with which to date carbon-
containing samples with ages less than 40 ka. However, since the activity of radiocarbon
in the atmosphere is not constant with time and by convention the half-life used to report
radiocarbon ages is not correct (Box 1), radiocarbon ages are not true ages and need to be
calibrated to calendar ages.

Once in the ocean, the radiocarbon of DIC in the surface ocean can transported by
the circulation to the deep ocean carbon reservoir. In general, surface waters are the most
enriched in radiocarbon because of air-sea gas exchange, whereas deep waters are more
depleted (older) because of their isolation from radiocarbon production in the
atmosphere. Mixing of surface waters with low radiocarbon deep water, in addition to

the finite rate of air-sea gas exchange, results in surface water radiocarbon values that are
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Box 1. Radiocabon systematics

The ™C/™C of a sample is measured with an accelerator mass spectrometer. Radiocarbon
results are normalized to a 8"C = -25%o0 and are reported as fraction modern (fm), where
‘modern’ is defined as 95% of the 1950 AD radiocarbon concentration of NBS Oxalic Acid |
(NIST-SRM-4990) normalized to a §*C =-19%o [Olsson, 1970]. By convention, fraction modern
is then converted into a radiocarbon age using the Libby half-life [5568 y; Stuiver and Polach,
1977; Stuiver, 1980], which differs from the true half-life (5730 y) by 3%, and the following
equation:

Radiocarbon age = -8033* In(fm) .

The notation A'C (%o) is used to represent the relative difference between radiocarbon in the
absolute international standard in 1950 and radiocarbon in the sample, corrected for 6'*C and
age (to account for decay between measurement and time of collection or age of the sample)
[Stuiver and Polach, 1977]. It is described by the following equation:

A™C = (fm*e*-1)*1000%o

where A is 1/the true mean-life of radiocarbon (1/8266 y) and t is the age of the sample (years
before 1950 A. D.).
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Radiocarbon decays with a
half-life of 5730 years, so it can sook
be wused to date carbon
containing materials if the initial 500} ATMOSPHERE
activity of radiocarbon is known.
The graph below shows the 400}
fraction modern as a function of 2
time after the carbon was (3 300}
incorporated into a hypothetical 7, MODELED SURFACE OCEAN
sample with initial fm = 1. 200}
1
0.9 100

o
o)
-

o
1N

) 10 20 3 20 50
Age (ka)

Atmospheric radiocarbon has varied through time, as shown
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more depleted (older) than the contemporaneous atmosphere. This apparent age is known
as the reservoir effect, and the age offset between carbon in the atmosphere and marine
samples from the same time is known as the reservoir age [Stuiver et al., 1986]. Thus, an
accurate estimate of the reservoir age from a sample location is necessary to determine an
accurate calendar age from radiocarbon (Box 1).

Some of the benefits of radiocarbon dating include a relatively small sample size
and relatively easy sample preparation (compared, for example, to dating with uranium
series). Samples can contain as little as 25 micrograms of carbon (0.21 mg carbonate),
which is orders of magnitude less than what is needed for uranium series dating
(generally > 100 mg carbonate, and preferably > 300 mg carbonate). Whereas sample
preparation for uranium series is extensive, for radiocarbon analysis it is more
straightforward. Uranium series measurements require an extensive chemical cleaning to
remove surface thorium contamination, the use of radioactive spikes, iron co-
precipitation to remove the carbonate matrix, and column chemistry to isolate the
different isotopes for measurement on a multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS). Radiocarbon preparation is simpler, consisting of an
abbreviated chemical cleaning, conversion of carbonate to carbon dioxide gas, and,
typically, conversion of this gas to graphite for measurement by an accelerator mass
spectrometer (AMS).

In Chapter 2, I present a new and efficient method for preparing graphite targets
for radiocarbon analysis. This new method combines combustion of the carbonate with
an Elemental Analyzer and conversion of the resultant CO, with a sealed-tube zinc
reduction method. This new method gives percent level precision and samples can be
prepared rapidly (~20 samples/day). This technique is especially useful for conducting
reconnaissance age surveys of deep-sea corals. One difficulty with using deep-sea corals
as a paleoceanographic archive is that generally there is no a priori knowledge of the
relative ages of samples. With sediment cores, the stratigraphic sequence of the samples
allows for quick determination of relative ages. However, unless the deep-sea corals
come from drilled cores themselves [Frank et al., 2004; Kano et al., 2007], that age

information is not readily available for deep-sea corals. As a single dredge can bring up
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thousands of corals, it is not time- or cost-effective to precisely date all of the samples.
With the new method presented in Chapter 2, I generated approximate ages (with percent
level precision) for a suite of more than 100 deep-sea corals from the Drake Passage to
identify which samples would be suitable for reconstruction of radiocarbon through the

last deglaciation (Chapter 3).
Following this initial study, I have been involved in developing an even more

efficient method to generate approximate radiocarbon ages of samples with more than 20
mg of carbonate [Mclntyre et al., in press]. This method consists of hydrolysis of the
carbonate with 85% phosphoric acid in vacutainer (air-tight) tubes, and then direct
measurement of the resultant CO, gas on a continuous flow accelerator mass
spectrometer (CFAMS, [Roberts et al., 2009]). With this new gas ion source (GIS)
method, it is possible to run ~40 samples per day. However, the large sample mass
requirement for the GIS method limits its use to carbonate samples that are not mass
limited (e.g. deep-sea corals), whereas the method presented in Chapter 2 can be used on
as little as 2.5 mg carbonate, as well as organic carbon samples containing at least 300 ug
of carbon. The GIS method was used for reconnaissance age surveys of a suite of 88
corals from the Reykjanes Ridge off Iceland (Chapter 4), and a suite of 40 corals from the
Galapagos (Appendix AS). These radiocarbon age surveys help narrow down the coral

samples selected for uranium series dating.

1.2 Uranium series isotopes

The radioactive decay of 238-uranium and 235-uranium provides an excellent tool
for dating geological samples since these parent isotopes have much longer half-lives
than any of the intermediate daughter isotopes in their decay chains (Box 2). Uranium
series disequilibrium occurs when one of the isotopes in the decay chain is fractionated
from the other isotopes, resulting in a non-steady state between a parent and a daughter
nuclide. The return of the decay chain to steady state, or secular equilibrium, is a
function of the half-life of the daughter isotope, and it is this return to secular equilibrium
that can provide an age.

The primary decay chain used in uranium-series dating of marine carbonates is

the 2*U-2*U-*Th chain. After initial fractionation, the in-growth of *°Th from the
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radioactive decay of *U can be used to generate an age for the sample. **°Th has a half-
life of 75,690 = 230 y [Cheng et al., 2000b], so samples of more than 500 ka (>6 half-
lives) can be dated with these isotopes [Stirling et al., 2001; Andersen et al., 2008]. In
addition, 235-uranium decays to 231-protactinium with a half-life of 32,760 + 220 y
[Robert et al., 1969], and thus the *'Pa/*’U ratio can be used to date samples with ages
up to 250 ka [Edwards et al., 1997]. In this thesis, I used uranium series methods to date
the aragonitic skeletons of deep-sea corals collected from the Drake Passage regién of the
Southern Ocean (Chapter 3) and the Reykjanes Ridge off Iceland (Chapter 4). Since
uranium is much more soluble in seawater than thorium, there is an initial fractionation
that results in seawater that has a 2*°Th/***U ratio significantly lower than expected from
secular equilibrium [Edwards et al., 2003]. Therefore, when deep-sea corals incorporate
these isotopes into their skeletons from seawater, the initial concentrations of uranium
(~3 ppm) are several orders of magnitude greater than the concentrations of 20Th (~2-10
x10™ ppb), allowing deep sea corals to be radiometrically dated up to several hundred
thousand years [Cheng et al., 2000a]. This range of ages is much larger than can be dated
with radiocarbon techniques (< 40 ka) and uranium series methods do not require an
assumption of reservoir age. However, there are different assumptions that need to be
considered for dating deep-sea corals with uranium series.

First of all, while the assumption of negligible initial **°Th (or **'Pa) in surface
corals is valid, in deep-sea corals the initial >*°Th (**'Pa) incorporated into the skeleton
can be significant. The activity of 20Th and **'Pa generally increases with depth in the
ocean, both in its dissolved and particulate phases, due to reversible exchange of these
nuclides on falling particles [e.g. Bacon and Anderson, 1982; Anderson et al., 1983;
Nozaki et al., 1987, Moran et al., 1995]. Indeed, it is because of the particle-reactive
behavior of thorium and protactinium, as well as their differing ocean residence times,
that they can be used together as a tracer of paleocirculation (see Section 2.4). However,
unless the presence of initial *°Th (**'Pa) in the coral skeleton is accounted for, the
calculated Z°Th/?*U (*'Pa/~U) age will be too old since it has apparently more of the

daughter isotope.
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Box 2. Uranium series systematics

U-238 SERIES Th-232 SERIES U-235 SERIES
Np
U [u-238 U-234 U-235
i 5110” 48x10°yy 13x10%
Pa-234 Pa-231
Pa 1.18m 3240y
Th-234 -230 -232 Th-228 Th-231 [Th-227
Th 24.1d 5210y 29x10'", 1.90yr 256h 18.6d
Ac-228] 1AC-227
Ac 6.13h 220y
R Ra-226 22 Ra-224 Ra-223
4 1622yr 575 yr 3.64d 11.4d
Fr
Rn-222| Rn-220) Rn-219
Rn 318254 5455 3925
At
Po-218 Po-214 Po-210) Po-216 Po-212 Po-215
Po 305m 16x107s 1384d 0.158s| 65% |30x107s 183107
" Bi-214 Bi-210 Bi-212 Bi-211
Bi 19.7m 5.0d 60.5m 2.16m
Pb-214, Pb-210 Pb-206 Po-212 5, [PD-208 Pb-211 Pb-207
Pb 268m 223yr 10.6h 36.1m
TI-208 T1-207
Tl 31m 4.79m

The above table [Turekian and Bacon, 2003] shows the radioactive decay chains with the half-lives of each
nuclide listed below the isotope name. Isotopes used in uranium series dating of marine carbonates are
highlighted in purple.
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Thus, an assumption needs to be made about the initial *°Th/*U (*'Pa/*°U)
ratio incorporated into the coral skeleton in order to determine the age. This assumption
is not trivial. For U-Th dating, >**Th/**®*U can be measured in the coral, and an initial
20Th/?2Th ratio can be assumed to get at the initial 2*°Th/**U ratio. The following

equation can then be used to solve for age:
230 232T 230Th 234
233Th -55 h = (e"\'zaot) =1- e—Aqsot + Y Um A’23O (1 _ e_(A’ZZiO'A’ZS‘t)t)
U U Th ; 1000 A\ Ay = Ay,

where brackets denote activity ratios, A represents decay constants, & 'U, is the

measured deviation (%o) of the **U/*®U ratio from secular equilibrium, and ¢ is age
[Edwards et al., 2003]. The second term on the left-hand side of the equation is the
contribution of initial *°Th. The difficulty comes in estimating the initial >*°Th/**Th
ratio because 2*°Th/***Th ratios can be highly variable both in time and space. Initial
thorium can be of two origins: from the water column and from terrestrial detrital
particles. The atomic ratio of 2*°Th/**?Th in the water column ranges from about 10 x
10 in the surface ocean [Cochran et al., 1987; Nozaki et al., 1987; Guo et al., 1995] to
greater than 700 x 10 in the deep North Pacific [Moore, 1981]. Continentally derived
detrital particles are expected to have an atomic ratio of 4 x 10°® based on the assumption
of secular equilibrium and a ***Th/?**U value of 3.8 [Taylor and McLennan, 1985]. The
20Th/”Th ratio in deep-sea corals should lie between these two extremes. Using
development diagrams on a suite of modern deep sea corals collected from the Atlantic,
Pacific, and Southern Oceans, Cheng et al. [2000a] determined that the initial atomic
20Th/?2Th ratio was 80 + 80 x 10®. Using isochron techniques, Goldstein et al. [2001]
calculated initial >*°Th/***Th ratios in deep sea corals that were consistent with the Cheng
et al. [2000a] estimates.

Accounting for initial 31pa is slightly more difficult. Without a long-lived stable
isotope of protactinium (analogous to 232Th), the correction for initial **'Pa relies on an
assumption of the initial [**'Pa/*°Th] incorporated into the coral, as well as the initial

[P°Th/*®U] calculated from the assumption of an initial [Z°Th/**Th] and the

17



measurement of [~>Th/?**U] as described above. Given the above assumptions, *'Pa/**°U

ages can then be calculated from the following equation:
Bip, 2301 227 1] 2°7h 1 [ 2'Pa i o
23517 - 3507 | 28y || 221y i 207y, i(e )=l—e

where brackets denote activity ratios, A;3; is the decay constant of 231Pa, t is age, and -

[238U/235 U] is a constant (21.78) [Edwards et al., 2003]. The second term on the left side

of the above equation is the correction for initial 'Pa incorporated into the coral
skeleton.

The second assumption that needs to be considered for uranium series dating of
deep-sea corals is that the coral skeleton is a closed system (Box 2). Sometimes corals
exhibit open system behavior and uranium is added or lost from the coral framework, e.g.
due to recoil effects from high energy a-decay [Robinson et al., 2006]. This process can
occur in both deep-sea corals and surface corals. Open system behavior is suspected if
the initial **U of the coral (6**U =[?**U/**U] - 1) x 1000%o) is not within error of the
modern seawater 8>**U, which is not thought to have changed more than 15%o over the
past 360 ky [Henderson, 2002]. Open system behavior can also be tested by comparing

28-2Th ages with 2°U-"'Pa ages to ensure that they are in agreement.

2. Radiocarbon and uranium series isotopes as paleoceanographic tracers
2.1 Radiocarbon in the modern ocean

Since the half-life of radiocarbon [5730 y, Godwin, 1962] is of the order of the
mixing time of the ocean (~1000 years), radiocarbon is present throughout the ocean and
its spatial distribution reflects key aspects of global ocean circulation. For instance, in the
modern Atlantic, the warm salty surface water flowing north that feeds NADW formation
is at the surface long enough to obtain high radiocarbon activities from air-sea gas
exchange with the atmosphere, resulting in relatively young reservoir ages [~400 y, Bard,
1988]. This surface water in the Atlantic is among the most radiocarbon-enriched water
in the ocean [Key ef al., 2004]. The formation of NADW in the North Atlantic leads to
the transport of this water into the abyssal ocean, resulting in high radiocarbon activities
near the formation site of the deep water, and more depleted values (older radiocarbon

ages) farther south as the radiocarbon decays away and the waters mix with more
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depleted abyssal waters (Fig. 5). In contrast, waters that upwell in the Southern Ocean are
not at the surface long enough to re-equilibrate with the atmosphere before becoming
Antarctic Intermediate or Antarctic Bottom Water (AAIW or AABW). As a result the
deep water formed in this region is relatively depleted in radiocarbon and the surface
reservoir ages in the Southern Ocean are the oldest observed today [Fig. 5; Key et al.,

2004].

North Atlantic Southern Ocean North Pacific A™C (%e)

150'W 120W S0W  B0W W 0

0 10000 20000 30000
Section Distance [km]

Figure 5. Radiocarbon of DIC (A'C) plotted against depth along a section starting in the
North Atlantic, going through the Drake Passage, and ending in the North Pacific. Nuclear
bomb testing during the late 1950s and early 1960s resulted in a spike in atmospheric
radiocarbon values. This signal (high values of A'*C) has penetrated into the surface ocean.

Deep water formation in the North Atlantic has propagated that signal into the deep ocean
as well. Data is from the GLODAP database [Key ef al., 2004] and plotted with Ocean Data
View.

Ocean circulation changes have the potential to alter the distribution of
radiocarbon in the ocean. Variations in air-sea gas exchange, especially in deep-water
formation regions [e.g. Schmittner, 2003] would also affect the spatial distribution of
radiocarbon in the ocean. These changes would also be reflected in the atmospheric
radiocarbon record since the ocean contains ~60 times more carbon than the atmosphere.
Thus reconstructing the distribution of radiocarbon in the atmosphere and ocean provides
valuable information on circulation and carbon cycle changes over the past 40 ka, a time

period that includes the end of the last glaciation, the deglaciation, and the Holocene.
2.2 Reconstructing past radiocarbon activities of the atmosphere and ocean

Atmospheric radiocarbon has varied through time due to changes in (i) He!

production caused by variations in the flux of incoming cosmic radiation and (ii) the
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partitioning of carbon in different carbon reservoirs'. The history of atmospheric
radiocarbon can be reconstructed using a variety of different sources. From present to
~12.59 ka, atmospheric radiocarbon can be continuously reconstructed from tree rings
[Friedrich et al., 2004]. Tree ring records can be used before 12.59 ka, but their ages are
more uncertain since their chronology does not extend into the present (i.e. it is
“floating”) and thus must be correlated to other climate records [e.g. Muscheler et al.,
2008]. After 12.59 ka, the atmospheric radiocarbon record is mostly based on a
combination of terrestrial speleothem and marine radiocarbon records. Both of these
methods have greater uncertainties than the tree ring data since they record the
radiocarbon in local DIC as opposed to the radiocarbon in the atmospheric carbon
reservoir. In the case of the speleothem records, an assumption needs to be made about
the dead carbon fraction incorporated into the speleothem from the radiocarbon-free
bedrock [e.g. Hoffmann et al., 2010]. In the case of the marine radiocarbon records
which are generated either from planktic foraminifera collected from sediment cores with
an independent age scale or U-Th dated surface corals, an assumption needs to be made
about the local reservoir age through time [e.g. Hughen et al., 2004b]. Both of these
assumptions have the potential to greatly bias the atmospheric radiocarbon record.

A time series of atmospheric radiocarbon activity over the last 50 ka has been
published by an intercalibration group (IntCal) which compiled reliable data and assessed
the various assumptions used in generating the atmospheric radiocarbon record. While
many atmospheric radiocarbon records exist, for simplicity I use the IntCal09
atmospheric radiocarbon record [Reimer et al., 2009] throughout the thesis, with the
caveat that the earliest half of the record (older than 12.55 ka) is a work in progress and is
likely to change as more data become available. In particular, many atmospheric AC
reconstructions differ during Heinrich Stadial 1 between ~18-15 ka (e.g. Fig. 6).
However, the size and nature of the potential changes to the atmospheric radiocarbon
record are unlikely to affect the main conclusions presented in this thesis.

The '*C activity of DIC at intermediate and abyssal depths in the ocean is

reconstructed using carbonate-forming benthic organisms, most commonly with benthic

! Human activity has also altered the relative amount of radiocarbon in the atmosphere
and oceans from fossil fuel burning (‘the Suess effect’, [Tans et al., 1979]) and nuclear
bomb testing (see caption of Fig. 4).
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foraminifera or deep-sea corals (Fig. 3). The use of benthic foraminifera for
reconstructing radiocarbon is complicated by the difficulty of determining an accurate
age model for the sediment core from which the foraminifera are obtained. Foraminiferal
tests in the sediment are also subject to the effects of bioturbation, which can create large
biases in radiocarbon records [Peng and Broecker, 1984]. A more detailed discussion of
some of the difficulties associated with the use of benthic foraminifera can be found in
Chapter 4 of this thesis. The radiocarbon reconstructions generated for this thesis,
however, utilize scleractinian deep-sea corals.

The aragonitic skeletons of deep-sea corals record the A"C of the DIC in the
seawater in which they grow [Adkins et al., 2002]. Both the radiocarbon age of the coral
and the amount of time elapsed since the death of the coral (the calendar age) are needed
to calculate the A'*C of seawater:

14
-1 age /8033
( e age

14
A Csea water e—cal age /8266

- 1) x 1000 [Adkins and Boyle, 1997].

The calendar age of a deep-sea coral skeleton can be determined with uranium-thorium
ages (as described above). This independent age determination allows AMC to be
calculated while avoiding reservoir age assumptions and issues associated with sediment
bioturbation, which are two challenges that accompany A'*C estimates from benthic-
planktonic foraminiferal pairs. Additionally, the skeletons of deep-sea corals can be more
resistant than foraminifera to dissolution from corrosive waters, so samples can be found
in areas where sediment contains a small amount of carbonate, such as in the Southern

Ocean.

2.3 Changes in atmospheric and oceanic radiocarbon over the last deglaciation

A major feature of the atmospheric radiocarbon record is the long-term decrease
from the end of the last glacial period to pre-industrial levels (Fig. 6). While decreased
production from cosmogenic rays (reconstructed from paleomagnetic data and the
accumulation of another cosmogenic nuclide, 1OBe, in sediment and ice cores in
Greenland) can explain more than half of the ~800 %o decrease over the past 30 Ky, it
does not account for all of it, suggesting that there must have been a significant

redistribution of carbon between the different reservoirs [Frank et al., 1997; Laj et al.,
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2002; Hughen et al., 2004a; Muscheler et al., 2004]. Intriguingly, the decrease in
atmospheric radiocarbon activity coincides with the rise in atmospheric CO,
concentration from the last glacial period to today (Fig. 6). This correlation has led to
speculation that the upwelling of a long-isolated (and hence radiocarbon-depleted, or old)
deep-ocean carbon reservoir caused both the rise in atmospheric CO, and the fall in
atmospheric radiocarbon [Marchitto et al., 2007]. Extreme radiocarbon depletions have
been recorded at intermediate depths (705 m) off the coast of Baja California that
coincide with the two-step rise in atmospheric CO, (Fig. 6). Upwelling in the Southern
Ocean has been hypothesized to be the source of this radiocarbon-depleted water via
transport by Antarctic Intermediate Water (AAIW).
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Figure 6. From Marchitto et al. [2007]. Record of the atmospheric CO; rise over the last
deglaciation (black circles) from bubbles in the Antarctic Dome C ice core [Monnin et al.,
2001]. Three different atmospheric A'*C reconstructions are shown for comparison: from
U-Th dated surface corals (light blue squares, [Fairbanks et al., 2005]), from Cariaco basin
planktic foraminifera (dark blue line, [Hughen et al., 2006]), and from the 2004 radiocarbon
intercalibration compilation (IntCal04, dark green, [Reimer et al., 2004]). The red circles
are a reconstruction of A"C of DIC at intermediate depths (705 m) in the North Pacific off
Baja California [Marchitto et al., 2007).
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This hypothesis is tested in Chapter 3 by combining U-series ages with
radiocarbon measurements on 40 deep-sea corals collected from 318 — 1750 m water
depth in the Drake Passage to reconstruct AM™C in this region over the last 25 ka. Most of
the corals come from depths corresponding today to Upper Circumpolar Deep Water
(UCDW). UCDW in the modern ocean is entrained into the Antarctic Circumpolar
Current from the deep waters of the Indian and Pacific Oceans, and thus can be identified
by its relative maxima in phosphate and nitrate and a dissolved oxygen minimum
[Callahan, 1972]. The radiocarbon reconstructions from corals corresponding to these
depths show that the glacial equivalent of UCDW was more radiocarbon-depleted from
the contemporaneous atmosphere during the last glacial period. This indicates that the
carbon at these depths was more isolated from the atmosphere than it is today. In
contrast, after the start of the Bolling-Allerod (~14.6 ka), we find that radiocarbon in this
depth range becomes more similar to values observed today, indicating a large increase in
Southern Ocean ventilation at this time. Additionally, comparing our record with a
radiocarbon record reconstructed from benthic foraminifera from a site in the South
Atlantic bathed today by Lower Circumpolar Deep Water (LCDW) [Skinner et al., 2010]
suggests the possibility that the glacial Southern Ocean was more stratified than today,
and that this stratification was eroded away during the start of the deglaciation as CO;
began to rise. Thus, although such inference should be viewed as speculative at this point
(e.g. A™C data from other locations in the Southern Ocean would be needed to assess the
large-scale significance of existing data), our record is consistent with the idea of a more
isolated carbon reservoir in the deep-ocean that was subsequently ventilated to the
atmosphere during the deglaciation, and could potentially explain the drop in atmospheric
A"C over Heinrich Stadial 1.

The rest of the corals analyzed from this region are from depths bathed today by
Antarctic Intermediate Water (AAIW). The radiocarbon record of AAIW (or its glacial
equivalent) does not show any large depletions of the magnitude reconstructed from the
North Pacific [Marchitto et al., 2007], implying that AAIW could not be the source of
these depletions. However, similar extreme depletions are observed at intermediate
depths elsewhere [Stott et al., 2009; Bryan et al., 2010; Mangini et al., 2010; Thornalley

et al., 2011], showing that the extreme depletions found off Baja California are not
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unique. Of particular interest is a record that was reconstructed from benthic
foraminifera picked from sediment cores between 1237 - 2303 m water depth off Iceland
[Thornalley et al., 2011]. This record shows high frequency and extreme radiocarbon-
depletions throughout the deglaciation that are interpreted as reductions in open-ocean
convection in regions where deep waters are formed. In Chapter 4, deep-sea corals from
the Reykjanes Ridge off Iceland (672 — 1550 m water depth) are used to reconstruct
radiocarbon, and this radiocarbon record is compared with the nearby foraminifera record
of Thornalley et al. [2011]. Based on the deep-sea coral radiocarbon record, it does not
appear that the ventilation rate in the North Atlantic differed greatly from that observed
today during the time span of our deep-sea coral data. However, our radiocarbon record
does not provide conclusive evidence against a reduction in deep-water formation in the
North Atlantic because of the ages of the corals and the sparse nature of the record. Thus,
I turn to a different isotope system and paleoceanographic tracer—sedimentary
21pa/?'Th—to investigate potential changes in the Atlantic meridional overturning

circulation at important periods of deglacial climate change.

2.4 Sedimentary Z*'Pa/*°Th as a paleoceanographic tracer

>!pa and **°Th are produced in seawater in a nearly constant ratio (0.093) from
the radioactive decay of ***U and ?*U respectively [Yu ef al., 1996]. As mentioned
previously, both isotopes are particle reactive, but 2*°Th is more readily adsorbed onto
particles, resulting in an estimated shorter residence time (~20 y) for *°Th than that for
21pa (~100y) [Yu et al., 1996]. Since the residence time of *'Pa is the same order of
magnitude as the time it takes modern-day North Atlantic Deep Water (NADW) to
ventilate the deep Atlantic Ocean (Broecker 1979), a significant amount (~45%) of **'Pa
is exported to the Southern Ocean [Fig. 7; Yu et al., 1996]. As a result, modern sediments
in the North Atlantic have **'Pa/>°Th ratios that are about half of the production ratio
[Fig. 7; Yu et al., 1996]. Thus, if there was less (more) deepwater formation and export
of NADW to the Southern Ocean, then the sedimentary **'Pa/**°Th ratio of Atlantic
sediments would increase (decrease). Under such circumstances, the *'Pa/*°Th of these

sediments (corrected for various effects such as radioactive decay since deposition) could
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be used as a proxy for NADW export and perhaps, by extension, of the strength of the

Atlantic meridional overturning circulation (AMOC) in the past.

Southern North
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Figure 7. From Henderson and Anderson [2003]. Schematic of »*'Pa and *Th behavior in
the modern Atlantic Ocean. These nuclides are produced in a constant ratio (0.093) in the
ocean. “Th is readily scavenged out of the water column even in regions of low
productivity. >*'Pa is less particle-reactive and may be exported from the North Atlantic by
circulation to be scavenged in regions of higher particle flux (or greater opal content), such
as in the Southern Ocean. This results in core-top sedimentary **'Pa/*'Th ratios that are
less than the production ratio in the North Atlantic and greater than the production ratio in
the Southern Ocean.

Several inferences about the paleocirculation in the Atlantic Ocean have been
made over the last decade from *'Pa/*"Th measurements on sediments. High
>'pa/***Th ratios approaching the production ratio (0.093) in Bermuda Rise sediments
(4550 m) at the start of the deglaciation were interpreted as a shut-down of the AMOC
[McManus et al., 2004]. Records from cores that come from different locations were
used to form a depth profile of »*'Pa/*°Th in the North Atlantic, which was interpreted as
evidence for a vigorous intermediate water circulation throughout the deglacation
[Gherardi et al., 2009]. More recently, relatively low **'Pa/**"Th ratios in the South
Atlantic compared to the North Atlantic during the glacial period have been interpreted as

a reversal in the flow direction of the deep circulation [Negre et al., 2010].
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Although this proxy has been used widely, there are still significant uncertainties
regarding the use of 2'Pa/*Th as a paleocirculation proxy [e.g. Keigwin and Boyle,
2008; Lippold et al., 2009]. In Chapter 5, I combine **'Pa/**°Th data for different time
intervals of the geologic past with an estimate of the modern abyssal circulation in the
Atlantic to determine how much these data need to be adjusted to make them consistent
with the modern circulation. This calculation is conducted on 2*'Pa/*°Th ratios from
three climatically important intervals: the Holocene, Heinrich Stadial 1, and the last
glacial maximum. In contrast to prior work, our approach gives due regard to the
uncertainties both in the behavior and in the distribution of these nuclides in the ocean
during the past. Given these uncertainties, we find that most of the sediment *'Pa/*°Th
data for each interval do not require significant adjustments to be consistent with the
modern circulation. This result does not imply that the circulation must have been the
same as modern during the three intervals, but rather that the uncertainties in applying
21pa/?Th as a paleocirculation proxy are currently large enough to warrant caution

when interpreting the **'Pa/**°Th ratios.

3. Thesis Structure

In this thesis, I generate new data and combine data with models to describe and
interpret paleoceanographic changes, in particular in the North Atlantic and the Southern
Ocean, over the last deglaciation. I use radiocarbon and uranium series both as methods
to date marine carbonates and as tracers for ocean circulation and carbon cycling. The
thesis is organized as follows:
Chapter 2 describes an efficient method for preparing graphite targets for radiocarbon
dating. This method is applied to conduct an age survey of deep-sea corals from the
Drake Passage.
Chapter 3 presents radiocarbon reconstructions from U-series dated deep-sea corals from
water depths presently dominated by Antarctic Intermediate Water and Upper
Circumpolar Deep Water in the Drake Passage. These records suggest significant
changes in stratification and ventilation during the last deglaciation.
Chapter 4 presents a radiocarbon reconstruction from U-series dated deep-sea corals

from the Reykjanes Ridge off Iceland in the North Atlantic. This record suggests that the
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ventilation of the North Atlantic during the Bolling-Allerod (at ~ 14.5 ka) was similar to
today.

Chapter 5 uses an inverse modeling technique to quantitatively assess the consistency of
sedimentary B1pa/B0Th ratios from the Holocene, Heinrich Stadial 1, and the Last
Glacial Maximum with the modern circulation. This approach provides a test of the
hypothesis that changes in the Atlantic meridional overturning circulation are required to
explain the 2*'Pa/**°Th records, given uncertainties in the spatial distribution and behavior
of these two nuclides.

Chapter 6 summarizes the conclusions of the previous chapters and elaborates on future
research directions.

Appendix Al is a data table of the reconnaissance radiocarbon ages of the deep-sea
corals from Chapter 2.

Appendix A2 is the supplementary information from Chapter 3. It also contains uranium
series and radiocarbon data tables.

Appendix A3 is a data table of the reconnaissance radiocarbon ages of the suite of corals
collected from the Reykjanes Ridge. In addition it includes a data table of the uranium
series and radiocarbon measurements made on a subset of these corals.

Appendix A4 is supplementary information for Chapter 5. It includes the finite
difference forms of the equations used to constrain the modern circulation and describes
our model of scavenging of **'Pa by particles. It also includes supplementary figures S1
to S6.

Appendix A5 is a data table of the reconnaissance radiocarbon ages of a suite of corals
collected from the Eastern Equatorial Pacific near Galapagos. These corals were not used
in radiocarbon reconstructions since the age survey did not show any deglacial-aged
corals. Accordingly, data from these corals are not discussed in this thesis. Also
included in the appendix are uranium series data that were measured on five of these

corals.
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1. Introduction

ABSTRACT

We have developed a rapid ‘reconnaissance’ method of preparing graphite for 'C/'C analysis.
Carbonate (~15mg) is combusted using an elemental analyzer and the resulting CO; is converted to
graphite using a sealed tube zinc reduction method. Over 85% (n=45 replicates on twenty-one
individual corals) of reconnaissance ages measured on corals ranging in age from 500 to 33,000
radiocarbon years (Ryr) are within two standard deviations of ages generated using standard hydrolysis
methods on the same corals, and all reconnaissance ages are within 300 Ryr of the standard hydrolysis
ages. Replicate measurements on three individual aragonitic corals yielded ages of 1076 + 35 Ryr
(standard deviation; n=5), 10,739 + 47 Ryr (n=8), and 40,146 + 3500 Ryr (n=9). No systematic biases
were found using different cleaning methods or variable sample sizes. Analysis of *C/'?C was made
concurrently with the '“C/'2C measurement to correct for natural fractionation and for fractionation
during sample processing and analysis. This technique provides a new, rapid method for making
accurate, percent-level *C/'?C analyses that may be used to establish the rates and chronology of earth
system processes where survey-type modes of age estimation are desirable. For example, applications
may include creation of sediment core-top maps, preliminary age models for sediment cores, and
growth rate studies of marine organisms such as corals or mollusks. We applied the reconnaissance
method to more than 100 solitary deep-sea corals collected in the Drake Passage in the Southern Ocean
to investigate their temporal and spatial distribution. The corals used in this study are part of a larger
sample set, and the subset that was dated was chosen based on species as opposed to preservation
state, so as to exclude obvious temporal biases. Similar to studies in other regions, the distribution of
deep-sea corals is not constant through time across the Drake Passage. Most of the corals from the
Burdwood Bank (continental shelf of Argentina) have ages ranging between 0 and 2500 calendar years,
whereas most of the corals from the Sars Seamount in the Drake Passage have ages between 10,000 and
12,500 calendar years. Such differences may be caused in part by sampling biases, but may also be
caused by changes in larval transport, nutrient supply, or other environmental pressures.

© 2010 Elsevier Ltd. All rights reserved.

in which carbon is involved. While the details of sample
preparation for accelerator mass spectrometry (AMS) vary, all

Radiocarbon provides a tool for dating carbon-containing
materials from the last 50,000 years, and is used in a wide range
of fields to trace the rate, mechanisms, and pathways of processes
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methods convert samples to CO5, and then in most cases reduce
the CO; to filamentous carbon, commonly referred to as graphite,
before analysis (e.g., Vogel et al., 1984). Despite its wide
application, preparation and analysis of the '*C/'?C ratios remain
a time consuming and costly process. We report here a new
method combining use of an elemental analyzer with sealed tube
zinc reduction (Jull et al., 1986; Slota et al., 1987; Vogel, 1992;
Ognibene et al., 2003; Xu et al., 2007) with the aim of rapid and
less labor-intensive graphite preparation. We test this method on
a set of modern and fossil deep-sea scleractinian corals.
Deep-sea corals are found in all of the major ocean basins and
grow at a large range of depths (0-6200 m) (Freiwald, 2003).
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Coral skeletons produce readily dateable, high-resolution chemi-
cal archives of their lives. The skeletons are preserved when the
corals die, allowing us to reconstruct past seawater compositions
and to explore population dynamics over long timescales.
Individual corals can live from hundreds (Adkins et al., 2004) to
thousands of years (Roark et al.,, 2009) and combining analyses
from multiple samples can provide a record of seawater changes
over even longer timescales (Adkins et al., 1998).

Some deep-sea corals, such as Lophelia pertusa, are colonial and
form carbonate mounds (Freiwald, 2003). Cores drilled into these
mounds can be dated at selected depths and the age can be
interpolated between these depths to produce a preliminary
chronology (e.g., Frank et al., 2004; Kano et al., 2007). However,
for solitary corals, such as Desmophyllum dianthus, there is no
a priori age information so each individual must be dated
separately. Since hundreds or even thousands of corals can be
collected from a single site, there is a need for an efficient method
of dating large numbers of these corals. Not only are such age
surveys useful for selecting samples for paleoceanographic
studies, they can also address how coral populations have
changed through time (e.g., Schrdder-Ritzrau et al, 2005;
Robinson et al.,, 2007). The age distributions of fossil corals
provide unique biogeographical information that may help clarify
how and why deep-sea coral ecosystems have changed over
geologic and recent history. For example, ~100 deep-sea corals
collected from the New England Seamounts reveal that most of
the corals grew during glacial conditions at times of abrupt
climate change, indicating a potential connection between ocean
circulation changes and coral growth (Robinson et al,, 2007). In a
similar fashion, the ages of ~40 deep-sea corals collected from
the seafloor in the Northeast Atlantic appear to exhibit a
latitudinal dependence. Corals from north of 50°N are all from
the Holocene, but corals from lower latitudes (from seamounts off
Northwest Africa and from the Mediterranean) have a broader age
distribution, with apparently continuous coral growth for the past
53.5 thousand years (ky) (Schréder-Ritzrau et al., 2005). Changes
in ocean circulation may provide a control on the distributions of
these communities, perhaps through availability of detrital food
or other environmental parameters.

The Robinson et al. (2007) and Schréder-Ritzrau et al. (2005)
age survey studies utilized high-precision U-Th analyses, where-
by the corals were dated from the ingrowth of 23°Th from 234U
originally incorporated into the coral skeleton. Scleractinian deep-
sea corals are suited to this dating method because of their high
concentrations (~3 ppm) of uranium and relatively low initial
230Th concentrations (Cheng et al., 2000). Precise measurements
can provide ages up to and beyond half a million years (Cheng
et al., 2000; Andersen et al., 2008). The samples dated in these age
survey studies represent significant effort because of the need to
perform extensive cleaning, the use of relatively large samples (up
to 1 g), the use of radioactive spikes, and analysis by either multi-
collector inductively coupled plasma mass spectrometry (MC-ICP-
MS) or thermal ionization mass spectrometry (TIMS). Adkins and
Boyle (1999) developed a more efficient age-screening method for
deep-sea corals (over an age range of 130 ky) using *®U and ?*°Th
measured with ICP-MS. Ages from U-Th analyses, however, can be
biased by diagenesis and the contribution of initial 23CTh.
Furthermore, U-Th based methods are not well suited for dating
calcitic gorgonian corals because of severe diagenesis (Robinson
et al., 2007).

Alternatively, deep-sea corals can be dated using radiocarbon
(e.g., Roark et al., 2009). This approach is less time consuming
than using U-Th analyses, and requires a smaller amount of
sample. However, it is necessary to convert radiocarbon age to
calendar age because of the varying atmospheric '*C content
through time. For marine samples, this conversion requires an

34

1511

assumption about the ‘reservoir age’, or the offset in age between
organisms that grow in the atmosphere and those that grow in a
different carbon reservoir, such as the ocean (Stuiver et al., 1986).
Unconstrained temporal and geographic variations in the reser-
voir age introduce an additional source of uncertainty, and could
potentially bias results by hundreds of years (e.g., Cao et al., 2007).
However, even with those uncertainties, radiocarbon dating
provides a sufficient method for generating suitable dates for
age surveys.

In this study, we focus on improving the efficiency of
radiocarbon measurements by using a commercial elemental
analyzer to combust carbonate before graphitizing, and by
measuring §'C of the graphite concurrently on the accelerator
mass spectrometer. We test and apply the method to a suite of
corals collected from the Drake Passage region of the Southern
Ocean. As the Drake Passage is a conduit of the Antarctic
Circumpolar Current, corals collected from this region are well
suited to address questions regarding Southern Ocean paleocea-
nography, biogeography, and paleo-ecology.

2. Sample selection

Solitary scleractinian corals (Fig. 1) were collected with Blake
trawls, otter trawls, and dredges during two cruises to the
Southern Ocean (LMGO06-05: R/V Laurence M. Gould, May 13-June
14, 2006, and NBP08-05: R/V Nathaniel B. Palmer, April 18-May 25,
2008). The trawls sampled about 2000 horizontal meters of the
seafloor with each deployment, compared to only 500 horizontal
meters with dredges. Vertical depth ranges did not exceed 120 m.
Depths given in Table 1 are the averages of the depths over which
the dredge or trawl was on the seafloor.

For this initial study, 101 corals were dated using the
reconnaissance method, out of a sample set of more than 6000
solitary corals. Approximately half of the samples collected from
LMGO06-05 were selected for dating. Samples from NBP08-05 were
labeled at sea according to their preservation appearance:
pristine, normal, and corroded. To avoid temporal biases relating
to the appearance of coral preservation, we selected corals by
species, not by location or preservation. We chose to analyze all of
the D. dianthus (formerly known as D. cristigalli) collected during
cruise NBP08-05, excluding fragments (incomplete coral skele-
tons) at sites where multiple fragments were collected. In total,
we analyzed seventy-six corals (Balanophyllia malouinensis,
Flabellum curvatum, and D. dianthus) from five stations on the
Argentine continental shelf (Burdwood Bank), twenty-four
D. dianthus from eight stations in the Drake Passage, and one
F. curvatum from the northern tip of the Antarctic Peninsula
(Fig. 2, Table 1). Nineteen of these corals were also dated using the
standard hydrolysis protocol (Section 3.2) in order to compare
the two methods. Two previously radiocarbon-dated corals were
reconnaissance dated to ensure a large age range for accuracy

Fig. 1. Deep-Sea Scleractinian Corals. (left to right) Fossil Balanophyllia maloui-
nensis, Flabellum curvatum, and two individual Desmophyllum dianthus corals
connected to one another, where one coral grew on the other one. White scale bars
correspond to 1 cm. Photos by Dann Blackwood, USGS.
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Table 1
Coral collection locations.

Cruise Station Latitude Longitude Water depth Location Specimens analyzed
(°N) (°E) (m) B. malouinensis D. dianthus F. curvatum

LMG06-05 21 —63.147 -57.124 146 Antarctic Peninsula - - 1
LMG06-05 2 —-53.786 —64.887 442 Burdwood Bank 2 - ol
LMG06-05 3 -53.770 —~61.860 120 Burdwood Bank - =
LMG06-05 5 -53.763 —-59.622 854 Burdwood Bank 11 - 9
LMG06-05 8 —54.485 -62.214 318 Burdwood Bank 4 - 1
NBP08-05 TBO4 —54.734 -62.216 816 Burdwood Bank 2 44 -
NBP08-05 DR23 —-60.182 —57.834 819 Shackleton Fracture Zone - 2 -
NBP08-05 DR27 —-60.547 —65.949 1134 Interim Seamount -~ 1 =
NBP08-05 DR34 -59.733 —-68.743 869 Sars Seamount - 2 -
NBP08-05 DR35 —-59.723 —68.881 695 Sars Seamount - 13 -
NBP08-05 DR36 —59.707 —69.008 1750 Sars Seamount - 3 =
NBP08-05 DR38 —59.743 —68.898 978 Sars Seamount - 1 -
NBP08-05 DR39 —-59.729 —68.901 798 Sars Seamount - 1 -
NBPO08-05 DR40 -59.732 —68.933 1323 Sars Seamount - 1 -

BO"W T0W 60°W s0°W

Fig. 2. Station locations. (a) Map of station locations color-coded by depth. Burdwood Bank, Sars Seamount, Interim Seamount, Shackleton Fracture Zone, and West
Antarctic Peninsula are labeled. The locations of the Subantarctic and Polar fronts are from Orsi et al. (1995). (b) Map of species dated in this study at each location, with the
size of the pie chart proportional to the total number of specimens dated at the site (Burdwood Bank - 76; Sars — 17: Shackleton Fracture Zone - 2; Interim - 1: West
Antarctic Peninsula - 1). Bathymetry is from ETOPO2.
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assessment: a ~21,200 Ryr D. dianthus collected from the New
England Seamounts on an Alvin dive (Cruise AT7-35), and a
~14,800 Ryr D. dianthus from Sars Seamount in the Drake Passage
on loan from the Smithsonian Museum of Natural History
(Robinson et al, 2005; Robinson and van de Flierdt, 2009).
Finally, a radiocarbon-dead (U-Th dated to be 2252 ky)
D. dianthus collected on an Alvin dive (Cruise AT7-35) from the
New England Seamounts was used for a blank correction (Eltgroth
et al., 2006; Robinson et al., 2007).

3. Analytical methods

Aragonite subsamples ranging in size from 10 to 55 mg were
cut from the outer skeleton of each coral using a Dremel tool.
Where possible, the subsample was taken from within the top
1 cm of the skeleton to yield the most recently grown carbonate.
The pieces were physically cleaned with a Dremel tool by shaving
down and removing sediment, ferromanganese oxides, or obvious
areas of recalcification (e.g., from boring organisms). Two
different methods of chemical cleaning were compared: a simple
methanol wash, and a more extensive oxidative cleaning
procedure (Shen and Boyle, 1988; Adkins et al.,, 2002). For the
methanol wash, the corals were ultrasonicated in Milli-Q water
for 20 min repeatedly until the water was no longer cloudy. The
corals were then ultrasonicated in methanol for 5 min and then
finally in Milli-Q water for 3 x 20 min. The oxidative cleaning
procedure began with the methanol cleaning, but after the second
Milli-Q wash, the samples were ultrasonicated in an oxidizing
solution (1:1 30% hydrogen peroxide and 1 N sodium hydroxide)
for 20 min. The samples were resuspended in Milli-Q water three
times and then ultrasonicated in Milli-Q water for 2 x 20 min. The
samples were then ultrasonicated in a perchloric acid solution for
1min (1:1 30% hydrogen peroxide and 1% perchloric acid),
resuspended in Milli-Q water three times and then finally
ultrasonicated in Milli-Q water for 2 x 20 min. After cleaning,
samples were dried and weighed.

3.1. Reconnaissance method

Weighed samples were placed in tin capsules and converted to
CO, using a modified commercial elemental analyzer (EA, Fisons
NA 1500 NC). The resulting CO, gas was cryogenically separated
from the carrier gas (He) stream. After pumping the He away, the
gas was passed through a line cooled by a dry ice and isopropanol
slurry to remove water vapor before being frozen down into a
graphite reaction tube with liquid nitrogen. The CO, was reduced
to graphite with a zinc reduction method (Xu et al., 2007). The
reaction tube was a 150-mm-long (9 mm outer diameter) Pyrex
test tube containing 30-35mg zinc and 10-15mg titanium
hydride. The tube had an indentation approximately 2 cm above
the bottom, which supported a smaller 50-mm-long glass tube
(6 mm outer diameter) containing 3-5 mg of iron (Fig. 3). Once
the CO, was frozen down into the outer tube, the tube was flame-
sealed and stored upright. Sealed tubes were baked at 500 °C for
3h and at 550°C for 4h and then cooled slowly overnight.
Graphite formed on the surface of the iron in the small tube.
Reaction yields cannot be determined with the sealed-tube
graphite preparation method. Graphite was stored in the sealed
reaction tubes until immediately prior to pressing graphite into
targets.

Samples were analyzed on two different machines at the
National Ocean Sciences Accelerator Mass Spectrometry Facility
(NOSAMS). Gas splits were not taken for §'3C, except during a
specific test to locate where carbon isotope fractionation occurs
during the analytical procedure (see Section 5.1). First, 44 graphite
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Fe (3-5 mg)

P

TiH, (10-15 mg) and Zn (30-35 mg)

Fig. 3. Diagram of reaction tube. The 150 mm tube contains 10-15 mg of TiH, and
30-35 mg of Zn. An indentation 2 cm above the bottom supports a 50 mm tube
with 3-5 mg of Fe. The graphite forms on the surface of the Fe in the smaller tube.

samples were analyzed for '#C/'?C on a 2.5MV tandetron
accelerator mass spectrometer (AMS-1). The other 97 samples
were analyzed on a 500 kV compact pelletron accelerator (CFAMS,
Roberts et al., 2009). During CFAMS measurements '>C/'2C was
measured concurrently with a precision of ~3%o.

Primary and secondary standards were prepared following the
reconnaissance procedure. Secondary standards were analyzed with
every batch of 8-10 samples. The primary standard was NBS Oxalic
Acid I (NIST-SRM-4990, henceforth HOxI; Fm=1.0397). Secondary
standards were 1AEA C-2 (fraction modern (Fm) 0.4114, Rozanski
et al, 1992), TIRI-l (Fm=0.2524, Scott, 2003), and FIRI-C
(Fm=0.1041, Boaretto et al, 2002) carbonate materials, and a
radiocarbon-dead deep-sea coral (ALV-3884-153-003-011, Eltgroth
et al, 2006). The blank correction for all reconnaissance coral
samples was based on analyses of nine radiocarbon-dead replicates
of ALV-3884-153-003-011 analyzed on CFAMS.

Radiocarbon results were reported as the Fraction modern
(Fm) of the sample normalized to a §'3C= — 25%., where modern
is defined as 95% of the 1950 AD radiocarbon concentration of
HOXxI, after normalizing to §'3C= —19%. (Olsson, 1970). Normal-
izations of the data to a constant 8'3C were made using an
assumed 8'3C value of 0%, for the AMS-1 samples and concurrent
machine-measured 8'3C values for the CFAMS samples. CFAMS
data were reduced using Lawrence Livermore National Labora-
tory’s analysis software (Santos et al., 2007); AMS-1 data were
reduced using NOSAMS analysis software (Schneider et al., 1995).

3.2. Standard hydrolysis method

For the standard hydrolysis procedure, ~40mg of coral
were cut and chemically cleaned with the oxidative procedure.
Immediately prior to dissolution, the coral was etched in HCI until
at least 50% of the material had dissolved. The sample was
dissolved in concentrated phosphoric acid on a vacuum line and a
split of the CO, gas was removed for §'3C measurement on a VG
Prism-II Stable Isotope Ratio Mass Spectrometer (SIRMS). The
remaining CO, gas was combined with H, gas and heated in the
presence of an iron catalyst to make graphite. The graphite was
then analyzed for 'C/2C on AMS-1. Radiocarbon results were
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reported as the fraction modern (Fm) using the externally
measured §'3C value to correct to —25%. (Schneider et al., 1995).

3.3. Blank correction and radiocarbon ages

Prior to calculating radiocarbon ages for our samples, a blank
correction was made to Fm values. This blank has two contribu-
tions: one analytical, and one inherent to the coral skeletons
themselves. We assumed that the contaminating carbon had a
Fm=1. The average Fm of replicate measurements of the radio-
carbon-dead coral was subtracted from the measured Fm of the
sample and was scaled so that a coral with a Fm=1 would remain
at a Fm=1 (nothing subtracted) and a radiocarbon-dead coral
would have a Fm=0, resulting in a blank-corrected value referred
to as Fm,. This correction was appropriate because the coral
samples and the radiocarbon-dead coral samples were approxi-
mately the same size. The magnitude of this blank correction was
two times bigger for the reconnaissance method compared to the
standard hydrolysis method (see Section 4, and Supplementary
Table 1).

Radiocarbon ages were calculated from Fm. using the Libby
half-life of 5568 years (Stuiver and Polach, 1977; Stuiver, 1980),
and the equation

Radiocarbon age = —8033 In(Fm,)

4. Results

Graphite made using the sealed-tube method performed better
on CFAMS than on AMS-1, consistently producing higher currents
for longer periods of time and with fewer non-performers. Of the
146 standards and samples analyzed with CFAMS, there were six
targets that did not produce enough current to be measured,
resulting in a failure rate of 4%.

Five replicate samples of a single D. dianthus fossil collected
from Burdwood Bank (TB04 Dp-A-7) with an average Fm of
0.8625 yielded a standard deviation of 0.0094 Fm (1.1%) assuming
8'3C=0%. When using 8'3C values measured on CFAMS, the
standard deviation decreased to 0.0038 Fm (0.4%; Fig. 4a). Eight
replicate samples of an older D. dianthus from Burdwood Bank
(TB0O4 Dn-E-3) with an average Fm of 0.2636 yielded a standard
deviation of 0.0018 Fm (0.7%) assuming 8'>C=0%. Using the
measured 5'3C values decreased the standard deviation to 0.0015
Fm (0.6%).

Within analytical error, there was no systematic relationship
between the size of samples and Fm over a range of masses from
10 to 55 mg in three F. curvatum and one B. malouinensis collected
from the Burdwood Bank (Fig. 4b). There was no offset between
samples cleaned in different ways (Fig. 4c). Eleven replicate
analyses on a single B. malouinensis (Station 5, #18) using the two
different cleaning methods yielded results within error of each
other: Fm=0.8827 +0.0091 (n=9, standard deviation) for the
methanol wash and Fm=0.8825 + 0.0124 (n=2, standard devia-
tion) for the oxidative wash. These values are both within the
reported accelerator analysis error of the Fm measured using the
standard hydrolysis procedure (Fm=0.8800 + 0.0031, n=1).

The average Fm of the nine reconnaissance replicates of the
radiocarbon-dead coral was 0.0073 + 0.0028 (39,500 Ryr). This
value was used as the blank correction for reconnaissance
samples, and it corresponds to an age correction of ~10 Ryr for
modern corals, and ~3000 Ryr for a 30,000 Ryr coral. The average
Fm from the five replicates on the radiocarbon-dead coral using
the standard hydrolysis procedure was about 50% smaller
(0.0038 +0.0017; 44,800 Ryr). There are a number of possible
sources for the high Fm of the radiocarbon-dead corals observed
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when using the reconnaissance method, including modern
contamination during the EA combustion process. The EA process
blank (acetanilide, 0.0048 + 0.0027) was 0.0035 Fm greater than
the long-term NOSAMS average of calcite blank (IAEA C-1)
prepared using the standard hydrolysis procedure and measured
on AMS-1 (0.0013 + 0.0006; 53,400 Ryr) (Fig. 5). This difference is
similar to the difference between the measured Fm of the
radiocarbon-dead corals for the two methods. This result
indicates that modern contamination during the EA combustion
process is a major contribution to the difference in background
Fm between these two procedures. However, adsorption of
modern CO, onto the surface of the coral might also contribute
to the high background Fm since the reconnaissance samples
were not etched with HCl immediately prior to graphitization
(Adkins et al., 2002).

A total of 101 corals of unknown age from a depth range of
120-1750 m was successfully dated, and their ages range from
older than 40 ka to modern (Supplementary Table 1).

5. Discussion
5.1. Carbon isotope fractionation effects

Since the goal of the method development was to improve the
efficiency of sample processing and analysis, we did not collect a
gas split for 8'3C analysis. For the first set of analyses made on
AMS-1, a typical marine 8'3C of 0%, was assumed (Boutton, 1991).
Using this assumption, eleven replicates of B. malouinensis yielded
a Fm=0.8746 +0.0213 (standard deviation corresponds to
198 Ryr, or about 20% of the age). The average analytical error
on these measurements was only 0.0029 Fm, corresponding to
approximately 26 Ryr or only 3% of the age. It is known that
biologically mediated ‘vital effects’ can cause the 5'*C of marine
organisms to deviate significantly from 0%.. For example, a single
D. dianthus specimen can have a 8'3C range of up to 12%. (Adkins
et al., 2003), which could result in apparent age offsets of up to
200 Ryr, potentially accounting for most of the variability in our
replicate analyses.

In addition to natural variability within the coral skeleton,
isotopic fractionation can occur during graphitization and within
the accelerator. For example Xu et al. (2007) showed that
incomplete graphitization and methane formation within the
reaction tube can lead to '3C depletion. We observed a —39 to
—12%o range in the 3'3C measured on the accelerator of the
primary standard (HOxI) prepared using the sealed tube graphi-
tization, much larger than the expected value of —19 + 2% (Fig. 6,
Supplementary Table 2). To investigate the cause of this
fractionation, splits of the CO, gas combusted by EA from three
samples of the same B. malouinensis were taken before
graphitization and analyzed for 8'3C by VG Prism-II SIRMS (with

a typical precision of better than 0.1%.). The range of 3'C values

37

(—2.9 to —4.6%.) is smaller than that of the graphite made from
that same gas and measured by CFAMS (—6.8 to —26.2%.). These
results demonstrate that the fractionation is occurring after the
coral has been converted to CO,.

Since 8'3C can deviate significantly from zero, we measured
13C/*2C concurrently with C/2C on all CFAMS analyses. CFAMS
313C measurements are reproducible to ~3%, translating to a
potential age bias of ~35Ryr for a ~1000 Ryr old coral (3.5%
error). This uncertainty is similar to AMS uncertainties reported
for each individual sample. The uncertainties from the §'3C
correction are larger for older corals, increasing to 50 Ryr for a
coral of ~10,000 Ryr (0.5% error).
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Fig. 4. Effect of 8'*C correction, sample mass, and cleaning procedure on fraction modern. (a) Fraction modern (Fm) of replicate samples of a D. dianthus coral collected
from Burdwood Bank (TBO4 Dp-A-7) calculated assuming that §'3C=0%. (left), measuring '*C concurrently on CFAMS (center), or measuring &'C precisely and following
the standard hydrolysis procedures for graphitization (right; Section 3.2). If 3'C is assumed to be zero and the actual 3'C is negative, then the Fm would increase. (b) Fm
plotted against sample mass for three F. curvatum corals and one B. malouinensis coral. Open symbols are replicates that were cleaned with the oxidative wash. (c) Fm of
replicate samples of a single B. malouinensis coral from Burdwood Bank (Station 5, #18) prepared with a methanol wash (left), an oxidative wash (center), or an oxidative

wash, acid leaching, and graphitization by standard hydrolysis procedures (right).

5.2. Agreement of reconnaissance dating with standard hydrolysis
procedures

Reconnaissance radiocarbon ages agree well with radiocarbon
ages generated by standard hydrolysis methods for 21 corals
ranging in age between 450 and 32,900 Ryr, or Fm from 0.9398 to
0.0166 (Fig. 7). Between 2 and 11 replicate measurements were
made on 4 of these corals, giving a total of 45 measurements.
A weighted double error least squares regression (Sohn and
Menke, 2002) yields a slope of 1.010 + 0.005 and an intercept of
—10+23Ryr (r*=0.999, weighted r’=0.883). These results
demonstrate that the efficient reconnaissance method generates
results that are consistent with the standard hydrolysis protocol
used at NOSAMS at the percent level. Only 6 out of the 45
reconnaissance ages (~13%) were more than 2 standard devi-
ations away from their corresponding hydrolysis ages. The §'3C
values measured concurrently on CFAMS can account for natural
fractionation in the coral skeleton and fractionation occurring
during the graphitization process or in the accelerator. The
background correction applied to the deep-sea corals is
appropriate and does not appear to introduce a bias to the final
Fm, of the coral sample.
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5.3. Conversion to calendar ages

For the deep-sea coral age survey we required accurate "C/"*C
measurements and a conversion to calendar age. We made the
conversion to calendar ages using the published Calib Radio-
carbon Calibration program (Stuiver and Reimer, 1993) with the
Marine09 radiocarbon age calibration curve (Reimer et al., 2009).
For all marine samples, the radiocarbon age must be corrected for
the reservoir age prior to this calibration. A reservoir age is the
difference in radiocarbon age between contemporaneous samples
growing in the atmosphere and those growing in a different
carbon reservoir, such as the ocean (Stuiver et al., 1986). The
published Marine09 database includes a global time-dependent
reservoir age. Reservoir corrections (AR) to the Marine Calibration
Curve are used to account for local and regional deviations from
the modeled radiocarbon curve for the global surface ocean
(Hughen et al., 2004). The Southern Ocean has a relatively high
reservoir age due to upwelling of radiocarbon-depleted waters
(Key et al., 2004). Pre-bomb radiocarbon reservoir corrections
for the West Antarctic Peninsula area are scarce, and are based
on radiocarbon measurements on bones from a penguin that
was killed in 1903 (AR=829 + 50 Ryr) (Bjorck et al., 1991),
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Fig. 5. Comparison of background correction for reconnaissance and hydrolysis methods. Fraction modern (Fm) of radiocarbon-dead samples measured with different
procedures. On the left are samples graphitized with the elemental analyzer (EA) procedure, and on the right are samples graphitized using standard hydrolysis procedures.
For both methods, the Fm of a radiocarbon-dead deep-sea coral (U-Th dated to be around 220 ky) and the Fm of the process blank (long-term NOSAMS average) are shown.
Circles represent individual replicates and the squares represent the average. Error bars represent one standard deviation.
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Fig. 6. Comparison of primary standard with expected values. Fraction modern (Fm) of the primary standard HOxI plotted against 8'*C measured concurrently on CFAMS.
Error bars represent one standard deviation. Solid red (blue) line represents the expected Fm (8'>C) value, and the shaded range represents the NOSAMS long-term error
(standard deviation) from that expected value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

marine mollusk shells that were collected live between 1917 and
1940 (AR=956 + 40 Ryr, AR=1016+39Ryr, 25-30m depth)
(Berkman and Forman, 1996), and brachiopod shells that were
deposited between 1949 and 1953 (AR=872 + 45 Ryr, AR=701 +
45 Ryr, AR=831 + 50 Ryr) (Peck and Brey, 1996).

The samples in this study do not come from the surface ocean,
but from as deep as 1750 m, so these surface water reservoir age
corrections are too small. Today the radiocarbon content of waters
in Drake Passage varies with depth and latitude, so we use two
separate reservoir corrections (AR): 780 + 100 y for the Burdwood
Bank stations and 930+ 100 y for the Drake Passage and West
Antarctic Peninsula stations. These values are calculated from
averages of pre-bomb A'#C (%) ( — 122% for Burdwood Bank and
—138%. for the Drake Passage) from the gridded GLODAP data

closest to sampling stations in geographic location and depth (Key
et al., 2004). These pre-bomb A'“C values give total reservoir ages
of 1050 and 1200 y.

Consistent with Intcal09 (Reimer et al., 2009), in this study we
assumed that the reservoir correction (AR) is constant through
time. It is unlikely that this is actually the case because changes in
upwelling, water mass mixing, and air-sea gas exchange all affect
the reservoir age of an area, These effects are especially important
in the Southern Ocean. The shallow carbonate compensation
depth in some areas of the Southern Ocean results in the
dissolution of foraminifera, and as a result there is little constraint
on past oceanic reservoir ages in this region. The only two
deglacial radiocarbon data points from the Southern Ocean come
from two U-series-dated D. dianthus from ~1000 m depth from
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the Sars Seamount in the Drake Passage. Both corals indicate that
the difference between radiocarbon in the atmosphere and the
Southern Ocean was greater during Heinrich Event 1 than it is
today (Goldstein et al., 2001; Robinson and van de Flierdt, 2009),
resulting in reservoir ages ranging between 2000 and 2800y at
1000 m depth. Thus, our assumption of a constant reservoir age
during this period would most likely result in calendar ages that
are too old. We likely overestimated calendar ages throughout the
deglaciation when upwelling in the Southern Ocean is thought to
have increased (Anderson et al., 2009). Coral-based evidence from
the Ross Sea region of the Southern Ocean indicates that the
reservoir age remained constant for the past 6000y suggesting
that our assumptions about reservoir age through the Holocene
are more robust (Hall et al., 2010).

- N N w
[$,] o (4] o

EA Radiocarbon Age (ky)
=
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Hydrolysis Radiocarbon Age (ky)

Fig. 7. Comparison of reconnaissance ages with hydrolysis ages. Reconnaissance
radiocarbon ages (in thousand Ryr) from the EA method plotted against the
standard hydrolysis radiocarbon ages (in thousand Ryr) for 21 different corals.
Replicate measurements are plotted individually. Solid line represents the 1:1
correlation line. Error bars are one standard deviation and are not visible if they
are smaller than the symbol size.
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The largest source of uncertainty on our final calendar ages
comes from the conversion of radiocarbon age to calendar age,
and not from the analytical uncertainty of the reconnaissance
method. In areas where reservoir age variability is better
constrained, or in studies in which the '*C/"2C ratio is being used
to examine processes rather than determine ages, the calendar
age conversion will be either less important or not even relevant.

5.4. Age distribution of corals from the Drake Passage

After conversion to calendar age, we examine the age
distribution of corals across the Drake Passage. The ages span 0
to > 40 ky (radiocarbon-dead), and include samples from 120 to
1750 m depths (Fig. 8). Seventy D. dianthus specimens from
NBP08-05 were dated. The corals are divided into age bins of 2500
years and plotted as histograms for each coral species and each
location. It is clear from this analysis that the distribution of deep-
sea corals is not constant through time (Fig. 9). Specifically, the
age distribution of the D. dianthus fossils collected from Burdwood
Bank differs greatly from that of the D. dianthus collected from
Sars Seamount in the Drake Passage. The D. dianthus fossils from
Burdwood Bank are biased toward modern ages, with 32 of the 45
fossils collected (71%) having calendar ages between 0 and 2.5 ky
(none of the coral specimens represented in these histograms
were collected live, although live specimens were recovered).
Although fewer individuals were dated, the pattern observed for
Flabellum and Balanophyllia at the Burdwood Bank is consistent
with the D. dianthus data. Burdwood Bank is a sediment-covered
continental shelf, so it is possible that older fossils have been
covered and were not fully represented at the surface. To test this
hypothesis, coring at Burdwood Bank would be required.

In contrast to Burdwood Bank, no live Desmophyllum, Flabel-
lum, or Balanophyllia were recovered from Sars Seamount, and
more than half of the fossils from six different dredges yield late
deglacial/early Holocene calendar ages of between 10 and 12.5 ky.
Three of these corals grew on other corals (Fig. 1) presenting a
possible sampling bias, but even if these corals are not included
we still see a strong pulse of growth between 10 and 12.5 ky at
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Fig. 8. Age survey. Calendar age of dated fossils (Balanophyllia (orange circles), Desmophyllum (green x's), and Flabellum (purple triangles)) plotted against water depth from
where the fossils were collected. For reference, the EPICA Dome C 8D (%) record (Jouzel (2004)) is plotted above. The Younger Dryas (YD. pink), Bolling-Allerod
(B-A, yellow), Heinrich event 1 (H1, blue), and Last Glacial Maximum (LGM, green) are outlined in shaded boxes. (For interpretation of the references to color in this figure

legend. the reader is referred to the web version of this article.)
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Fig. 9. Fossil age distributions. Histogram of the age distributions of D. dianthus from Burdwood Bank (top left) and from Sars Seamount (bottom left). Not included in the
Sars Seamount histogram is one D. dianthus specimen that had a radiocarbon measurement that was indistinguishable from background (older than 44 ky). The H1-aged
coral from Sars Seamount from Robinson and van de Flierdt (2009) is included. Histograms of the age distribution of B. malouinensis (top right) and F. curvatum

(bottom right) from Burdwood Bank are also shown.

Sars Seamount, during the later stages of the last deglaciation. The
two D. dianthus that were measured from the Shackleton Fracture
Zone had ages of 27.1 + 0.7 and 36.2 + 1.5 ky, and the one coral
measured from Interim Seamount had an age of 21.5+ 0.5 ky.
Irrespective of possible sampling biases on Burdwood Bank, the
geographical distribution of deep-sea coral populations in the
central Drake Passage has clearly changed over time.

It is certainly likely that changes in ocean circulation could
affect the biogeography of deep-sea corals in this region by
changing ocean chemistry or food supply, or even by altering
larval distribution patterns. The peak in coral population during
the Younger Dryas at Sars Seamount is coincident with a peak in
population at the New England Seamounts in the North Atlantic
(Robinson et al., 2007). At the New England Seamounts, similar
peaks are seen during other periods of abrupt climate change
during the last glacial as well. The Younger Dryas was a relatively
cold period in the North Atlantic, but a time of warming in
Antarctica (Sowers and Bender, 1995; Broecker, 1998), perhaps
not surprisingly suggesting that temperature alone is not
controlling the growth phases during this time. The Younger
Dryas was a time of intense reorganization in the global ocean
(e.g., McManus et al., 2004; Anderson et al., 2009), and these large
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scale changes in the deep ocean (e.g., in ocean chemistry or
biological productivity) may be important factors in controlling
deep-sea coral populations in both hemispheres at this time.

6. Conclusions and perspectives

Our new radiocarbon reconnaissance method provides an
accurate and efficient method for age surveys of fossil corals or
other carbonate samples that are younger than 40 ky. Whereas it
can take from ~20 min up to several hours to fully dissolve a
carbonate sample using the standard hydrolysis method, the
combustion time for this new method is only three minutes.
Concurrent measurement of 8'3C on CFAMS allows for correction
of fractionation due to vital effects or during sample processing
and analysis resulting in a standard deviation of ~35Ryr for
replicate samples of a ~1000 Ryr old coral, and a standard
deviation of ~50 Ryr for replicate samples of a ~10,000 Ryr old
coral. This standard deviation is within the range of the reported
AMS uncertainties (25-35 Ryr) derived from counting statistics
and repeat measurements on a single sample target. Possible
errors involved in converting radiocarbon ages to calendar ages
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represent the largest uncertainty associated with this method.
However, this conversion will be less problematic in areas where
there are better constraints on how the reservoir age has changed
in the past, and will not be an issue in studies that use '*C/'?C to
examine geologic processes.

The age survey of a suite of 101 solitary deep-sea corals from
the Drake Passage area identified corals from climatically impor-
tant time periods such as the Younger Dryas, Belling-Allered, and
the Last Glacial Maximum. In future studies, absolute ages from
U-Th measurements of these corals could be paired with radio-
carbon to reconstruct radiocarbon profiles in this part of the
Southern Ocean. Such measurements will help in understanding
changes in the reservoir age and oceanography in this region.
Consistent with the few existing studies, this age survey also
shows that deep-sea coral distributions are not constant spatially
or temporally. Determining how and why these biogeographical
changes occurred could help with understanding how deep-sea
coral ecosystems might respond to future environmental changes.

We envisage applications of this rapid analytical method to
include age surveys of other carbonates for biogeographical and
paleoceanographic studies. It could also be used as an efficient
means of developing approximate age models for sediment cores.
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Chapter 3. The Southern Ocean’s role in carbon exchange during the
last deglaciation

Abstract

Upwelling and degassing of carbon from the Southern Ocean is one of the leading
hypotheses to help explain glacial-interglacial changes in atmospheric CO,. We present a
25,000-year-long radiocarbon record from uranium-thorium dated deep-sea corals
collected from the Drake Passage in the Southern Ocean which shows the presence of
radiocarbon-depleted waters and suggests enhanced stratification during the glacial
period and persisting through the first half of the deglaciation. This depletion and
apparent stratification disappeared by ~ 14.6 ka (thousand years ago) consistent with the
transfer of carbon from the deep to the surface ocean and atmosphere via a Southern
Ocean ventilation event. Given this direct evidence for carbon exchange in the Southern
Ocean we show that our record and other deep-ocean radiocarbon records are sufficient
to explain the ~190%o drop in atmospheric radiocarbon between 17.5 — 14.5 ka.

1. Introduction

The transition between the last glacial period (~20 ka) and the warm climate of
the Holocene was accompanied by a ~80 ppm rise in atmospheric CO, [Monnin et al.,
2001], and a significant reduction in the ratio of radiocarbon (**C) to '*C in the
atmosphere [Reimer et al., 2009]. Of particular interest is the rapid drop in atmospheric
radiocarbon during the first pulse of CO2 rise at the last deglaciation, the so-called
‘mystery interval’ [Broecker, 2009]. One hypothesis that has been proposed to explain
the rise in atmospheric CO; and the fall in atmospheric radiocarbon content is the
‘isolated reservoir’ hypothesis, which relies on the deglacial ventilation of a carbon-rich
and radiocarbon-depleted ocean water mass that was isolated from the atmosphere during
the glacial period [e.g., Broecker and Barker, 2007]. Increased upwelling in the Southern
Ocean has been suggested as a potential source of CO; to the atmosphere during the last
deglaciation [Anderson et al., 2009]. In this study we generate reconstructions of
Southern Ocean radiocarbon to provide new insights into the storage and release of this
hypothetical ‘isolated reservoir’.

Radiocarbon is a useful tracer of carbon cycle processes since it is produced in
the atmosphere, and is then transferred to other reservoirs where it decays away (with a

half-life of 5730 years). The radiocarbon content of a water mass becomes increasingly
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more depleted with its time of isolation from the atmosphere. Isolation of deep water
masses also allows for the sequestration of carbon away from the atmosphere. However,
evidence to support the presence and subsequent ventilation of a carbon-rich and
radiocarbon-depleted water mass during the glacial period remains controversial due to
the challenges associated with producing reliable radiocarbon records. Radiocarbon
reconstructions require accurate measurement of the '*C/ 12C ratio and, crucially, accurate
and precise determinations of absolute (calendar) age. Deep-ocean radiocarbon records
have been made successfully using benthic foraminifera [e.g., Galbraith et al., 2007], but
dissolution of carbonate and the susceptibility of low sedimentation-rate cores to the
mixing effects of bioturbation limit the availability of appropriate samples in deep water.
Absolute age models in sediment cores often rely on radiocarbon analyses of planktonic
foraminifera, which can be strongly biased by large variations in surface reservoir ages
[e.g., Sikes et al., 2000; Skinner et al., 2010], or radiocarbon-independent age models
which commonly rely on matching core parameters to other climate records [ Marchitto et
al., 2007]. Additionally, variations in foraminiferal abundance or species composition
through time can bias benthic-planktic age offsets [Peng and Broecker, 1984; Magana et
al., 2010].

In spite of these difficulties, much effort has been made to identify an isolated
carbon reservoir in the glacial ocean. Broecker [2009] has argued that the similarity
between planktic-benthic radiocarbon age offsets from today and the Last Glacial
Maximum (LGM; ~18 — 22 ka) from a suite of cores in the Pacific has limited the
potential volume for an abyssal isolated reservoir, requiring it to be thin, deep, and
extremely radiocarbon-depleted. Although direct evidence for such a reservoir has
remained elusive Skinner et al. [2010] recently suggested the presence of a 4,000 year old
water mass in the deep South Atlantic during the LGM (for reference, the radiocarbon
age of the oldest known water in the modern ocean occurs in the North Pacific and
amounts to > 2,300 radiocarbon years; [Key et al., 2004]). It is an intriguing result,
although the spatial extent of this water mass is not yet known and the associated age
model requires a large 2,000 year surface reservoir age during the glacial and early
deglaciation. A series of recent papers showing evidence for extreme radiocarbon

depletions at intermediate depths during periods of CO: rise during the deglaciation [e.g.,
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Marchitto et al., 2007; Bryan et al., 2010; Thornalley et al., 2011], have also sparked
interest in this isolated reservoir hypothesis. These papers invoke the transfer of
extremely old carbon from an isolated reservoir via the Southern Ocean through Antarctic
Intermediate Water (AAIW) to locations in the Northern Hemisphere. Here we provide
the first glacial and deglacial U-Th dated time-series of radiocarbon from deep-sea corals
collected from directly within Upper Circumpolar Deep Water (UCDW) and AAIW in
the Southern Ocean. U-Th dates provide an independent calendar age that does not
depend on reservoir ages or stratigraphic correlation. Furthermore, the Southern Ocean is
the ideal location for this study, as it forms a direct link between the deep ocean and the

atmosphere because of mixing and upwelling of major deep water masses.

2. Sample Description and Results

Forty solitary deep-sea corals (thirty-seven Desmophylium dianthus, two
Balanophyllia malouinensis, and one Flabellum curvatum) were selected for this study
from a suite of dredge-collected corals from the Drake Passage and Burdwood Bank [Fig.
1; Burke et al., 2010; Waller et al., 2011]. Coral samples were screened to identify
glacial and deglacial corals using radiocarbon reconnaissance dating [Burke et al., 2010].
These samples were then U-Th dated and those with ages within the time period of 0 — 35
ka were precisely radiocarbon dated to calculate past A'*C values of dissolved inorganic
carbon (DIC) at dredging depths bathed today by AAIW and UCDW (for more details on
samples and methods, see Appendix 2). A'C is a measure of the relative difference
between the radiocarbon activity of an absolute international standard and that of a
sample, after correction for both age and isotope fractionation [Appendix 2; Stuiver and
Polach, 1977]. For convenience we refer to the radiocarbon records by the names of the
water masses at those depths today, while recognizing that different water masses could
have occupied those depths in the past.

The reconstructed A"*C values for corals from depths corresponding today to
AAIW follow the atmospheric A'*C curve [Reimer et al., 2009] at an offset (AA*C,
Appendix 2) ranging from -80 to -190%o (Fig. 2), with modern corals reflecting the A'C
of ambient seawater DIC [Key et al., 2004]. The largest depletions in AAIW occur
during the Antarctic Cold Reversal (ACR) at 13.3 = 0.1 and 13.7 + 0.1 ka, which is a
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pause in the deglacial warming recorded by Antarctic ice core records. The reconstructed
AMC for corals from depths bathed today by UCDW follow atmospheric A'™C throughout
the Holocene, with offsets from the contemporaneous atmosphere ranging from -110 to
-155%o, also consistent with nearby water column A"™C measurements [Key et al., 2004].
During the LGM, radiocarbon in UCDW was 230%o depleted from the contemporaneous
atmosphere, ~80%o lower than values observed at these sites today. UCDW was even
more radiocarbon depleted from the contemporaneous atmosphere prior to the LGM at
25.6 = 0.3 ka during Heinrich Stadial 2 (H2; ~24 — 27 ka), with an offset of -370%o, and
also during Heinrich Stadial 1 (H1; ~14.6 — 18 ka) with offsets of -250 to -300%.. A
marked increase in UCDW A'*C occurs at the start of the Bolling-Allered (BA; ~12.8 —
14.6 ka) and during the ACR, leading to AA™C values of only -140%o. The offsets of
UCDW A'C from the contemporaneous atmosphere then remain relatively constant until
the modern, with the exception of slightly enriched radiocarbon values (AA™C = -87 to
-105%o) immediately following the end of the Younger Dryas (YD; ~12.8 — 11.5 ka; Fig.
2).

3. Discussion

The depleted glacial radiocarbon values that we have detected in glacial UCDW
in the Southern Ocean are consistent with the presence of an isolated glacial carbon
reservoir and reduced ocean ventilation during the glacial period. The large glacial
radiocarbon depletions could result from a reduction in air-sea gas exchange [Stephens
and Keeling, 2000; Schmittner, 2003; Butzin et al., 2005], e.g. by extensive sea ice cover
[Fischer et al., 2007] at locations where deep waters bathing the dredging sites are
formed or increased stratification within the Southern Ocean [e.g., Francois et al., 1997].
Additionally global ocean changes in stratification [Lund et al., 2011] could also
contribute to lower AC values in the glacial deep ocean by reducing mixing in the
abyssal ocean with more ventilated water masses above. A reduction in the flux of well-
ventilated northern source waters to the Southern Ocean (or advection of radiocarbon-
depleted water) could also lead to more depleted radiocarbon in UCDW.

The vertical structure of Southern Ocean A™C can be explored by comparison of

our new Drake Passage data to two deep benthic foraminifera radiocarbon records from
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the South Atlantic [Figs. 1 and 2; Barker et al., 2010; Skinner et al., 2010]. These two
radiocarbon records are quite different to one another—by up to 290%e during the glacial
(Fig. 2). The deeper site (4981 m) in modemn-day Antarctic Bottom Water [AABW;
Barker et al., 2010] is more radiocarbon enriched than the shallower one (3770 m) in
modern-day Lower Circumpolar Deep Water [LCDW; Skinner et al., 2010]. The deeper
record is broadly consistent with our UCDW data during the deglaciation, suggesting
common influences on the radiocarbon values in the Southern Ocean subsurface regions
of UCDW and AABW formation. The extreme 500%o radiocarbon depletion from the
atmosphere in the LGM equivalent of LCDW may have been caused by an increase in the
proportion of recirculated deep water from the Pacific which was not seen in AABW or
UCDW. Also, some of the offsets between the two cores in the South Atlantic may arise
from the large difference in surface reservoir ages used for their age models: allowing the
600 yr reservoir age in the Cape Basin core to increase during the LGM, or reducing the
>2000 year LGM reservoir age at the Mid-Atlantic Ridge would bring the sediment-core
records closer into agreement. The marked 290%o contrast between the extremely
depleted radiocarbon in glacial LCDW and UCDW implies a strong stratification in deep
Southern Ocean water masses at the LGM, consistent with postulated reduced vertical
mixing across water mass boundaries [Lund et al., 2011]. Polar stratification is thought
to play a fundamental role in lowering atmospheric CO; during glacial times by reducing
the ventilation of CO, from the deep ocean [Sigman et al., 2010].

At the end of the glacial, during H1 and the mystery interval, the A'C of the
Southern Ocean water masses become more similar. The AA'*C of UCDW and AABW
decreases and that of LCDW increases until these three water masses are within error at
approximately -275%o (Fig. 2). These changes imply increased deep mixing in the
Southern Ocean and a breakdown of the deep vertical stratification that characterizes the
LGM. This breakdown is consistent with evidence for increased nutrient upwelling
inferred from opal accumulation records (Fig. 3), hypothesized to result from a southern
shift in the Westerly winds [Anderson et al., 2009]. The timing of the reduction in
stratification is concurrent with the initial deglacial rise in atmospheric CO, [Fig. 3;
Monnin et al., 2001], and lends support to upwelling of deep, carbon-rich waters to

shallow depths in the Southern Ocean as a cause of deglacial atmospheric CO; rise.
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During the same time period, the relatively enriched A"™C of intermediate depth waters in
the Drake Passage and off the coast of Chile [De Pol-Holz et al., 2010] imply significant
air-sea gas exchange and ventilation of AAIW. Prior to the LGM, at around the time of
H2 (25.6 ka), Drake Passage UCDW has a radiocarbon-depleted signature similar to the
LCDW site (AA'C = -370%o; Fig. 2). This similarity between A'*C in UCDW and
LCDW during H2 is also observed during H1, suggesting that deep vertical mixing in the
Southern Ocean correlates with northern Heinrich events and Glacial North Atlantic
Deep Water shoaling [4hn and Brook, 2008].

The timing for which the offset of UCDW A'*C from the atmosphere becomes
similar to the modern ocean is constrained by two corals: one with a U-Th age of 15.7 +
0.1 ka, and the other with an age of 14.7 + 0.1 ka. Thus, it is within error of the onset of
the BA at 14.6 ka, at the end of the mystery interval. Similar shifts from low to high
AA"™C values are observed at the same time in the deep North Pacific [Galbraith et al.,
2007], deep North Atlantic [Skinner and Shackleton, 2004], and deep South Atlantic
[Barker et al., 2010; Skinner et al., 2010], illustrating the large-scale nature of this
ventilation event (Fig. 2). The widespread nature of this signal suggests that by the start
of the BA most of the radiocarbon-depleted signal of the glacial deep ocean (the isolated
reservoir) had disappeared.

Although the major ventilation event described above is the most significant
change observed in deep and Southern Ocean A™C records, there are still significant
changes in the radiocarbon structure of the ocean after the start of the BA/ACR. First, the
loss of old carbon from the deep ocean causes smaller AA'*C values in the deep Southern
Ocean during the BA/ACR (Fig. 2). This change might have been augmented by a
reinvigoration and deepening of North Atlantic Deep Water after Heinrich Event 1 that
could have supplied well-ventilated (radiocarbon-enriched) waters to parts of the deep
ocean [Barker et al., 2010]. In contrast, the AA™C of AAIW is more depleted during the
BA/ACR, with values that are the same as UCDW (Figs. 2 and 3). This change in the
radiocarbon offset between AAIW and UCDW reflects a greater relative influence of the
deep ocean than the atmosphere on AAIW A"™C during the BA/ACR than during H1.
One way to achieve this change is to decrease air-sea gas exchange, which would also act

to limit CO, outgassing. Indeed, lower opal accumulation fluxes south of the Polar Front
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do support a change in stratification at this time [Fig. 3; Anderson et al., 2009]. An
increase in Southern Ocean surface stratification could be due to an increase in sea ice
cover [Fischer et al., 2007], and may have contributed to the deglacial pause in
atmospheric CO; rise. Subsequent to this event, during the YD AAIW returns to its more
ventilated state, which is consistent with enhanced upper Southern Ocean to atmosphere

exchange during periods of atmospheric CO, rise (Fig. 3).

3.1 A note on Antarctic Intermediate Water

Our Southern Ocean AAIW data follow the atmospheric radiocarbon record at
relatively constant offsets, with similar absolute values to the sediment-core record from
the Chile Margin [Figs. 1 and 2; De Pol-Holz et al., 2010]. Additionally, we do not find
evidence for extreme (>300%o) radiocarbon depletions in any of the Southern Ocean
water masses after 14.6 ka. These results are in apparent contradiction with several
studies that have invoked an extremely radiocarbon-depleted AAIW to explain the large
depletions observed at intermediate depths in the North Pacific, South Atlantic, Arabian
Sea, and North Atlantic [Marchitto et al., 2007; Bryan et al., 2010; Mangini et al., 2010,
Thornalley et al., 2011]. Our new data from the Atlantic sector of the Southern Ocean
make the AAIW carbon leakage hypothesis increasingly more unlikely. While our
UCDW data do support a Southern Ocean mechanism for the release of carbon during the
deglaciation, the radiocarbon-depleted signature does not appear to be transported to the
Northern Hemisphere by AAIW. Recent modeling work [Hain et al., 2011] suggests
that propagating the signature of an extremely radiocarbon-depleted water mass to the
North Pacific via AAIW is improbable since the signal would be rapidly dissipated and
diluted by the carbon in rest of the ocean and the atmosphere. Thus it appears that
although there is a widespread distribution of extreme radiocarbon depletions at
intermediate depths, they are unlikely caused by a common radiocarbon—depleted water

mass that was transported over large distances.
3.2 The Mystery Interval

One of the more intriguing features in the atmospheric radiocarbon record is the

~190%o drop in radiocarbon beginning at ~16.6 ka and ending at the onset of the BA at
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~14.6 ka [Reimer et al., 2009]. Production records from paleomagnetic and '’Be
reconstructions can explain, at maximum, 40%o of this drop [Frank et al., 1997; Laj et al.,
2002; Muscheler et al., 2004]. Broecker and Barker [henceforth B&B, 2007] have
suggested that this drop in atmospheric A'*C requires a very large, or extremely depleted,
oceanic radiocarbon reservoir (Fig. 4); in the absence of evidence for such a widespread
old radiocarbon reservoir, as well as other apparent climate contradictions, this event
remains unexplained [the 'mystery interval'; Denton et al., 2006].

However, based on seawater A'*C evidence presented in this study, we can justify
two modifications to the basic assumptions made in B&B’s calculations to potentially
‘de-mystify’ this interval. Firstly, B&B assume that the mean age of the non-isolated
ocean remains the same both before and after the mystery interval, at an offset of 1500 y
from the surface ocean (equivalent to 1900 y from the atmosphere). However, the data
presented and compiled in this study show that by the end of the mystery interval and the
start of the BA, ocean radiocarbon values were in fact more enriched compared to the
contemporaneous atmosphere (younger) than from before the mystery interval (Fig. 2).

Secondly, B&B assume that the isolated reservoir is mixed through the entire
oceanic reservoir of carbon, establishing a new steady-state that forces the atmospheric
A™C to drop by 190%.. Since the oceanic carbon reservoir is about 60 times larger than
that of the atmosphere, this assumption forces the isolated reservoir to be very old or very
large. Our data from UCDW, however, indicate that there might be a more direct
ventilation of the isolated reservoir to the atmosphere through upwelling in the Southern
Ocean. If the Southern Ocean were a direct conduit for the transfer of old carbon to the
atmosphere, then we would expect to see a drop in A'C in these waters over the mystery
interval. Additionally, as the isolated reservoir becomes less isolated and is mixed into
the rest of the ocean and atmosphere, we would expect to see an increase in the A'*C of
the isolated reservoir. Indeed, during the mystery interval between 16.6 and 15.6 ka, the
radiocarbon in UCDW falls at a rate similar to the rate of change in the atmospheric A'*C
record, while the radiocarbon content of the deep South Atlantic [LCDW; Skinner et al.,
2010] increases (Fig. 2). These records indicate that UCDW could be a direct ventilation

pathway to the atmosphere for the radiocarbon-depleted waters of the isolated reservoir.
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Thus, here we make a modified calculation to the one made in [Broecker and
Barker, 2007] by relaxing those two assumptions (see supplementary info for details).
We allow the non-isolated ocean ventilation age to decrease after the mystery interval.
Additionally we allow some proportion of the isolated reservoir to mix directly with the
atmospheric reservoir before being mixed back into the oceanic reservoir. As this
proportion is increased, the age required for the isolated reservoir to explain the 190%o
drop in atmospheric radiocarbon gets younger (Fig. 4). We do this calculation for a
range of proportions (1-100%) to illustrate the non-linearity of this mixing. The extreme
case where 100% of the carbon from the isolated reservoir is allowed directly into the
atmosphere before mixing back into the ocean is, of course, unrealistic, and results in
mean ocean ventilation ages that are too young compared to the atmosphere. This is an
apparent decrease in age driven by the drop in the A*C of the atmosphere, without a
corresponding drop in the A'*C of the ocean from mixing with the isolated reservoir (Fig.
S4 in Appendix 2). The opposite extreme allows only 1% of the carbon from the isolated
reservoir into the atmosphere (noting that the glacial atmospheric carbon reservoir is
approximately 1% of that in the ocean) giving a result that is nearly equivalent to the
calculation from B&B (although without the restriction that the mean ocean ventilation
age remain the same after the mystery interval). However, the non-linearity of the
mixing is such that small increases in the percentage of isolated carbon mixed directly
into the atmosphere drastically reduce the age of the isolated reservoir required to explain
the mystery interval. For example, if the isolated reservoir occupied 20% of the ocean
volume, then it would only need an age of 3,670 y to explain the drop in atmospheric
AM™C, if 3% of this isolated reservoir was vented directly into the atmosphere. This deep
ocean age is within the boundaries set by the data shown in this study (Fig. 4). Our
radiocarbon results from UCDW support this idea of a radiocarbon-depleted glacial
ocean that is ventilated directly through the Southern Ocean. By the end of the mystery
interval and the onset of the BA, the ocean as a whole is more ventilated, and there is no

evidence for the large radiocarbon depletions found in glacial times.
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Figure 1. (left) Maps showing locations of dredging sites and sediment cores: core
SO161-SL22 (36.2° S, 73.7° W, 1000 m; [De Pol-Holz et al., 2010]) is indicated by a
blue triangle, core MD07-3076 CQ (44.1°S, 14.2°W, 3770 m; [Skinner et al., 2010]) is
indicated by a green diamond, and core TN057-21 (41.1°S, 7.8°E, 4981 m; [Barker et al.,
2010] ) is indicated by a pink square. The polar front is indicated by a black line [Orsi et
al., 1995]. (right) Depth-latitude sections of salinity (top) and oxygen (bottom) from
GLODAP dataset for the latitudinal transect indicated by the red box on the map. [Key et
al., 2004]. Corals (black dots) come from depths bathed today by Antarctic Intermediate
Water (AAIW) and Upper Circumpolar Deep Water (UCDW). Lower Circumpolar Deep
Water is indicated by LCDW.
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Figure 2. (a) A"C reconstructed from Drake Passage deep-sea corals from depths bathed today
by AAIW (dark blue) and UCDW (red). Ellipses are 20 error ellipses. Two previously dated
corals [Goldstein et al., 2001; Robinson and van de Flierdt, 2009] with ages of ~16.5 and 16.6 ky
are included in the UCDW group. Also shown are the reconstructed A"*C records from benthic
foraminifera from cores in the South Atlantic [green, Skinner et al., 2010], North Pacific [gold,
Galbraith et al., 2007], Cape Basin [pink, Barker et al., 2010], and Chilean margin [light blue, De
Pol-Holz et al., 2010]. Atmospheric radiocarbon [IntCal09, Reimer et al., 2009] is shown by the
black lines (20). Arrow 1 marks the drop in UCDW radiocarbon over the Hl/mystery interval
that parallels the drop in the atmospheric record. Arrow 2 marks the increase in UCDW
radiocarbon after the H1/mystery interval. (b) Offset of reconstructed deep-sea coral A'*C from
contemporaneous atmosphere (AA'“C) for AAIW (dark blue) and UCDW (red) corals [this study;
Goldstein et al., 2001; Robinson and van de Flierdt, 2009]). Also included are the offsets of the
reconstructed A'*C from benthic foraminifera from the same cores in the top panel. All ellipses
are 20. Contours of constant radiocarbon age offset from the contemporaneous atmosphere are
shown as gray lines to illustrate the effect of the changing atmospheric radiocarbon inventory
with time on AA'C values (Appendix 2). Dashed line at 14.5 ka divides the plot between the
relatively old waters of the glacial and the relatively young waters post-mystery interval.
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Figure 3. (a) Atmospheric CO; from EPICA Dome C [Monnin et al., 2001] for data < 22
ka on the timescale of Lemieux-Dudon et al. [2010] and from Vostok ice core [Petit et
al., 1999] for the data points > 22 ka. (b) 8'30 record from the EDML ice core [EPICA et
al., 2006] also placed on the timescale of Lemieux-Dudon et al. [2010]. (¢) Atmospheric
AMe (%0) from IntCal09 [Reimer et al., 2009] (d) Offset (%o) of reconstructed
radiocarbon A'C from the contemporaneous atmosphere (AA™C) for AAIW (blue),
UCDW (red), and LCDW (green). The Younger Dryas (YD), Heinrich Stadial 1/mystery
interval (H1/MI), and Heinrich Stadial 2 (H2) are highlighted by yellow vertical bars and
the Bolling-Allerod/Antarctic Cold Reversal (BA/ACR) and the Last Glacial Maximum
(LGM) are highlighted by a blue vertical bar. Errors ellipses represent 20. (e) Opal flux
(g/cm/ky) south of the Polar Front in the Indian Ocean sector of the Southern Ocean (core
TNO057-13-4PC; 53.2°S ,5.1°E) as a proxy for Southern Ocean upwelling [Anderson et
al., 2009].
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Figure 4. Age (with respect to contemporaneous at1nos4phere) of the isolated ocean
reservoir needed to explain the drop in atmospheric A'°C over the mystery interval
plotted as a function of ocean volume occupied by the isolated reservoir. The red dashed
line is the solution from Broecker and Barker [2007]. The blue lines are solutions for
different percentages (1-10% and 100%) of the carbon in the isolated reservoir that are
added directly to the atmosphere before being diluted by the oceanic carbon reservoir.
The grey box highlights the range of age offsets with respect to the atmosphere of the
reconstructed radiocarbon records presented and discussed in this paper immediately
prior to the mystery interval [Galbraith et al., 2007; Barker et al., 2010; Skinner et al.,
2010]. Inset in the upper right corner is a zoom-in of the same plot.
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Chapter 4. Investigating the source of radiocarbon-depleted
intermediate waters during the last deglaciation

Abstract

Reconstructing changes in North Atlantic circulation is important for
understanding the link between deep-water formation in the North Atlantic and
millennial-scale climate change. We collected deep-sea corals by dredge from the
Reykjanes Ridge off Iceland from 672 to 1550 m water depth. After preliminary
radiocarbon age screening, we dated seventeen specimens (including solitary corals
Desmophyllum dianthus and Caryophyllia, and the colonial corals Madrepora and
Lophelia) using U-series methods. Coral calendar ages range from 1991 A.D. to more
than 109,000 y before present (B.P.), and all but one coral (with an age of 69.3 + 0.4 ky
B.P.) had 8**U values consistent with closed-system radioactive decay. Here we focus
on the corals with ages less then 30,000 y B.P. to reconstruct the radiocarbon activity at
depths bathed today by Labrador Sea Water (LSW) during the Belling-Allered and the
Holocene. We find that at these depths, the radiocarbon depletion from the
contemporaneous atmosphere was of a similar magnitude during these time periods as
estimates of pre-industrial '*C activity in this region (~70 %o depleted from the
atmosphere [Key et al., 2004]). These results agree with other deep-sea coral records
from both the eastern and western North Atlantic [4Adkins, 1998; Schroder-Ritzrau et al.,
2003; Frank et al., 2004; Cao et al., 2007], and further extend the temporal coverage of
radiocarbon records from this region. Extreme radiocarbon depletions that have been
reported from analysis of benthic foraminifera off Iceland [Thornalley et al., 2011] are
not observed in the deep-sea coral records. We use this combined data set to examine the
feasibility of Antarctic Intermediate Water being the source for these deglacial
radiocarbon depletions, and investigate other potential explanations for the extreme
radiocarbon anomalies observed elsewhere [North Pacific, Equatorial Pacific, and
Arabian Sea; Marchitto et al., 2007, Stott et al., 2009; Bryan et al., 2010] at intermediate
depths during the deglaciation.

1 Introduction

A strong link between changes in the meridional overturning circulation (MOC)
of the Atlantic Ocean and abrupt climate oscillations over the last deglaciation has been
postulated in the literature [e.g. Broecker, 1994]. Understanding changes in the spatial
extent of intermediate waters from different source regions over this time period is
important because intermediate water formation is thought to play an important role in
the stability of the MOC on millennial time-scales [Keeling and Stephens, 2001; Weaver
et al., 2003]. Reconstructions of past changes in the nutrient content, eNd, and

radiocarbon at intermediate depths in the Atlantic show large variations that generally
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correlate with Northern Hemisphere millennial climate change over the last deglaciation
[Marchitto et al., 1998; Adkins et al., 1998; Came et al., 2003; Robinson et al., 2005;
Eltgroth et al., 2006; Came et al., 2008; Pahnke et al., 2008] supporting this connection
between intermediate water formation/extent and climate.

In addition to their importance for MOC stability, intermediate depth records
spanning the deglaciation have recently received attention because of their potential
connection to deglacial CO, rise. Marchitto et al. [2007] measured the “C/'*C ratio of
benthic foraminifera over the past 38 thousand years (ka) in a sediment core raised from
705 m water depth off Baja California. After correction for radioactive decay using an
core chronology matched to the GISP2 ice core [Grootes and Stuiver, 1997], the resulting
radiocarbon record showed a temporal correlation between extremely radiocarbon-
depleted waters and increases in atmospheric CO; during the last deglaciation. Marchitto
et al. hypothesized that carbon-rich and radiocarbon-depleted waters upwelled in the
Southern Ocean during the last deglaciation, contributing to the increase in atmospheric
CO, and the corresponding decrease in atmospheric A'*C.

Following this publication, other radiocarbon records from intermediate depths
have been published that also show extremely radiocarbon-depleted waters during the last
deglaciation, although the timing of the events are not synchronous, or of the same
magnitude (Fig. 1). These intermediate-depth records come from very different
locations: the Eastern Equatorial Pacific at 600 m [Stott et al., 2009], the Arabian Sea at
596 and 820 m [Bryan et al., 2010], the Brazil Margin at 621 and 781 m [Mangini et al.,
2010}, and off Iceland between 1237-2303 m [Thornalley et al., 2011]. The apparently
widespread nature of these extreme radiocarbon depletions points towards a common
oceanographic phenomenon, in particular the effect of the same water mass. With the
exception of the extreme radiocarbon depletion in the Eastern Equatorial Pacific (which
was interpreted as indicating a greater proportion of North Pacific Intermediate Water
(NPIW)), the large radiocarbon depletions in these records have been interpreted to result
from increased influence of radiocarbon-depleted Antarctic Intermediate Water (AAIW)
at the core site.

However, a radiocarbon record reconstructed from benthic foraminifera from

1000 m depth off Chile at a site that is currently located within AAIW does not exhibit
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any evidence of extreme radiocarbon-depletion during the last deglaciation [De Pol-Holz
et al., 2010]. Similarly, recent results from U-series dated deep-sea corals that live within
AAIW in the Drake Passage region of the Southern Ocean do not exhibit large
radiocarbon excursions [Burke and Robinson, in revision]. Both of these records are close
to the formation regions of AAIW, and thus any radiocarbon-depleted signal should be
expected to be more apparent here than further afield, particularly in the Northern
Hemisphere.

Here we present new radiocarbon data from U-Th dated deep-sea corals collected
from the Reykjanes Ridge off Iceland and compile other radiocarbon records from
intermediate depths in the northern-most Atlantic Ocean. These data yield valuable
information regarding the ventilation of the North Atlantic through the Holocene and the
deglaciation. We then use these results and data from the Southern, Atlantic, Pacific and
Indian oceans to investigate the feasibility of a common water mass to explain the
extreme radiocarbon depletions found at intermediate depths during the deglaciation.
Finally, we explore other possible explanations for the large radiocarbon depletions found

at intermediate depths that may not require a common water mass.

2 Methods

Deep-sea coral samples were collected by dredge on cruise CE08-06 from depths
ranging from 672 to 2046 m on the Reykjanes Ridge off Iceland (Fig. 2). Dredges
typically sampled 500 to 1000 m of the seafloor laterally, and no more than 350 m
vertically. A total of 47 solitary corals were collected from these locations. Additionally,
more than 5 kg of the colonial corals Madrepora and Lophelia were collected.

A new radiocarbon technique [Mclntyre et al, in press] was used to
reconnaissance date all of the solitary corals that were collected, as well as 41 pieces of
colonial coral. Briefly, a 30 mg piece of carbonate was cut out of the coral sample and
was ultrasonicated in MilliQ water and then in methanol for 20 minutes. CO, gas was
generated by dissolving the sample in 85% phosphoric acid in a vacutainer tube. The
14C/12C ratio of the CO; gas was then measured directly by a continuous-flow accelerator
mass spectrometer (CFAMS, [Roberts et al., 2009]). This new method of radiocarbon

dating provides approximate ages with percent level uncertainties, and forty samples can
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be prepared and analyzed in 2 working days. Based on the approximate ages from the
reconnaissance dating, a subset of corals was selected for traditional hydrolysis
radiocarbon analysis and U-Th dating.

For the corals selected for further study, a portion of the coral (ranging from 0.05
to 1 g) was cut and physically cleaned with a Dremel tool to remove ferro-manganese
crusts and areas of recalcification. The carbonate was then chemically cleaned with an
oxidative and reducing wash, as described in Cheng et al. [2000]. The samples were
dissolved in nitric acid and spiked with a mixed ***Th-**U spike. The U and Th fractions
of the coral samples were separated and purified using an iron co-precipitation and anion
exchange columns [Edwards et al., 1987]. These fractions were analyzed using
bracketing standards on a multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS), with a typical internal precision of ~1%o (20) for U fractions and better
than 2%o for the Th fractions. U was measured following the procedure of Robinson et
al. [2002]. Th was measured following the procedure of Burke and Robinson [in
revision].

In order to calculate an age from the *°Th/*®U ratios of the corals, we needed to
account for initial *°Th that was incorporated into the coral (i.e., the **°Th in the coral
that is not from the radioactive decay of **U). We assumed that the thorium
incorporated into the coral skeleton has a B2TH/2Th atomic ratio of 12,500 +12,500,
which was based on the range of values observed in modern deep-sea corals collected
from the North Atlantic, Pacific, and Southern Oceans [Cheng et al., 2000]. We used the
measured 2**Th/*?’Th ratio to determine the concentration of **>Th in the coral. Since the
22Th concentrations of these corals were relatively low (less than 3.9 ng/g and typically
less than 1 ng/g), the initial 2°Th correction was small: the corrected ages were no more
than 382 y younger than the uncorrected ages.

For the corals that had U-Th ages less than 40 ka, 40 mg of carbonate was cleaned
for traditional radiocarbon analysis with an oxidative wash [Shen and Boyle, 1988,
Adkins et al., 2002]. The samples were then etched with HCI to remove ~ 50% of the
sample mass, and immediately thereafter, were prepared into graphite targets following
the standard hydrolysis protocol for carbonates at the National Ocean Sciences

Accelerator Mass Spectrometry (NOSAMS) facility. Radiocarbon results are presented
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as Fraction modern (Fm), whereby the '*C/'*C ratio is normalized to a ‘modern’ *C/"*C
(defined as 95% of the radiocarbon content of NBS Oxalic Acid I normalized to 8'°C = -
19%o and measured in 1950 A.D. [Olsson, 1970]) and a 8°C value = -25%.. A scaling
blank correction as described in Burke et al. [2010] was used to correct Fm for modern
CO, that adsorbs onto the coral surface [e.g., Eltgroth et al., 2006]. This correction is
based on the average Fm (Fm = 0.0040 + 0.0016; 1 s.d.; n = 6) of a radiocarbon dead
coral that was U-Th dated to be ~220 ka. The error propagated for the background
corrected Fm uncertainty is the standard deviation of these six replicates. This
background corrected Fm is then converted to radiocarbon age using the Libby half-life
of 5568 y [Stuiver and Polach, 1977, Stuiver, 1980].

The radiocarbon age and the calendar age of the coral sample were used in the
following equation [Adkins and Boyle, 1997] to reconstruct the A'*C of the scawater

surrounding the coral at the time it grew:

-14C age/8033

Al4Csea'wal‘er = (e—calendar age/8266 - ]‘) X 1000 %0 (1)

The A™C is a measure of the relative difference between the absolute international
standard and a sample’s radiocarbon activity after correction for both age and §'"°C
[Stuiver and Polach, 1977]. In addition to plotting A'*C, we also plot AA'C, which is the

deviation (%) of the seawater A'*C from the contemporaneous atmosphere:
AA14C = A14Cseawater - A14Catmosphere (2)

AMCatm(,sphere was determined by averaging the IntCal09 atmospheric A'*C record [Reimer
et al., 2009] over a range of +20 around the calendar age of the coral sample. The
standard deviation of this average was then propagated through the calculation of AA™C
to determine the uncertainty on the final AA"C value. We also calculate radiocarbon age
offsets between the reconstructed DIC value and the contemporaneous atmosphere. This
age offset depends on the time since the water was last in contact with the atmosphere

and on the variable atmospheric radiocarbon activity [Adkins and Boyle, 1997], as well as
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water mass mixing and diffusion and air-sea gas exchange. We calculate the radiocarbon

age offsets using the following equation:
Age offset = "*C age of DIC of ambient water — 14C age of CO, in the atmosphere (3)

where the '*C age of the DIC is from the coral skeleton and the 1C age of the atmosphere
is from the IntCal09 curve averaged over a range of +20 around the calendar age of the
coral sample. As with the AA'C calculation, the standard deviation of the atmospheric
average was propagated through the calculation to determine the final uncertainty of the

radiocarbon age offset.

3 Results

The ages from the radiocarbon reconnaissance dating illustrate differences in the
age distributions of solitary and colonial corals from the Reykjanes Ridge (Fig 3). The
colonial coral age distribution is skewed to young ages, with most corals having
radiocarbon ages less than 1,000 radiocarbon years (Ryr) and all of them with ages less
than 10,000 Ryr. None of the colonial coral pieces that we dated had ages between
4,000 and 7,000 Ryr. In contrast, the solitary corals have a mode in their age distribution
at around 40,000 Ryr in addition to the modern mode of corals with ages less than 1,000
Ryr. This secondary mode is likely a bias resulting from using radiocarbon as a method
to screen coral ages since radiocarbon blanks have ages around 40,000 Ryr, so any fossil
coral that is older than 40,000 Ryr is indistinguishable from the background '*C/**C ratio.

There are only two solitary corals in our collection that lived during the
deglaciation. These corals are both of the genus Flabellum and are the only two
Flabellum specimens archived from the CE0806 dredges. We measured U-series and
precise radiocarbon isotopic ratios on both of these Flabellum specimens as well as seven
corals from the Holocene (two Desmophyllum dianthus, one Caryophyllia, and four
pieces of colonial coral (Madrepora or Lophelia). In addition, we selected four of the
old/radiocarbon-dead D. dianthus specimens for U-series measurements. While these
corals are not likely to be useful for reconstructing A™C, we wanted to determine a U-

series calendar age for at least some of these corals to ensure that they were indeed older
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than 40 ka, and the low radiocarbon content in their skeletons represented their old
calendar age as opposed to an anomalously low A'C of the DIC in the past (Table 2).

The corals that were U-series dated had calendar ages (corrected for initial >*°Th
and calculated as years before present (B.P.) where present is defined as 1950 A.D.)
ranging from -0.041 (1991 A.D.) to 110 ka. The four corals that were radiocarbon-dead
had calendar ages greater than 68 ka. We measured the 8”*U to monitor the closed-
system behavior of the coral (Fig. 4). With the exception of one D. dianthus specimen
with a U-Th age of 69.5 = 0.6 ka, all corals that were U-series dated had 8***U values that
fell within the error envelope of closed-system decay from an initial 8***U value equal to
that found in modern seawater (147 = 7%o, [Henderson, 2002; Robinson et al., 2004]).
The 69.5 ka coral exhibits apparently open system behavior, but it is not considered
further in this study as its age is too old for radiocarbon reconstructions.

The A™C of corals <30 ka ranged from -73 to 134%o (Fig. 5). These values were
calculated from the calendar age (U-Th age) and the precise radiocarbon age (Ryr)
determined by standard hydrolysis protocol following equation 1. The most recently
dead coral that was analyzed was a specimen of Madrepora occulata collected from 768
m water depth with a calendar age of -41 = 47 y B.P. (i.e, 1991 AD.) and a
reconstructed A'*C of 9 12 %o. The reconstructed A'*C agrees with nearby water column
measurements at similar depths ranging from 24 to -1%o [Key et al., 2004] showing that
the skeleton of this species records the A'*C of DIC of ambient water. The other species
that are used in this study (Flabellum, Desmophyllum, Caryophyllia, and Lophelia) have
already been shown to accurately reflect radiocarbon in DIC [Adkins et al., 2002; Frank
et al., 2004]. The offset of the A'C of corals from that of the contemporaneous
atmosphere (i.e., the AA'*C) during the Holocene ranged from -52.7 + 23.4%o to -66.2 +
11.2%0 (409+63 y to 533+159 y), which are within error of the calculated background
(pre-1950 bomb spike) radiocarbon at these depths [Key et al., 2004]. The two Flabellum
from 14.4 = .1 ka and 14.5 = .1 ka had AA"C of -97.5 = 33 %o and -95.0 = 34%.
respectively, within error of the Holocene corals, and corresponding to age offsets of 643
+ 85 y and 668 = 95 y. The two corals from ~35 ka had AA'*C of -158 + 90%o to -235 =
135%0 (866+878 y to 1322 = 861 y), but the propagated radiocarbon blank correction
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errors for these old corals are too large to allow firm conclusions to be drawn about this

time period.

4 Discussion
4.1 North Atlantic ventilation

The formation of NADW is supplied by the northward transport of warm, saline
waters from low latitudes by the North Atlantic Current and is a major component of the
MOC. Deep convection in the Nordic Seas results in Iceland-Scotland Overflow Water
(ISOW), which flows south along the eastern flank of the Reykjanes Ridge, crosses west
into the Irminger Basin at the Gibbs Fracture Zone, and then flows north along the
western flank of the Reykjanes Ridge. Labrador Sea Water (LSW) is formed by deep
convection in the Labrador Sea and it overlies and mixes with ISOW (as well as
Denmark Strait Overflow Water) to form NADW [Dickson and Brown, 1994] (Fig 2).

The boundary between LSW and ISOW along the Reykjanes Ridge is at ~1500 m
[Boessenkool et al., 2007], so the corals used for radiocarbon reconstructions come from
depths corresponding to LSW (768-1429 m). LSW (and NADW in general) constitutes
some of the most radiocarbon-enriched water in the modern deep ocean (A'*C = 10 to -
25%o, for LSW and around -50%o for NADW [Key et al., 2004]) since the water feeding
NADW is at the surface long enough to obtain a high radiocarbon value from air-sea gas
exchange with the atmosphere. The presence of bomb radiocarbon in these waters from
nuclear testing in the late 1950s/early 1960s [Key et al., 2004] further illustrates the
recent connection of these waters to the surface. The most-recently dead coral that was
analyzed (1991 A.D.) shows the presence of bomb radiocarbon (AYC =9 + 12 %o) in this
region to a depth of 768 m.

The constant age (AA™C) offset from the contemporaneous atmosphere through
the Holocene implies similar ventilation of intermediate waters near the Reykjanes Ridge
over the last 9.5 ka. The age (AA'C) offset of these waters at 14.4 and 14.5 ka is slightly
larger, but still within error of the values from the Holocene (Fig. 5), indicative of a
similar ventilation during the Belling-Allerad. The deep-sea coral radiocarbon values
from the Reykjanes Ridge are also in agreement with previously published deep-sea coral

radiocarbon reconstructions from these high northern latitudes—both from Orphan Knoll
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in the Northwest Atlantic [Cao et al., 2007] and from north of 45°N in the Northeast
Atlantic [Adkins et al., 1998; Schroder-Ritzrau et al., 2003; Frank et al., 2004]. The
Orphan Knoll corals are from 1600 m in the Northwest Atlantic and are currently bathed
in LSW, the same water mass as the Reykjanes Ridge corals [Cao et al., 2007]. The
corals from the Northeast Atlantic are from 240-745 m depth and are currently bathed in
Eastern North Atlantic Water or subsurface waters depending on the depth [Adkins et al.,
1998; Schroder-Ritzrau et al., 2003; Frank et al., 2004]. The largest radiocarbon age
offset recorded in these high-latitude deep-sea coral records is 886 + 167 y at 13.06 ka,
recorded in a Caryophyllia from 240 m water depth off the coast of France. These coral
records all show relatively similar radiocarbon ages through the Holocene and during the
Belling-Allerad, despite being from different sides of the basin.

Although there is some small millennial scale variability of up to ~300 y in the
coral record, the deep-sea corals in the North Atlantic do not record the extreme
radiocarbon depletions that have been reported from foraminiferal '*C/'*C at intermediate
depths off Iceland (Fig. 5) [Thornalley et al., 2011]. Due to the sample age distribution of
the deep-sea corals in this region, the coral record is not continuous, but it is sufficiently
well resolved to raise questions about the radiocarbon content of intermediate depth DIC.

The Iceland record is compiled from analyses of benthic foraminifera from three
different cores, the shallowest of which (RAPiD-10-1P, 1.2 km) comes from a depth
corresponding to LSW, and the deeper two cores (RAPiD-15-4P, 2.1 km; RAPiD-17-5P,
2.3 km) come from depths corresponding to ISOW [Thornalley et al., 2010]. Today these
cores are bathed in relatively radiocarbon-enriched waters [Key et al., 2004]. However,
over the last deglaciation, the age-corrected '*C/’C of the benthic foraminifera indicate
high-frequency and large magnitude variations in radiocarbon (shifts of ~300-400%. on
sub-millennial timescales), that cannot be explained by the in sifu decay. Thus, this
radiocarbon-depleted signal must be caused by another mechanism. Thornalley et al.
[2011] hypothesize that the extreme deglacial radiocarbon depletions near Iceland
resulted from a decrease in the formation of North Atlantic Deep Water, which allowed
the intrusion of AAIW to the high northern latitudes. Indeed, various water mass tracers
(8"°C, eNd, Cd) suggest that the extent of AAIW (or its glacial equivalent) in the Atlantic

was greater during the deglaciation than it is today [Pahnke et al., 2008], perhaps even
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extending as far north as 61° N on the Bj6rn drift on the eastern flank of the Reykjanes
Ridge [Rickaby and Elderfield, 2005], although a record from the Florida Current
suggests that the opposite is true [Came et al., 2008]. Additionally, radiocarbon records
reconstructed from deep-sea corals collected at intermediate depths on the New England
Seamounts have high-frequency variations in A'*C that were explained by switches
between northern- and southern- sourced intermediate waters [Robinson et al., 2005;
Eltgroth et al., 2006]. However, these variations are on the order of 100%., and A¥C
values in intermediate waters in this region never get more than 200%o0 depleted from the
contemporaneous atmosphere. Finally, during the period between ~12.8 and 13.8 ka, the
radiocarbon reconstructed from deep-sea corals on Orphan Knoll is at times >320%o more
radiocarbon enriched (>3,000 years younger) than that of the benthic foraminifera off
Iceland (Fig 5).

Despite the inconsistency between these North Atlantic records they may all be
recording past seawater DIC if these locations were bathed by different water masses
with different "*C content. If this is true, the >3,000 radiocarbon year offset between
benthic organisms at Orphan Knoll and Iceland, as well as the >2200 y reservoir age
inferred from the Iceland cores would indicate the presence of extremely large isotopic
gradients, thereby illustrating the challenges and limitations of compiling representative

records from across a wide region.

4.2 A common water mass?

The large radiocarbon depletions recorded by benthic foraminifera at intermediate
depths in the Pacific, Atlantic, and Indian oceans remain a conundrum. Are these large
radiocarbon depletions sourced from a common water mass as has been postulated? If so,
where did this water mass come from and why is its signature observed only at specific
locations? In the following sections we investigate the potential explanations for the
extremely radiocarbon depleted signals which are observed at distal locations at
intermediate depths.

One interpretation of the source of the radiocarbon depletions at intermediate

depth is a common water mass that is extremely radiocarbon-poor and transported over
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large distances without losing its depleted signature. Indeed, the similarity’ of some of
these records [in particular Marchitto et al., 2007; Bryan et al., 2010], as well as the
inferred link with climate and CO, rise, support this idea of a quasi-global process. A
likely candidate is AAIW which penetrates northwards into each of the major ocean
basins today and was thought to be more extensive at times in the past [Marchitto et al.,
2007; Bryan et al., 2010; Mangini et al., 2010; Thornalley et al., 2011]. However, there
is no evidence from sites currently located in AAIW today for extremely large glacial or
deglacial radiocarbon depletions [De Pol-Holz et al., 2010; Burke and Robinson, in
revision]. A third radiocarbon record from a site currently bathed by AAIW off New
Zealand is not included in this discussion because the reconstructed A'*C values are not
based on independent calendar ages [Rose et al., 2010

Another water mass that has been posited as a potential source of the intermediate
depth radiocarbon depletions is the North Pacific Intermediate Water (NPIW) [Stott et al.,
2009]. However, other records from intermediate depths within the North Pacific do not
show radiocarbon depletions as large as those at the Galapagos site [Okazaki et al., 2010;
and references therein]. Additionally, eNd results from the core from Baja California
suggest that a southern-sourced water mass bathed this site during the deglaciation,
implying that NPIW is not a likely source for the radiocarbon depletion observed there
(Fig. 6) [Basak et al., 2010].

In order to investigate whether these radiocarbon-depleted signals arise from a
common southern-sourced water mass we compare the A'*C records from Iceland and
Baja California with 8'°C [Thornalley et al., 2011] and eNd [Basak et al., 2010] records
from the same cores (Figs. 6a and b) because both 8°C and €Nd can be used as tracers of

water mass source. In the North Atlantic, a decrease in 8°C could imply the increased

1 The radiocarbon depletions from off Brazil differ from the other records in that the most depleted values are observed
before and after the deglaciation (at 23.5 ka and 8.4 ka) instead of during the deglaciation [Mangini et al., 2010]. These
corals could be recording a radiocarbon-depleted signature from natural gas seeps, as the cores were collected from a
pock-marked region of the continental slope of Brazil, and as such we do not include them further in our discussion
[Mangini et al., 2010].

? In the Rose et al. [2010] record, benthic radiocarbon ages were converted to calendar ages using MARINEO4 [Hughen
et al., 2004] and assuming a constant age offset from the contemporaneous atmosphere (constant reservoir age). These
calendar ages were combined with the radiocarbon ages to determine the A'*C, thus returning a constant offset of the
A'C value from the atmospheric A'*C (a circular approach since that is what was originally assumed). They then plot
these A'*C values on a different age model (based on oxygen isotope stratigraphy and tephra layers). As a result, each
sample has two calendar ages (one used to calculate A'*C and the other used to plot A'C against time) that do not
agree, and can differ by more than 3,500 years in some cases.
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influence of high-nutrient southern-sourced water as corﬁpared to northern-sourced water.
However, the 8"3C record from Iceland does not have a similar structure to the A'*C
record, and at times is even anti-phased. A statistical test based on a rank correlation
coefficient [Kendall and Gibbons, 1990] indicates that there is no significant monotonic
variation of 8°C with A™C (t = 0.17, p = 0.17). This result suggests that the large
radiocarbon depletions off Iceland are not sourced from AAIW. eNd can also be used as
a water mass tracer, with negative values indicative of water masses sourced from the
Atlantic and more positive values from the Pacific [Goldstein and Hemming, 2003]. The
Southern Ocean has ¢Nd values in between these two end-members [Piepgras and
Wasserburg, 1982] and thus a decrease (increase) of eNd in the Pacific (Atlantic) would
indicate a greater influence of southern-sourced waters. In general, at Baja California, the
influence of southern-sourced waters is greater during the deglaciation (and generally
during periods of low A'C at this site), although the A™C and &Nd records are not in
phase (t = -0.08, p = 0.52). A strict interpretation of éNd as relative AAIW influence
would require an even more depleted radiocarbon source since the lowest reported values
of A'™C have a lower fraction of AAIW. Further, a radiocarbon record from 1268 m on
the Brazil Margin [Sortor and Lund, 2011] does not show any extreme radiocarbon-
depletions despite showing periods of increased AAIW influence reconstructed from eNd
[Pahnke et al., 2008] at the same time as the Baja California record (Fig. 6c). To
summarize, although the Baja and Brazil sites were experiencing a greater influence of
southern-sourced water at similar times, their radiocarbon records differ by more than
300%0. Comparing all of these far-field records with the data from sites that are currently
within AAIW [De Pol-Holz et al., 2010; Burke and Robinson, in revision] and the North
Atlantic deep-sea coral records that have been discussed (Fig. 6d) suggest that the
extreme radiocarbon depletions are not well explained by AAIW.

Even if there was a depleted AAIW in the Southern Ocean, recent results from a
box model [Hain et al., 2011] show that unrealistic oceanographic conditions are required
(e.g., no mixing between the North and South Pacific) to explain the magnitude and
duration of the radiocarbon depletions observed off Baja California. Additionally, these
box model results show that mixing on the time scales it would take to transport this

water mass to the various distal locations where these extreme radiocarbon depletions are
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observed would largely dissipate any radiocarbon-depleted signature originally carried by
the water mass.

If AAIW is not the source of depleted radiocarbon, then there is still the potential
for upwelling from another part of the ocean. This upwelling would still need to be
sourced from the deep abyss to explain the increase in CO, and the decrease of A'“C in
the atmosphere. Records of radiocarbon from deep sites (>1750 m) from the last glacial
period do indeed show larger depletions than observed at the same locations today
[Skinner and Shackleton, 2004; Galbraith et al., 2007; Skinner et al., 2010; Burke and
Robinson, in revision], but not as depleted as some of the records from intermediate
depths. Moreover, the radiocarbon depletion observed in the abyssal Pacific, Atlantic,
and Southern Oceans during the last glacial period is not observed after the start of the
Bolling-Allerad (~14.6 ka), which is presumably due to a large-scale ventilation event at
that time [Burke and Robinson, in revision], making it an unlikely source of extremely

radiocarbon-depleted waters in the second half of the deglaciation.

4.3 Potential biases in foraminiferal records

An alternate explanation for the large decay-corrected radiocarbon depletions that
have been reported at intermediate depths during the deglaciation could be biases in the
approach of using foraminifera to reconstruct radiocarbon in DIC of ambient water. Such
biases may either come from the calendar age or from the '*C/'’C ratio of the
foraminifera. For instance, analyses of different benthic species from the same depth in a
sediment core have shown that there can be significant radiocarbon offsets between
species. Since more than 0.15 mg of foraminifera is typically needed for a “C
measurement [Magana et al., 2010], it is common to combine species of benthic
foraminifera for a single measurement. For example, a recent study by Magana et al.
[2010] shows that the A'*C of Pyrgo sp. (an infaunal species) can be up to 250%o more
depleted than that of other benthic taxa that are epifaunal, likely resulting from pore
water carbon that is more radiocarbon depleted than bottom water. Such an artifact could
contribute to the large radiocarbon depletions observed in studies that use mixed benthic
taxa to reconstruct radiocarbon, e.g. the records from the Arabian Sea and Iceland [Bryan

et al., 2010; Thornalley et al., 2011]. This bias could not be an explanation for the large
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depletions reported from Baja California and the Galapagos, since they use single benthic
taxa (e.g. Uvigerina, which has not been shown to have a bias) during the times of the
large depletions [ Marchitto et al., 2007; Stott et al., 2009].

Another potential difficulty for reconstructions of radiocarbon from foraminifera
comes from age biases resulting from bioturbation. Peng and Broecker [1984]
investigated this issue using a one-dimensional sediment bioturbation model. They found
that bioturbation and changing abundances of benthic and planktic foraminifera could
bias benthic-planktic radiocarbon age differences by more than 2000 y. This effect can
be minimized by using high sedimentation rate cores and by sampling from the core
depths that correspond to benthic abundance peaks [e.g. Keigwin, 2004]. Bioturbation is
unlikely to have been the cause of the large depletions off Baja because of the high
sedimentation rate (~30 cm/ky) and its presence in a low-oxygen zone. The record from
Iceland was constructed from benthic abundance peaks and the core had relatively high
sedimentation rates (10-40 cm/ky), minimizing the potential influence of bioturbation.
The records from the Galapagos and the Arabian Sea are most likely to have been
affected by bioturbation, since foraminifera abundance peaks were not utilized and the
sedimentation rate of these cores ranged between ~10 and 15 cm/ky. Relying on
foraminifera abundance peaks makes it difficult to get a continuous radiocarbon record,
however abundance peak data adds confidence to the reconstructed radiocarbon values
[e.g. Keigwin, 2004].

Finally, and critically, an accurate calendar age is required in order to reconstruct
A'C in the past. This requirement can be fulfilled in a variety of ways. U-series can be
used to date deep-sea corals (as was done in this study) giving a precise and independent
calendar age, although these ages can be biased by diagenetic alteration resulting in open-
system behavior or by incorrect initial *°Th assumptions.  These biases can be
minimized by only including corals that have initial d%*U that is within error of modern
seawater (Fig. 4) and by assuming a large range of initial 22Th/*Th ratios. For
radiocarbon records reconstructed from benthic foraminifera, calendar age can be
determined using two different procedures: correlation of an independent proxy (such as
diffuse spectral reflectance or 8"°N [Marchitto et al., 2007; Bryan et al., 2010]) to a

relatively well-dated and high resolution record such as the 8'%0 record from the GISP2
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ice core or Hulu Cave [Grootes and Stuiver, 1997; Wang et al., 2001], or calibration of
planktic radiocarbon age to calendar age by making an assumption about reservoir age
for that location through time. In other cases [e.g., Thornalley et al., 2011], it is possible
to generate age models using radiometrically dated tephra layers.

Generating an accurate age model is a difficult task for sediment cores, but it is
especially important for radiocarbon reconstructions because a A'*C value depends both
on the radiocarbon age and the calendar age. As a result of this dependency, a bias in the
age model not only affects the timing of an event, but also the magnitude of the event.
As shown in Figure 7, if the age of a 15 ka marine sample that should have had a 100%.
offset from the atmosphere is too young by 2,500 years, then the reconstructed A'*C from
this biased calendar age would be more than 300%o too low. While age errors this large
are an unlikely explanation for the full magnitudes of the extreme radiocarbon depletions,
it is possible that this could contribute to the observed depletions.

There are other possible explanations for the extreme deglacial radiocarbon
depletions observed at intermediate depths that likely differ by location. For instance,
Stott and Timmerman [2011] suggest that CO;, —rich hydrothermal vent fluids stored in
sediments could explain the intermediate depth radiocarbon anomalies. They hypothesize
that the glacial to interglacial increase in ocean temperature would have destabilized
these CO; deposits at intermediate depths, thus providing a mechanism for the release
radiocarbon depleted DIC at intermediate depths that has a temporal link to climate
change. This hypothesis should be tested in particular for sites near active venting or
active ridges, such as near Galapagos or Iceland. However, the extent and volume of
these CO,-rich deposits is unknown and so the feasibility of this mechanism has yet to be
determined.

Still another explanation for the large radiocarbon depletions could come from the
remineralization of old organic carbon. The Baja and Arabian Sea sites are similar in that
they are both regions of high productivity, and as a result they have pronounced oxygen
minimum zones at intermediate depths and high deposition of organic carbon.
Ventilation of these sites with oxygenated waters might result in the remineralization of
old organic carbon, which could cause a release of DIC with low '*C in the microhabitat

of the benthic foraminifera. Old carbon could also be exported from flooded continental
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shelves as sea level rose. Investigating other similarities between sites where radiocarbon

depletions are observed could lead to different explanations for the radiocarbon records.

5 Conclusions

Deep-sea corals collected from intermediate depths on the Reykjanes Ridge off
Iceland provide a record of the A'C of the North Atlantic through the Holocene and
during the Bolling-Allered. This A'C record shows a relatively constant offset from the
contemporaneous atmosphere, and is in general agreement with other radiocarbon records
from North Atlantic deep-sea corals [Adkins, 1998; Schroder-Ritzrau et al., 2003; Frank
et al., 2004; Cao et al., 2007]. The deep-sea coral radiocarbon results during the late
Bolling-Allered and into the transition into the Younger Dryas differ from benthic
foraminifera radiocarbon results from nearby cores by more than 3,000 years. The large
difference in radiocarbon age, as well as the lack of evidence for a radiocarbon-depleted
water mass, casts doubt on the likelihood that AAIW could explain the large radiocarbon
depletions observed in foraminiferal records at intermediate depths off Iceland and in
records from other ocean basins. While species differences and age model errors could
bias A'C results to old ages, these explanations are unlikely to explain the full magnitude
of the radiocarbon depletions. Alternative explanations for large radiocarbon depletions
at intermediate depth, such as hydrothermal carbon [Sto?t and Timmermann, in press] for
records near active volcanic sources (e.g., Iceland and Galapagos) or old organic carbon
remineralized by an increase in oxygen content in high productivity regions (e.g., Baja

California and Arabian Sea), should be further investigated.
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Figure 1. Records of intermediate depth radiocarbon over the last deglaciation
reconstructed from foraminifera or deep-sea corals. This compilation includes records
that are from modern day locations of Antarctic Intermediate Water (Chile and the Drake
Passage) [De Pol-Holz et al., 2010; Burke and Robinson, in revision] plotted in purple
and those proposed to record AAIW during the deglaciation (Baja California, Arabian
Sea, Brazil, and Iceland) [ Marchitto et al., 2007; Bryan et al., 2010; Mangini et al., 2010;
Thornalley et al., 2011; Sortor and Lund, 2011] plotted in yellow for the Atlantic, orange
for the Pacific, and brown for the Indian Ocean. The record from near the Galapagos
Islands [Stott et al., 2009] is proposed to record North Pacific Intermediate Water and is
also plotted in orange.
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Figure 2. (top) Locations of new deep-sea coral data from off Iceland (1- this study), as well as
locations of radiocarbon records discussed in the paper (2- Frank et al., 2004; 3- Adkins, 1998; 4-
Schroder-Ritzrau et al., 2003; 5- Cao et al., 2007; 6 Thornalley et al., 2011; 7- Marchitto et al.,
2007; 8- Stott et al., 2009; 9- De Pol-Holz et al., 2010; 10- Burke and Robinson, in revision; 11-
Sortor and Lund, 2011; 12- Mangini et al., 2010; 13-Bryan et al., 2011). Benthic foraminifera
records are marked by squares, and deep-sea coral data are marked by diamonds. Records that
have extreme (> 300%o) radiocarbon depletions are in yellow, the rest are in purple. (bottom) The
locations of all corals that were reconnaissance dated are marked with a light pink triangle. If a
coral from that location was U-Th dated as well, it is marked with an orange inverted triangle. If
a coral from that location was both U-Th dated and radiocarbon dated, it is marked with a purple
diamond. Water masses arrows are redrawn from [Dickson and Brown, 1994; New and Smythe-
Wright, 2001]: LSW = Labrador Sea Water; DSOW = Denmark Straits Overflow Water; ISOW =
Iceland-Scotland Overflow Water; ENAW = Eastern North Atlantic Water.
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Figure 3. Radiocarbon age distribution of colonial (top) and solitary (bottom) deep-sea
corals collected from the Reykjanes Ridge off Iceland. These ages were determined
using the reconnaissance gas-bench radiocarbon method developed by Mclntyre et al. [in
press].
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Figure 4. Measured 8>**U (%o) plotted against the “*°Th/***U activity ratio of the coral
skeleton. Errors represent external uncertainty (1.1%o; 20) which is larger than the
internal uncertainty. *°Th/?**U errors are 20 and are smaller than the symbol size.
Dashed lines are the error envelopes for seawater 8~*U assuming (1) a constant 8**U
(147 = 7%o) through time (black) or (2) a step decrease in seawater 5>>*U prior to 17 ka
(red), as suggested by IntCal09 [Reimer et al., 2009]. One coral (69.5 ka) plotted outside
of the error envelope.
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Figure 5. (top) A"*C (plotted as 20 error ellipses) reconstructed from deep-sea corals from
the Reykjanes Ridge (cyan, this paper plus one 2.6 ka coral from [Adkins, 1998]), Orphan
Knoll (blue, [Cao et al., 2007]), and the Northeast Atlantic (red, [Adkins, 1998; Schroder-
Ritzrau et al., 2003; Frank et al., 2004]). In the right panel, the radiocarbon record
reconstructed from benthic foraminifera off Iceland isplotted in gold [Thornalley et al.,
2011]. This foraminifera record is distinguished by core: RAPiD-10-1P (1237 m,
triangle), RAPiD-15-4P (2133 m, x), and RAPiD-17-5P (2303 m, diamond). The two
A"C values that were excluded from this foraminifera record are plotted, but no line is
drawn through them, as in Thornalley et al. [2011]. Atmospheric A'™C from IntCal09
[Reimer et al., 2009] is shown by the black line. Also shown is the AA'*C (middle) and
radiocarbon age offset (bottom) between the deep-sea corals plotted above and the
contemporaneous atmosphere.
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Figure 6. a) A'C (blue) and 8"°C (green) from RAPiD-10-1P (1237 m, triangle), RAPiD-
15-4P (2133 m, x), and RAPiD-17-5P (2303 m, diamond) from Iceland [Thornalley et al.,
2011]. b) A™C (blue) and eNd (green) from MC19/GC31/PC08 (705 m) from Baja
California [Marchitto et al., 2007; Basak et al., 2010]. ¢) A'C (blue) and eNd (green)
from KNR159-5-36GGC (1268 m) from the Brazil Margin [Pahnke et al., 2008; Sortor
and Lund, 2011]. d) Deep-sea coral A'™C from the North Atlantic from depths ranging
from 240-1445 m (red circles) [Schroder-Ritzrau et al., 2003; Frank et al., 2004; Cao et
al., 2007, this paper] and from the Drake Passage from depths (318-816 m)
corresponding today to AAIW (blue circles) [Burke and Robinson, in revision]. Also
shown is A'*C from SO161-SL22 (1000 m, blue x) [De Pol-Holz et al., 2010].

Southern-sourced water mass signature increases this direction

AMC (%o)
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Chapter 5. Application of an inverse method to interpret Blpa/s'Th
observations from marine sediments
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1] Records of *'Pa/***Th from Atlantic sediments have been interpreted to reflect changes in ocean circulation
during2 the geologic past. Such interpretations should be tested with due regard to the limited spatial coverage of
231pa/*OTh data and the uncertainties in our current understanding of the behavior of both nuclides in the ocean.
Here an inverse method is used to evaluate the information contained in 2*'Pa/***Th compilations for the
Holocene, Last Glacial Maximum (LGM), and Heinrich Event 1 (H1). An estimate of the abyssal circulation
in the modern Atlantic Ocean is obtained by combining hydrographic observations and dynamical
constraints. Then sediment *'Pa/?*°Th data for each time interval are combined with an advection-
scavenging model in order to determine their (in)consistency with the modern circulation estimate. We find
that the majority of sediment **!'Pa/?*°Th data for the Holocene, LGM, or H1 can be brought into
consistency with the modem circulation if plausible assumptions are made about the large-scale distribution
of *'Pa and about model uncertainties. Moreover, the adjustments in the data needed to reach compatibility
with a hg}othetical state of no flow (no advection) are positively biased for each time interval, suggesting
that the “*'Pa/**°Th data (including that for H1) are more consistent with a persistence of some circulation
than with no circulation. Our study does not imply that earlier claims of a circulation change during the
LGM or H1 are inaccurate, but that these claims cannot be given a rigorous basis given the current

uncertainties involved in the analysis of the 2*'Pa/*>°Th data.

Citation: Burke, A., O. Marchal, L. I. Bradtmiller, J. F. McManus, and R. Frangois (2011), Application of an inverse method to
interpret 231pa/23°Th observations from marine sediments, Paleoceanography, 26, PA1212, doi:10.1029/2010PA002022.

1. Introduction

[2] One of the major goals of paleoceanography is to
understand past changes in ocean circulation. This is
important because the ocean is a major transporter of heat,
accounting at maximum for about half of the meridional
heat flux of the combined atmosphere-ocean system in the
tropics [e.g., Trenberth and Caron, 2001; Wunsch, 2005;
Fasullo and Trenberth, 2008]. As a result, changes in ocean
circulation can potentially affect climate locally, regionally
and/or globally.

[3] Recently, downcore records of the ratio of two radio-
isotopes in sediment, protactinium-231 and thorium-230,
have been used to infer past changes in the strength or
structure of the meridional overturning circulation (MOC) in
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the Atlantic Ocean [e.g., Yu et al., 1996, McManus et al.,
2004; Gherardi et al., 2005; Hall et al., 2006; Gherardi
et al, 2009; Guihou et al., 2010; Negre et al., 2010].
231Pa and 2*°Th are produced in seawater in a nearly con-
stant ratio (0.093) from the radioactive decay of *°U and
134U, respectively [Yu et al., 1996]. According to current
understanding, **'Pa and Z*°Th are removed from the water
column through a reversible exchange with slowly sinking
particles, a process referred to as “particle scavenging”
[Nozaki et al., 1981; Bacon and Anderson, 1982]. While
both isotopes are particle reactive, >°Th appears in general
to be more readily adsorbed onto sinking particles, resulting
in a shorter residence time (estimated to ~20-40 years) than
that of *'Pa (~100-200 years) [Anderson et al., 1983;
Henderson and Anderson, 2003; McManus et al., 2004].
The residence time of *>'Pa is of the same order of mag-
nitude as the time it would take to ventilate the deep Atlantic
basins via replenishment by the southward flowing North
Atlantic Deep Water (NADWg [Broecker, 1979]. Thus, a
significant fraction (~45%) of >*!Pa produced in the Atlantic
Ocean would be exported to the Southern Ocean today [Yu
et al., 1996]. Such export would help explain the **'Pa
deficit in core top sediments from the Atlantic, whose
B 1Pa,(s,o/zm'[”hx5,0 ratios average about half of the produc-
tion ratio in the water column (gYu et al., 1996]; the sub-
script “xs,0” refers to excess 231pa or ?*°Th that is not
supported by radioactive decay of U present in the mineral
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Figure 1. Geogzraphic locations of (1) water column sta-
tions with total >'Pa activity data (filled triangle) or dis-
solved 2*'Pa activity data (open triangle) and (2) sediment
cores with 2!'Pa/2**Th measurements for the Holocene,
LGM, and H1 (filled circle). Locations of cores with only
231pa/239Th measurements for the Holocene and LGM are
marked with an asterisk. The model grid is also outlined.

lattices of the sediment, and decay corrected for the time
of deposition. Hereafter, 23 'Paxs,o/szhxsp will be noted
as 21Pa/?°Th).

[4] Yu et al. [1996] compiled 2*'Pa/*°Th ratios measured
in Atlantic sediments deposited during the Last Glacial
Maximum (LGM) and the Holocene. They found that the
average glacial and Holocene 2*'Pa/**°Th ratios in the
Atlantic Ocean north of the polar front (50°S) are not sig-
nificantly different. Hence, Yu et al. inferred that the export
of 2!Pa to the Southern Ocean by the MOC was similar
during both periods.

[5] Circulation—scavenﬁing models, however, have shown
that the Atlantic mean 2°'Pa/**°Th might not be a sensitive
indicator of the strength of the MOC, and that the spatial
distribution of the cores is important. Marchal et al. [2000]
showed that the average 2*'Pa/***Th for the whole Atlantic
Ocean is less sensitive to changes in the MOC than the
average 2>'Pa/P°Th for the North Atlantic. Given the
uncertainties of these averages, the MOC during the LGM
could have been reduced by as much as 30% compared to
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present. Siddall et al. [2007] showed that if the Atlantic
MOC is slowed or shut down, >'Pa is scavenged in areas
with high particle flux, making those areas the most sensi-
tive to the strength of the MOC. Therefore, unless areas of
high particle flux are adequately sampled, the mean
231pa/230Th of the North Atlantic would be biased to lower
values, resulting in an overestimation of the *'Pa export to
the Southem Ocean via the meridional circulation.

[6] Results from a box model [Yu et al, 1996] and a
zonally averaged circulation model [Marchal et al., 2000]
have suggested that high-resolution 231pa/29Th records
from Atlantic sediments could capture variations in the
strength of the MOC on centennial to millennial timescales.
Thus far, 2>'Pa/>*°Th records with high resolution have been
generated from sediments dating back to about 20 kyr B.P.
(before present) in six different cores from the North
Atlantic [McManus et al., 2004; Gherardi et al., 2005; Hall
et al., 2006; Gherardi et al., 2009] (Figure 1). A notable
feature in four of these cores (OCE326-GGCS5, SU81-18,
SU90-44, and MD95-2027) is the occurrence of high
231pa/230Th ratios during Heinrich Event 1 (H1; between 15
and 17 kyr B.P.), nearing the production ratio of these two
nuclides in the water column (0.093). Heinrich events are
typically identified in North Atlantic sediment cores as
layers of coarse-grained lithogenic fragments most likely
transported by icebergs, otherwise known as “ice-rafted
debris” [Heinrich, 1988; Hemming, 2004]. The increase in
sediment 2>'Pa/>*°Th during H1 has been interpreted as a
reduction in the southward export of *'Pa, owing to a slow
down or halting of the MOC [McManus et al., 2004].

[7] However, this interpretation has not gone unchal-
lenged. First, changes in the abundance, vertical flux, and/or
chemical composition of particles scavenging Th and Pa in
the water column could also contribute to downcore varia-
tions of 2*'Pa/**°Th. Elevated sedimentary 2*'Pa/*°Th
could result from a large abundance or flux of biogenic
silica in the water column since biogenic silica (opal) sca-
venges Pa more readily than Th [e.g., Chase et al., 2002].
Such influence likely occurs in the Southem Ocean [Walter
et al., 1997]. It has also been inferred in a core from the
eastern North Atlantic, where throughout the Holocene high
sedimentary 2*'Pa/2*°Th (ranging from 0.091 to 0.097)
coincides with elevated diatom flux [Hall et al., 2006]. Note
that, in this core, 2>!Pa/**°Th stays constant as the diatom
flux increases during the Holocene and **'Pa/*°Th
increases as the diatom flux vanishes from 20 to 10 kyr B.P.,
so a role of biogenic silica in downcore variations of
231pg/23°Th remains still to be established. More recently,
Lippold et al. [2009] measured 231pa/s°Th in a Bermuda
Rise core near OCE326-GGCS [McManus et al., 2004].
They found that the high 2*!Pa/**°Th values during H1 (and
also during Heinrich Events 2 and 3) correspond with peaks
in diatom abundance. Likewise, Gil et al. [2009] found that
the high 23'Pa/2*°Th values during H1 in OCE326-GGC5
nearly coincide with an interval of higher diatom content in
a nearby core, concluding that opal productivity may have
biased earlier interpretation of these values in terms of
MOC.

[8] Second, a complete cessation of the Atlantic MOC
during H1 is not consistent with some other sediment data.
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Keigwin and Boyle [2008] reported “apparent ventilation
ages” based on the difference in radiocarbon years between
deep dwelling bivalves and coeval planktonic foraminifera
picked from a sediment core near Bermuda. They found that
the apparent ventilation age (assuming constant end-member
composition) was about 1000 years during H1, in contrast to
that of about 1500 years during the LGM estimated from the
1C age difference between bivalves and planktonic fora-
minifera. These results appear inconsistent with 2*'Pa/>**Th
records from the Bermuda Rise [McManus et al., 2004] if
each proxy is interpreted strictly in terms of circulation:
231pg/23°Th ratios from the LGM are lower than those from
H1, implying a more vigorous circulation during the LGM,
whereas the apparent ventilation ages imply that the H1 cir-
culation was more vigorous. Keigwin and Boyle explained
the apparent inconsistency between the two proxy records
by hypothesizing that the high 2*'Pa/***Th observed during
H1 result from high diatom (opal) fluxes, as apparently
supported by diatom abundance data reported in subsequent
work [Gil et al., 2009; Lippold et al., 2009]. Note that the
issue of data consistency may not lie solely in reevaluating
231pa/230Th (for a critical discussion of '“C see, e.g.,
Wunsch [2003)]).

[9]3 The debate about the paleoceanographic significance
of *'Pa/?*°Th data from Atlantic sediments is ongoing. For
example, Gherardi et al. [2009] showed that similar depths
in the North Atlantic Ocean display similar 2*'Pa/2*°Th at
similar times, despite large differences in biogenic silica
burial, and concluded that there were significant circulation
changes during the deglaciation. Peacock [2010], however,
questioned some aspects of this work, in particular the
description of the modern MOC in the North Atlantic and
the method of making composite vertical profiles of sedi-
ment 2'Pa/*3°Th for various time slices from widely distant
cores. Gherardi et al. [2010] replied that the data assembled
in their previous study can best and most simply be
explained by changes in 2*'Pa export by the circulation. Luo
et al. [2010] used a box model to argue that the relationship
between sediment 2*'Pa/**°Th at any given site and the
meridional overturning circulation can be very complex.
They claimed that constraining past changes in the MOC
from 2*'Pa/>Th at one site is “impossible.”

[10] Although past changes in particle composition may
be an important control on sediment *!Pa/2*°Th {Hall et al.,
2006; Gil et al., 2009; Lippold et al., 2009], these changes
remain poorly understood. For example, most of the bio-
genic silica produced in the sunlit layers of the ocean is
dissolved in the water column or near the seafloor [e.g.,
Nelson et al., 1995], suggesting that past changes in opal
production may not be recorded in the sedimentary column.
This state of affairs suggests that the interpretation of
231pa/33°Th data from deep-sea sediments involve signifi-
cant uncertainties.

[11] Here an inverse method is used to investigate how
(in)consistent sediment 2*'Pa/>°Th data for distinct time
intervals of the recent geologic past are with the abyssal
circulation in the modem Atlantic Ocean. Earlier inter-
pretations of these data are extended in three significant
ways: (1) a model of the three-dimensional circulation is
used, which is shown to be compatible with hydrographic
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observations and water column 2*!Pa data, (2) earlier com-
pilations of sediment >'Pa/**°Th data are extended for each
interval, and (3) the uncertainties arising from both limited
data coverage and incomplete understanding of scavenging
are given formal consideration. Note, however, that the
major particulate phases carrying Pa in the ocean (e.g., opal)
constitute an important issue that is not addressed here [e.g.,
Siddall et al., 2005, and references therein].

[12] Our approach of data interpretation follows that of
LeGrand and Wunsch [1995], Gebbie and Huybers [2006],
and Marchal and Curry [2008]. First, an estimate of the
modern circulation is obtained by combining observations
with dynamical constraints. Second, the sediment data are
adjusted to the modern circulation. If the adjustments to the
data are generally larger than the data uncertainties, then
compatibility of the sediment data with the modemn circu-
lation should be rejected.

[13] This paper is organized as follows. In section 2, the
method used to estimate the abyssal circulation in the
modern Atlantic Ocean and the sensitivity of the resulting
solution to different assumptions are described. In section 3,
a simple model of the transport of **'Pa in the ocean is
described. The consistency of water column 2*'Pa data with
our modem circulation estimate is tested. In section 4, the
(in)compatibility of sediment 2*'Pa/**°Th data for the
Holocene, LGM, and H1 with the modern circulation and a
hypothetical state of no flow is explored. The paleoceano-
graphic implications of our results are discussed in section 5.
Conclusions and perspectives follow in section 6.

2. Estimation of the Abyssal Circulation
in the Modern Atlantic

2.1. Method

[14] An inverse method is used to provide an estimate of
the abyssal circulation in the Atlantic Ocean, which is
consistent with hydrographic data, observational estimates
of volume transport at specific locations, and dynamical
constraints. The model domain extends from 52°S to 60°N
and from 1000 m to a maximum of 5000 m water depth
(Figure 1). The model grid has a horizontal resolution of
4° x 4° and a vertical resolution of 1000 m. The model
bathymetry is derived by averaging bathymetric data from
ETOPO2 (National Geophysical Data Center, National
Oceanic and Atmospheric Administration, U.S. Department
of Commerce, ETOPO2v2 Global Gridded 2-minute Data-
base, 2006, http://www.ngdc.noaa.gov/mgg/global/etopo2.
html). Temperature, salinity, and pressure data from the
hydrographic climatology of the World Ocean Circulation
Experiment (WOCE [Gourestki and Koltermann, 2004]) are
used to calculate in situ density at model grid points from
the 1980 International Equation of State (note that model
grid points coincide with points of the climatologic grid, so
no interpolation is necessary). The standard deviations of
temperature and salinity from WOCE climatology are
propagated on the density uncertainty using a linear equa-
tion of state with 8p/0T = —2 x 107* p, kg m™ °C™! (p, =
1028 kg m°) and 8p/8S = 0.8 kg m™>. For the error prop-
agation, we assume no pressure error and no correlation
between the temperature and salinity deviations.
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Table 1. Prior Uncertainties to Estimate Modern Circulation

Uncertainty (Sv)

Prior estimate of U, V, W

Volume conservation

Thermal wind (V)

Thermal wind (U)

Linear vorticity balance

NADW transport along western
boundary

Integrated meridional transport at
36°N, 24°N, 32°S

AABW transport along western
boundary in South Atlantic

0.01

1
.0
1
1
1
3

3

1

[15] To further constrain the circulation, we consider
observational estimates of the volume transport of (1) North
Atlantic Deep Water (NADW) along the western boundary
between 10004000 m (amplitude of 18 +3 Sv, where 1 Sv=
10 m® s! [Schmitz and McCarmey, 1993]); (2) Mediterra-
nean Outflow Water (MOW) at 12°W, between 32°N-36°N
and 1000-2000 m (amplitude of 2 + 0.3 Sv [Ochoa and
Bray, 1991; Baringer and Price, 1997]); and (3) Antarctic
Bottom Water (AABW) along the western boundary south of
the equator between 4000-5000 m (amplitude of 7 = 1 Sv
[Hogg et al., 1999; Zenk et al., 1999]). The model bathym-
etry was deepened to 5000 m at four locations to accom-
modate a continuous flow path for AABW (e.g., through the
Vema Channel). These locations correspond to grid boxes
centered at: (50°S, 50°W), (30°S, 38°W), (26°S, 38°W), and
(26°S, 34°W). We also rely on observational estimates to
constrain the integrated meridional volume transport below
1000 m at three different latitudes. At 36°N and 24°N, the
integrated transport is constrained to —20 + 3 Sv, and at 32°S
it is constrained to —15 + 3 Sv, where the negative values
imply a transport to the south [Roemmich and Wunsch, 1985;
Talley, 2003; Bryden et al., 2005].

[16] The dynamical constraints are the conservation of
volume, the two thermal wind relationships, and the linear
vorticity balance (see Appendix 1 in Text S1 in the auxiliary
material).' The error for volume conservation is assumed to
be 0.01 Sv, and the error for the thermal wind relationships
and the linear vorticity balance is taken as 1 Sv. A summary
of all of the prior uncertainties used to estimate the modem
circulation can be found in Table 1. Note that the dynamical
constraints are not imposed at all locations. The thermal
wind relationships and the linear vorticity balance, which
rely on the geostrophic approximation, are not prescribed
between 4°S—4°N. Furthermore, the linear vorticity balance,
which involves the meridional velocity, is not imposed at
grid boxes with a meridional boundary or along the western
boundary between 1000—4000 m.

[17] The modern circulation is estimated as a least squares
solution which jointly satisfies the hydrographic data, the
observational estimates of volume transport, and the
dynamical constraints given their prior uncertainties [e.g.,
Wunsch, 1996]. A state vector, x, is introduced that consists

! Auxiliary materials are available in the HTML. do0i:10.1029/
2010PA002022.
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of the volume transports (U, V, W) defined on the faces of
the grid boxes in the zonal, meridional, and vertical direc-
tions. A prior estimate of the state, x,, is determined by
solving the thermal wind equations for U and V using the
gridded densities from WOCE climatology and assuming a
level of no motion at either 3000 m (as assumed in the
inversion of Martel and Wunsch [1993]) or at 4000 m
(approximately the boundary between NADW and AABW
in the Brazil Basin, a relatively well studied abyssal basin
[e.g., Hogg and Owens, 1999; Morris et al., 2001]). If the
local water depth is shallower than the assumed level of no
motion, then the seafloor is taken as the level of no motion.
After calculating U and V, W is obtained from volume
conservation. The error covariance matrix of x,, is defined as
C,={(x~x,)(x— x,,)T), where brackets denote the expected
value and superscript T denotes the transpose. The diagonal
elements of C, are the variances of x,, and the off-diagonal
elements are the error covariances. Thus, the diagonal
elements of C, are the squares of the uncertainty for the
prior estimates of the transports (U, V, W), that is, (1 Sv)?
(Table 1).

[18] A system of linear algebraic equations, Ax + €4 = b,
is derived from (1) the observational constraints on NADW
transport along the western boundary and on the integrated
meridional transport at 36°N, 24°N, and 32°S and (2) the
finite difference forms of the dynamical equations. The
matrix A4 includes the coefficients arising from the dis-
cretization of these differential equations on the model grid
and the vector b includes the climatologic densities at the
comers of the grid boxes. The error covariance matrix for
this system is C, = ((4x — b)(4x — b)"). Thus, the diagonal
elements of C4 are the squares of the uncertainties of the
dynamical constraints (Table 1).

[t9] Our problem is to find an estimate of x (i.e., a cir-
culation) that satisfies both the observations and the
dynamical constraints given their respective uncertainties.
This estimate is provided by the minimum of the objective
function:

J=(x—x,)"C; (x = x,) + (Ax = B)TC (Ax —B). (1)
The first contribution to J represents the deviations from the
prior estimate of the circulation. The second contribution
represents the deviations from the observational estimates of
volume transport and the deviations from the dynamical
equations. Each contribution is weighted by its corre-
sponding error covariance matrix. Here it is assumed that
both C, and C4 are diagonal, that is, there are no error
covariances. If off-diagonal elements were retained in C,
and Cg4, the circulation estimate would be different (e.g.,
positive error correlations in C, could lead to the estimation
of more uniform distributions of U, V, and W).

[20] To find a minimum of J, the gradient & is set to zero,
which leads to the system of linear algebraic equations

(€ +ATC )z = C.'x, +A7C'. )
Equation (2) is solved for X using LU decomposition. The
vector ¥ is the state estimate (circulation) at the minimum,
that is, the solution of our problem. The uncertainty or error
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Table 2. Integrated Meridional Transports for the Modern Circu-
lation Estimates

Prior Posterior Transport Posterior Transport
Transport With Prior LNM With Prior LNM
Latitude (Sv) at 3000 m* (Sv) at 4000 m® (Sv)
36°N —20+3 -20+8 -23+8
24°N -20+3 -17+8 e 72
3298 =15x3 =77 -1x7

“Posterior uncertainties are larger than the prior uncertainties because
they are calculated from the individual transport uncertainties along the
latitude line.

covariance matrix of the solution, C = ((x — ®)(x - %)), is
calculated by

C = (E'E) 'ETCLE(ETE)™ 3)

where E = [;] is a partitioned matrix, I is the identity

matrix, and C,4 = (C(;" (_(,))
A

2.2. Results

[21] We find that the circulations estimated with a prior
level of no motion (LNM) at 3000 m or 4000 m are both
consistent with hydrographic observations and dynamic
constraints, given the uncertainties. For the solution with
prior LNM = 3000 m, less than 5% of the elements of the
state vector (U, V, W) differ from their prior values by more
than two standard deviations (for easier reference these
deviations are symbolically noted as VC,) (Figure Sla in the
auxiliary material). Likewise, less than 5% of the residuals
in the dynamical constraints differ from zero by more than
+2C, (Figure S1b). For the solution with prior LNM =
4000 m, similar results hold, although the largest normalized
residuals (¥ — x,)/v/C, and (4% — b)/\/Cj are greater than for
the solution with prior LNM = 3000 m (not shown). Both
the solutions with prior LNM = 3000 m and 4000 m have
posterior estimates of integrated meridional transports at
36°N, 24°N, and 32°S that are consistent with prior esti-
mates (Table 2). Based on these results, only the solution
(circulation) with prior LNM = 3000 m is chosen for the
remainder of our study.

2.2.1. Circulation With Prior LNM at 3000 m

[22] Some elements of the estimated circulation with prior
LNM at 3000 m are worth mentioning (Figures 2 and 3).
The three upper layers of the model (1000-2000 m, 2000—
3000 m, and 3000-4000 m) include a strong western
boundary current (NADW). There are also intense zonal
transports in the South Atlantic, which are associated with
large meridional gradients of density. Additionally, the
deepest layer shows a distinct northward flow along the
western boundary in the Brazil Basin (AABW).

[23] The posterior uncertainties for the horizontal circu-
lation between 2000-3000 m and 4000-5000 m are shown
in Figures S2 and S3 in the auxiliary material. As expected,
the posterior uncertainties are smaller than the prior uncer-
tainties (Table 1). However, they remain comparable to the
transport amplitudes in the interior (east of the western
boundary), which are generally of the order of 1 Sv. The
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transports that are the best determined are along the western
boundary between 10004000 m and in the southern South
Atlantic, where transport amplitudes can reach up to 15 Sv
in the shallowest layer (between 1000-2000 m). The inte-
grated meridional transports at 36°N and 24°N are also
relatively well determined (Table 2).
2.2.2. Sensitivity to Uncertainties

[24] The modemn circulation is here estimated with dif-
ferent assumptions about the uncertainty for the prior state
(C,). The uncertainty for the individual transports (U, V, W)
is decreased from 1 Sv to 0.1 Sv and then to 0.01 Sv. We
find that the decrease in uncertainty results in larger
residuals for the observations and the dynamical equations,
even though the fraction of residuals larger than 2vC, (in
absolute magnitude) remains less than 5% (Table 3). For an
uncertainty of 0.01 Sv, the integrated flow at 24°N and 36°N
is reduced in amplitude, and the flow at 32°S is northward
(Table 3). The decrease in meridional transport amplitude
results from the increased confidence in the prior circulation,
which is determined by the density differences via the
thermal wind relationships. These density differences are

Maximum transport =8.1 Sv
20" W 0

20 E

40°s 7 e
UX f'h}"hl-:H bt F'%F'H'"
50°S | H’Jﬁﬂ"ﬂiﬂ'ﬂ_}lj-i -

Figure 2. Horizontal circulation between 2000 and 3000 m
(solution with prior LNM at 3000 m). Red vectors are vol-
ume transports, with a maximum transport of about 8.1 Sv.
The blue line is the 1000 m isobath. The grid is the model

grid.
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Maximum transport =9.1Sv
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Figure 3. Same as Figure 2 but for circulation between
4000-5000 m.

very small at most locations, especially in the interior of the
basin, which results in small volume transports.

[25] The modern circulation is then estimated with dif-
ferent assumptions about the uncertainty in the dynamical
constraints (C,4). The uncertainty of the geostrophic
approximation (thermal wind relationships and linear vor-
ticity balance) is reduced from 1 Sv to 0.1 Sv and then to
0.01 Sv. As this uncertainty is decreased, the fraction of
residuals greater than 2VC, increases (Table 4). As the
uncertainty for geostrophy decreases to 0.01 Sv, the inte-
grated meridional transports decrease in amplitude (Table 4).
The decreased uncertainty in geostrophy places a greater
emphasis on the small density gradients in the interior of the
basin, thus resulting in reduced meridional transport.
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[26] Given the difficulty in providing error estimates for
the prior circulation (C,) and for geostrophic dynamics in
the abyssal ocean (C,), the quantitative elements of our
solution should be interpreted with caution. Such a solu-
tion, however, will be useful for examining the (in)con-
sistency with the modern circulation of **'Pa observations
from the water column and 2*'Pa/***Th observations from
the sediment.

3. Analysis of Water Column B1pa Data

3.1. Data

P'.'] Measurements of dissolved, particulate, and total
231pa activity in the abyssal Atlantic Ocean (water depths
greater than or equal to 1000 m) are compiled (Table 5).
According to our compilation, dissolved, particulate, and
total 2*'Pa activity have been measured on water samples
collected at 23, 12, and 18 stations, respectively. Our
compilation comprises a total number of 236 measurements
of dissolved or total >*'Pa activity at 32 stations, where the
number of measurements per station ranges from 2 to 14.
The data coverage is poor and uneven (Figure 1).

3.2. Advection-Scavenging Model

28] In order to gauge the (in)consistency of water column
Pa data with a given circulation state, a model describing
the behavior of >*'Pa in the ocean is necessary. Here, the
reversible exchange model [Nozaki et al., 1981; Bacon and
Anderson, 1982] is extended to include the effect of
advection of **'Pa by the circulation. Thus, the governing
equations for dissolved ([Pa]y) and particulate **'Pa activity
([Pa],) in the ocean are

2o

ii - V[Pal,= a3 + k,;[Pa]p— ka[Paly + €q (4)

and

ii-V[Pa], +w

aP
[;L’ = ky[Pa]; — ky[Pa], + &, (5)

Iz

respectively. Here # is the fluid velocity, (.3, = 2.4 x
107 dpm m™> 21" is the production of **'Pa from radioac-
tive decay of **U [Scholten et al., 1995], ko (ka) is the
desorption (adsorption) rate constant for **'Pa off/onto
particles, w is the sinking velocity of particles that partici-
pate in scavenging of Pa, and (g4, £,) are errors stemming
from various approximations in equations (4) and (5).
Summing (4) and (5) gives a governing equation for the

Table 3. Sensitivity Tests on the Uncertainty in the Prior Circulation

Linear Constraint

Prior Uncertainty ~ Adjustments of U,V,W Greater

Residuals Greater Than

Posterior Transport  Posterior Transport ~ Posterior Transport

in UV,W (Sv) Than or Less Than 2‘.'rCo (%) or Less Than QN‘CA (%) at 36°N (Sv) at 24°N (Sv) at 32°S (Sv)
1 0.9 1.5 -20+8 -17+8 =T ¥
0.1 1.1 33 -15+2 =10 £ 1 31
0.01 1.1 33 -8+05 -3+02 9+0.2
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Table 4. Sensitivity Tests on the Uncertainty in the Geostrophic Approximation

Linear Constraint

Adjustments of U,V,W Greater

Uncertainty (Sv) Than or Less Than 2\/C0 (%)

Residuals Greater Than
or Less Than 2VC, (%)

Posterior Transport
at 36°N (Sv)

Posterior Transport
at 32°S (Sv)

Posterior Transport
at 24°N (Sv)

1 0.9 1.5
0.1 5.6 .28
0.01 6.6 8.4

-20£8 -17+8 =-7+7
-17x7 -13+6 085
-16£7 -13+6 —-0.1+£5

activity of total 2*'Pa, [Pa] = [Pa]y + [Pa],. Introducing the
partition parameter kp, = [Pa]y/[Pa], this equation becomes
- 0
u-V [Pa] + WEE([Pa]kpa) = B3 +¢€. (6)
Thus, the transport of total >>'Pa by advection and sinking

particles is balanced locally by the production of 2*'Pa from
the radioactive decay of 23U within an error ¢.

3.3. Scavenging Parameters

[26] The advection-scavenging model (6) includes two
parameters (w and kp,). The sinking velocity (w) is based on
published estimates determined from the vertical distribution
of particulate 2**Th measured at stations in the Indian and
Atlantic oceans [Krishnaswami et al., 1976; Krishnaswami
et al., 1981; Rutgers van der Loeff and Berger, 1993;
Scholten et al., 1995; Venchiarutti et al., 2008]. A value of
750 m yr! is assumed. Whereas this choice is somewhat
arbitrary, it is within the range of values (300-900 m yr ')
reported in these studies.

[30] The partitioning of Pa between particulate and dis-
solved forms (as expressed by kp, = [Pa],/[Pa]) is expected
to vary in the ocean owing to variations in particle con-
centration and particle composition. Consider the defining
relation

[Pa] »

5 =KiG, ™

where C, is the concentration of particles (mass of particles/
mass of seawater) and K is a “pseudo-Kd” partition coef-
ficient [Chase et al., 2002]. Our knowledge about the dis-
tribution of suspended particulate matter at abyssal depths in
the Atlantic Ocean stems primarily from direct measure-
ments by filtration [e.g., Brewer et al, 1976] or from
observations of light scattering or attenuation [e.g., Biscaye
and Eittreim, 1977]. Whereas optical measurements are
more abundant, uncertainties remain in their conversion to
particle concentration [e.g., Bishop, 1999, and references
therein]. Nevertheless, both direct and optical measurements
indicate that the bottom waters of the western Atlantic
generally exhibit large turbidity levels (bottom nepheloid
layer) [Brewer et al., 1976; Biscaye and Eittreim, 1977).
Optical observations reveal that turbidity is particularly
elevated near the western boundary [Biscaye and Eittreim,
1977].

[31] Based on these observations, we assume that the
fraction of 2*'Pa in particles (kp,) is larger near the western
boundary than in the interior. The kp, value assigned at grid
boxes adjacent to the western boundary is based on paired

measurements of particulate and total 2>'Pa activity (kp,)
within 300 m of the seafloor at three stations within the
domain: (58.19°N, 50.87°W) [Moran et al., 2002], (44.48°S,
10.46°E) [Rutgers van der Loeff and Berger, 1993}, and
(33°S, 40°W) [Moran et al., 2001} (Figure S4a). At each of
these stations, kp, measured within 300 m of the seafloor is
much larger than values measured at shallower depths,
which likely results from higher concentration of suspended
particles in the bottom nepheloid layer. Here kp, in the
western boundary is set equal to 0.12, which is the average
kp, measured within 300 m of the seafloor at these stations.

[32] To constrain kp, east of the western boundary, we
consider again paired measurements of particulate and total
21py activity in the water column. Paired measurements
from 12 stations in the Atlantic Ocean do not reveal a general
dependence of kp, on depth below 1000 m (Figure S4a). A
statistical test based on a rank correlation coefficient [e.g.,
Kendall and Gibbons, 1990] indicates no significant mono-
tonic variation of kp, with depth (all p values greater than
0.05), with the exception of three stations with a significant
increase (58.19°N, 50.87°W; 0.59°S, 20.03°W; 17°S, 25°W)
and one with a significant decrease (25°S, 3.48°E). On the
other hand, the depth-averaged kp, at stations where paired
231pa data are available do suggest a latitudinal dependence,
with higher values occurring south of 40°S (Figure S4b). The
high values of kp, observed at four stations south of this
latitude likely reflect the presence of biogenic opal [e.g.,
Walter et al., 1997, 2001]. Here, in the abyssal region east of
the western boundary and south of 40°S, kp, is set equal to
0.08, which is the average kp, for these stations (n = 10). In
the abyssal region east of the western boundary and north of
40°S, kp, is set equal to 0.02, which is the average kp, for
stations north of this latitude (n = 53). Clearly, more paired
31pa measurements are needed to better constrain spatial
variations of kp, in the Atlantic Ocean, especially in the
northern hemisphere where such measurements are critically
lacking.

[33] Finally, the error term (¢) in the governing equation
for total %*!Pa (6) should not be negligible as it accounts for

Table 5. Mecasurements of Water Column 2*'Pa Activity Used in
This Study

Reference Dissolved  Particulate  Total

Rutgers van der Loeff and Berger X X
[1993]

Moran et al. [2001, 2002]

Scholten et al. [2008]

Luo et al. [2010]

R. Frangois (unpublished data, 2005)

X

X
X

X
X
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various approximations in (6), such as the assumption of
steady state, the omission of mixing by eddies, and the
assumptions of the reversible exchange model. The lack of
an explicit representation by eddy mixing [see also LeGrand
and Wunsch, 1995; Huybers et al., 2007; Marchal and
Curry, 2008] and other model limitations are discussed in
section 5.3. In order to account for the significant uncer-
tainties in (6), it is assumed that £ can be of the same order
as the production rate 3,3;. Since **'Pa production appears
as a first-order term in the basin-scale balance of the tracer
[e.g., Yu et al., 1996], this assumption is likely conservative.

3.4. Inverse Method

[34] An inverse method identical to that employed in
section 2.2 is used to determine how (in)consistent water
column measurements of total 2*'Pa activity, [Pa], are with
(1) our modern circulation estimate and (2) a hypothetical
state of no flow (with no advection). A system of linear
algebraic equations, Gx + € = h, is derived from the finite
difference form of equation (6) (see Appendix 1 in Text S1),
where G includes the coefficients arising from the dis-
cretization of (6), x is the state vector with [Pa] at the grid
box centers, A is a source term proportional to 33, and &g
is an error. For consistency test 1, G includes the individual
volume transports (U,V,W) estimated in section 2.2 (with a
prior LNM = 3000 m), whereas for 2, G is constructed with
U =V =W =0. For both cases, Cg = {(Gx — h)(Gx — h)") is
taken as diagonal (no error covariances).

[35] An objective function of the same form as equation (1)
is minimized, leading again to a linear problem of the type in
equation (2). Here the vector x,, includes a prior estimate of
the distribution of [Pa] in the deep Atlantic ([Pa] at the
center of model grid boxes), and C, = {(x — X,)(x — X,)") is
the error covariance matrix for this estimate. Both x, and C,
are determined from water column [Pa] data at 32 stations in
the Atlantic Ocean (Figure 1) using objective mapping [e.g.,
Bretherton et al., 1976]. At some of these stations, only
[Pa]q has been measured (Figure 1, open triangles). They are
converted to [Pa] assuming the average kp, = 0.03 (n = 61)
determined from all available paired “*'Pa observations in
the deep Atlantic (section 3.3). Although a spatially varying
kp, would be more appropriate, the average kp, is used here
for simplicity given the small correction (i.e., most 21py is
present in dissolved form). Three parameters are required for
objective mapping: a horizontal scale (L) measuring the
covariance between [Pa] at different geographic locations, a
vertical scale (L) measuring the covariance between [Pa] at
different depths, and the maximum variance of [Pa] at lo-
cations infinitely far from data locations (ro) [Marchal et al.,
2007]. Here we assume that the covariance between [Pa] at
two locations drops exponentially with Ly; = 10 mand L=
103 m, which are comparable to values assumed in earlier
work for mapping the distribution of 2*°Th [Marchal et al.,
2007]. The maximum variance is set equal to 0.017 (dpm
m>)?, which is the variance of [Pa] measurements in the
deep Atlantic (Table 5).

[36] The objective mapping of [Pa] based on these
parameter values is assessed a posteriori by comparing the
mapped [Pa] at data locations with the measured [Pa]
(Figure S5). We find that all of the mapped [Pa] values are
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within two standard deviations of the measured values,
indicating that the mapping is consistent with the existing
set of water column [Pa] data. Note that far from data
locations the mapped [Pa] tends to the average of the [Pa]
measurements and its uncertainty tends to the relatively
large value /75. Thus far from data locations, the mapping
leads to considerable smoothing (with large uncertainties in
mapped [Pa]) and does not elucidate high tracer gradients
which may be present in reality.

[37] The objectively mapped distributions of [Pa] and of
its uncertainty in the deep Atlantic (z = 1500 m) are dis-
played in Figure 4. There is a general increase in [Pa] from
north to south (Figure 4a). Zonal variations in [Pa] are
present as well, in particular in the South Atlantic where
measurements in the Angola and Cape basins [Scholten et al.,
2008] appear particularly large. As expected, the uncer-
tainties in [Pa] are smallest near data locations and increase
with distance from these locations (Figure 4b).

[38] Our analysis of [Pa] data in the deep Atlantic requires
knowledge of [Pa] near the open lateral boundaries (52°S;
60°N; 20°E for latitudes south of 40°S; and at 12°W
between 32°N-36°N for MOW) and the upper boundary
(z = 1000 m); such requirement arises from the definition of
[Pa] at the center of grid boxes (see Appendix 1 in Text S1).
The [Pa] values near the lateral boundaries are derived from
obriective mapping as described above. The activity of total
23Tpg at 500 m is estimated from [Pa] measurements in the
upper 1000 m in the Atlantic Ocean. These measurements
suggest a linear trend with depth (not shown), consistent
with a reversible exchange with particles. A linear regres-
sion of these data with depth gives a slope of (2.14 + 0.35) x
107 dpm m™* and an intercept of (0.057 £ 0.016) dpm m?
(n = 32). The [Pa] value at 500 m obtained from this
regression is 0.164 dpm m~>, which provides the upper
boundary condition.

[39] Finally, the uncertainty in the discretized form of the
advection-scavenging model is set equal to the production
rate of 2'Pa integrated over the volume of the grid box, that
is, VCg = B231V, which is equal to about 10* dpm s™'. As
stipulated above, this assumption is probably conservative.
The sensitivity of the results to the boundary condition at z =
500 m and to the assumptions about objective mapping (L,
Ly, ro) is examined in section 3.5.

3.5. Results

[40] The (in)consistency of the water column [Pa] data
with the two circulation schemes (modem circulation and
state of no flow) is measured by the normalized adjustment
or residual, (¥ — x,)//C,, at the grid points near data loca-
tions (n = 83, where n is the number of grid points near [Pa]
data). These adjustments are nondimensional and represent
the deviations from the original, objectively mapped [Pa]
values (x,) divided by the standard deviations of these va-
lues (VC,). Thus an adjustment of +2VC, (—2VC,) at a given
location means that the >'Pa activity at that location as
estimated by objective mapping must be increased
(decreased) by two times its standard deviation to be con-
sistent with the circulation scheme.

[41] We find that 8% of [Pa] values near data locations are
modified by more than 2VC, to reach consistency with the
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modermn circulation, as compared to 34% for the state of no
flow (Figure 5). The [Pa] adjustments needed to comply
with the modem circulation show a geographic pattern. All
six of the negative residuals which are more negative than
—2NC, occur in the eastern South Atlantic (Figure 1). As
mentioned above, compared to other locations in the
Atlantic Ocean, [Pa] measurements from the eastern South
Atlantic [Scholten et al., 2008] have the highest values
(Figure 4a). Strong negative adjustments are needed to bring
these measurements into consistency with our estimate of
the modern circulation.

[42] The adjustments needed to bring the [Pa] values near
data locations into consistency with the modern circulation
are skewed toward negative, with an average residual of
—0.51. When the measurements from the eastern South
Atlantic [Scholten et al., 2008] are excluded from the
analysis, the average residual becomes —0.16. In contrast,
the adjustments to a state of no flow (average = 1.24 con-
sidering all measurements) show a strong positive bias that
increases with depth. Positive residuals imply that the [Pa]
observations are too low to be explained without advection.
The positive bias is expected because a reversible exchange
of #'Pa without any advection would require a linear
increase of [Pa] with depth, that is, relatively large [Pa] in
deep water. In the modern Atlantic, [Pa] in deep water is
generally lower than predicted by pure reversible exchange,
and this offset is larger at greater depths [e.g., Moran et al.,
2002; Luo et al., 2010]. Thus, large positive adjustments in
deep water (increases in the objectively mapped [Pa] data)
are generally needed to bring the water column [Pa] data
into consistency with a state of no flow.

[43] The above results appear to be essentially indepen-
dent of the boundary value of [Pa] at 500 m water depth.
Increasing (decreasing) [Pa] at 500 m by a factor of two
results in only 7% (12%) of the [Pa] values near data
locations being modified by more than 2VC, to reach
consistency with the modern circulation, as compared to
61% (37%) for the state of no flow.

[44] On the other hand, the above results are sensitive to
some of the parameters assumed in the objective mapping of
[Pa] in the Atlantic Ocean. Generally, it is expected that
lower values of (Ly, Lz) and higher values of ry lead to
higher uncertainties in the mapped distribution. Consider
first the variance ry, which above was set equal to the var-
iance of the [Pa] measurements in the Atlantic Ocean. If ry is
taken instead as half of the range of these measurements,
only 2 out of the 83 [Pa] values (2%) near data locations
need to be modified by more than 2VC,, to comply with our
modem circulation estimate, compared to only 10 out of 83
(12%) for the state of no flow (if r, is equal to the variance
in [Pa] measurements, we found that those numbers are 7

Figure 4. (a) Distribution of total 2>'Pa activity, [Pa], at
1500 m water depth determined by objective mapping. Con-
tour interval is 0.04 dpm m™>. (b) Distribution of the uncer-
tainty of [Pa] (dpm m >) at 1500 m water depth determined
by objective mapping. Contour interval is 0.01 dpm m™>,
Station locations are indicated by dots.
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Figure 5. Adjustments of water column B1pa activity to
(top) the modern circulation or (bottom) a hypothetical state
of no flow. The adjustments are normalized to uncertainties.
The dashed lines represent the 2YC, band.

and 28 (8% and 34%), respectively). As expected, when the
uncertainties in the tracer distribution are increased, the
tracer data become more consistent with a given circulation
scheme, and it becomes more difficult for these data to
distinguish between different circulations.

[45] A similar effect is observed by decreasing the length
scale Ly. If Ly is decreased by a factor of two (hence
reducing the correlation between tracer values at different
geographic locations), slightly more of the [Pa] values near
data locations appear consistent with the modem circulation
(state of no flow); only 6 (24) of the 83 adjustments (7% or
29%, respectively) exceed 2VC, in absolute magnitude.
Decreasing L by a factor of two (reducing the correlation
between tracer values at different depths) does not change
the percentage consistent with either circulation scheme.

[46] In summary, most measurements of [Pa] in the
Atlantic Ocean can be brought into consistency with the
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modern circulation if plausible assumptions are made about
the [Pa] distribution and model uncertainties. The level of
consistency is largely insensitive to the boundary value of
[Pa] at 500 m, but is sensitive to some of the assumptions
made in the objective mapping. In all cases, however, the
[Pa] measurements are less consistent with the state of no
flow, indicating that advection is needed to explain the
modern water column data.

4. Analysis of Sediment 2>'Pa/>Th Data

4.1. Data

[47] The *'Pa/**°Th data for the Holocene (core tops) and
Last Glacial Maximum (LGM) come from a total of
39 cores (Figure 1). While there are additional cores with
Holocene 2*Pa/?*°Th data that are used to evaluate the
conversion of 23'Pa/>*°Th to [Pa] (see section 4.3.1), only
those cores that have both LGM and Holocene 2*'Pa/**°Th
are considered for analysis. Data from twenty-seven of these
cores come from the thesis of Yu [1994]. For the other
twelve cores, data come either from more recent studies
[McManus et al., 2004; Gherardi et al., 2005; Hall et al.,
2006; Bradtmiller et al., 2007, Gherardi et al., 2009] or
are unpublished (L. Bradtmiller, unpublished data, 2009).
For these twelve cores, Holocene is defined as the time
interval 0—6 kyr B.P. and LGM is defined as the time
interval 18-21 kyr B.P., as by Gherardi et al. [2005]. For
each core, the average of the *'Pa/**°Th data within those
intervals is used, and the uncertainty is taken as the larger of
(1) the average of the uncertainties reported for those data

oints within the interval and (2) the standard error of the
231Pa/23%Th values within the interval.

[4¢] The 2*'Pa/**°Th data for the Heinrich Event 1 (H1)
from fifteen cores are used [McManus et al., 2004; Gherardi
et al., 2005; Hall et al., 2006; Bradtmiller et al., 2007,
Gherardi et al., 2009]. For four of these cores, unpublished
data are provided by L. Bradtmiller (unpublished data,
2009). All fifteen cores are from the north and equatorial
Atlantic (Figure 1). H1 is defined as the time interval
15-17 kyr B.P., as by Gherardi et al. [2005], and the
averages and uncertainties are calculated as for the LGM
values.

4.2. Conversion of 2'Pa/2**Th Into [Pa]

[49] The inverse method described in section 3.4 is used
to test the (in)consistency of Holocene, LGM, or Hl
231pa/230Th observations with both the modern circulation
and a state of no flow. To this end, the activity of total >*'Pa
in bottom water at the core location is estimated from
231pa/3°Th in the sediment:

231 Pa
(7).,

Here kp, is the partition parameter introduced in section 3.2,
(3'Pa/**°Th),.q is the radionuclide ratio in the sediment, and
[Th], is the activity of particulate 23%Th in bottom water (in
dpm m™). Thus, provided that an estimate of kp, and [Th],
is available, [Pa] can be reconstructed from the sediment
231p, 2307

[Pa], _ 1
kpa kpq

[Pa) = (®)
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Figure 6. Frequency distribution of the water column [Pa]
data (z > 1000 m) for 18 stations in the Atlantic Ocean (data
from Scholten et al. [2008] are in white) compared to the
frequency distribution of bottom water [Pa] reconstructed
from Holocene sediment 2*'Pa/>*°Th estimated using either
(1) mean [Th],, from water column data or (2) [Th], = B230z/W
(see text).

[s0] The partition kp, used in (8) is the spatially variable
distribution based on paired water column data (section 3.3).
On the other hand, two different approaches are used to
estimate [Th],. First, [Th], is set equal to the average of all
water column measurements of [Th], at depths greater than
1000 m in the Atlantic Ocean [Rutgers van der Loeff and
Berger, 1993; Moran et al., 2001; Moran et al., 2002;
Scholten et al., 2008]. Based on the limited [Th], data
available, no obvious geographic trend of [Th], is apparent
(Figure S4c), justifying our approach of using an average
value for [Th],,. This average in the Atlantic Ocean amounts
to 0.113 dpm m™> (n = 772. The second approach assumes
that the flux of scavenged “*°Th to the sediment is equal to
the production of **°Th in the water column overlying the
sediment. This assumption is at the core of the “Z3°Th
normalization method,” which relies on 2>°Th measurements
in the sediment to correct apparent downcore changes in the
vertical flux of material for the effects of lateral sediment
redistribution [Frangois et al., 2004]. Thus, [Th], is derived
from the following relationship

[Th]pw = Pa3oz. 9)
Here w is the sinking velocity of the particles that scavenge
B30Th, B,3 is the production rate of 2°°Th, and z is the water
depth of the sediment core. The activity, [Th],, is obtained
from equation (9), assuming w =750 m yr ' (section 3.3) and
B230 =2.67 x 1072 dpm m™> yr ! [e.g., Cheng et al., 2000].

[s1] The propagated error for bottom water [Pa] at core
locations reconstructed from (8) using [Th], measurements
or the normalization method (9) only takes into account the
uncertainty of 2*'Pa/**°Th measurements, leading to an
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underestimation of the total error. This assumption is
motivated by (1) the fact that the uncertainties of parameters
such as w and kp, are difficult to estimate for the past and (2)
our willingness to give sediment 2>'Pa/>*°Th data the best
chance to reject consistency with the modern circulation.

[s2] Estimates of total 2>'Pa activity and of its uncertainty
at the centers of model grid boxes are derived from bottom
water [Pa] at core locations using objective mapping
(section 3.4). For all three sediment data sets (Holocene,
LGM, and H1), less than 3% of the mapped [Pa] values at
core locations are greater or less than two standard devia-
tions from the reconstructed [Pa] values, indicating that the
mapping parameters are consistent with the reconstructed
values. The mapped [Pa] values are assigned to the prior
state (x,), and their variances and error covariances are
assigned to the error covariance matrix (C,).

4.3. Results

4.3.1. Comparison of Holocene and Water Column [Pa]

[53] It is instructive to compare the bottom water [Pa] at
core locations reconstructed from Holocene (core top)
sediments with the direct measurements of [Pa] in the water
column, even though these do not occur at the same geo-
graphic locations. For this comparison, we consider (12 all
121 cores within the domain that have Holocene 2*'Pa/**°Th
data (for a list of references see Appendix 2 in Text S1 in the
auxiliary material) and (2) measurements of total (dissolved
+ particulate) 2*'Pa activity at depths greater than 1000 m in
the Atlantic Ocean (109 measurements at eighteen stations).
The frequency distribution of the water column measure-
ments is compared with the frequency distribution of the
reconstructed bottom water [Pa] from the Holocene
231pa/239Th data using the two methods of estimating [Th],
described in section 4.2 (Figure 6).

[54] The frequency distributions of both measured [Pa]
and reconstructed [Pa] suggest the presence of more than
one mode in their respective underlying distributions. The
presence of several modes suggests that a classical (para-
metric) statistical procedure would not be appropriate for
testing differences between the distributions of measured
and reconstructed [Pa], since such procedures typically
assume that the underlying distributions are Gaussian or
normal (i.e., unimodal). Here, a nonparametric procedure,
which makes weaker assumptions about the underlying
distributions, is used to test such differences. A Mann-
Whitney-Wilcoxon test suggests that the measured [Pa]
values and the [Pa] values reconstructed from
(3*'"Pa/**°Th),.q do not come from the same underlying
distributions using either the average observed [Th], or the
[Th], calculated from (9) (p = 0.01 and 0.03, respectively).
As mentioned previously, the water column [Pa] data from
the eastern South Atlantic [Scholten et al., 2008] are high
compared to data from other areas in the Atlantic Ocean.
These data could bias the frequency distribution of water
column [Pa] measurements toward high values since they
make up 25% of the water column data set (in contrast
(231Pa/2 0Th)sed measurements from the eastern South
Atlantic constitute only 15% of our sediment data set).
When water column and sediment data from the eastern
South Atlantic are disregarded, the frequency distributions
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Figure 7. Adjustment of reconstructed 2*'Pa activity in
bottom water near core locations during the Holocene to
(top) the modern circulation and (bottom) a hypothetical
state of no flow. The 231Pa activity is reconstructed from
sediment 2*'Pa/**°Th assuming (1) mean [Th], from water
column data (open triangle) or (2) [Th], = Bp30z/w (filled
circle). In both panels the adjustments are normalized to
the uncertainties.

of reconstructed [Pa] appear no longer different from the
frequency distribution of measured [Pa] (p = 0.26 and 0.71
for the two approaches to estimate [Th],). Since there are
apparent differences in the frequency distribution of [Pa]
reconstructed using the two different approaches for esti-
mating [Th],, each analysis is done twice, once with each
approach.
4.3.2. Test of Consistency of Sediment >*'Pa/***Th

[55] To test the consistency of sediment 231pa/*0Th data
with the modern circulation or a state of no flow, we assume
the same uncertainty for the 2>'Pa transport equation (6) as
for the analysis of water column [Pa] data (\fCG = (3,3, V).
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Likewise, the normalized adjustment or residual, (¥ — x,)/
VC,, is used as a measure of the consistency of the data
with each circulation scheme.

[s6] We find that for the modem circulation, only 3%
(1 of 30) of the adjustments in the Holocene [Pa] values
near core locations exceed 2VC, (in absolute magnitude)
for both approaches of estimating [Th], (Figure 7). Thus,
the Holocene 2*'Pa/***Th data show a comparable degree of
consistency with the modern circulation as the water column
[Pa] data which have 8% (7 of 83) of its adjustments
exceeding 2VC, (section 3.4). For both approaches of esti-
mating [Th],, the normalized adjustments in [Pa] values near
core locations average to less than 0.2, indicating a small
bias.

[57] In contrast, the adjustments of Holocene [Pa] values
near core locations to the state of no flow are positively
biased, with 23% (7 of 30) of the adjustments greater than
2VC, and an average normalized adjustment of 1.4 or 1.3,
depending on whether [Th], is taken as the average of
measured values or estimated by (9) (Figure 7). The positive
adjustments in [Pa] values near core locations indicate that
the [Pa] values reconstructed from the sediment are gener-
ally too low to be consistent with a state of no flow.

[58] Importantly, the inversions of [Pa] estimates for the
LGM lead to adjustments with a similar distribution to that
of Holocene [Pa] estimates. If [Th], is set equal to the
average of water [Th], measurements, none of the [Pa]
estimates near core locations must be altered by more than
23C, to be compatible with the modern circulation. If [Th],
is calculated from (9), only 1 of the 30 [Pa] estimates near
core locations (3%) must be altered by more than 2\/C,, to
comply with the modern circulation (Figure 8). As found
with the water column [Pa] data and the [Pa] values re-
constructed from core tops, the adjustments of [Pa] estimates
for the LGM to a state of no flow are positively biased, with
12 out of 30 (40%) total adjustments greater than 2VC,.

[s9] Finally, the combination of [Pa] estimates for H1
with the modern circulation requires that only 2 out of 14
(14%) of [Pa] reconstructed near core locations be modified
by more than 2VC, if [Th], is set equal to the average of
water column [Th], data (Figure 9). This number decreases
to 1 (7%) if [Th], is obtained from (9). Importantly, a state
of no flow is less consistent with the [Pa] estimates, with 5
or 8 adjustments out of 14 (35% or 57%) exceeding 2VC,,,
depending on the method of estimating [Th],.

5. Discussion

5.1. Water Column 2*'Pa Data

[s0] Measurements of [Pa] in the water column in the
Atlantic Ocean can be brought into consistency with the
modern circulation if plausible assumptions are made about
(1) the large-scale distribution of the tracer and (2) the
uncertainties in our current understanding of the transport of
231pa in the deep sea. The [Pa] measurements from the
Angola and Cape basins in the eastern South Atlantic
[Scholten et al. [2008] are the least consistent with our
estimate of the modern circulation. The values of total *'Pa
activity measured in these basins are the highest in the
Atlantic Ocean (Figure 4a). Scholten et al. [2008] invoked
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the uncertainties involved in the analysis of these data. For

0 T T each time interval, the adjustments of [Pa] estimates near
: | core locations show similar distributions, diminishing the
1000} | | peed for different circulations to explain these data. For each
L amd : interval the adjustments to a state of no flow are generally
| | more positive than the adjustments to the modern circula-
AZOOO- i I tion, indicating the [Pa] values implied by the sediment
E AR B1pa/**0Th data are too low to be explained purely by
£ 3000+ | ! particle scavenging. Thus, each sediment data set (Holo-
& | eachemmmn | cene, LGM, and H1) appears to be more compatible with the
o I I modern circulation than with a state of no circulation.
4000+ ! ! [62] These results are consistent with previous studies
o A o5 | which concluded that sediment 2>'Pa/>**Th measurements
50007 ! ! in LGM sediments from the Atlantic Ocean do not require a
| : circulation different from today [Yu et al., 1996; Marchal
6000 . | | . et al, 2000]. These studies are expanded here in three
6 4 .2 0 2 4 6 significant ways. First, our results are based on a three-
Normalized Adjustment to the Data dimensional model of the modern circulation which is
shown to be consistent, in the least squares sense, with both
0 Reconstructed LGM; State of No Flow hydrographic observations and water column 2*'Pa mea-
. . . .
i |
! ! Reconstructed H1; Modern Circulation Estimate
1000t : | 0 : : : :
| LHse | : :
2000} | : 1000 ! !
E ! ‘0| schcmde L s :
£ 30007 ! ! 2000} : !
3 | e o/min” A E :A PN :
4000} I | £ 3000} ' '
| | ol A § . mseeeenp
5000( : ! 4000} I |
' | S |
; ] |
60096 -4 -2 0 2 4 6 5000 : :
Normalized Adjustment to the Data ! !
60006 4 2I 0 é 4 6
Figure 8. Same as Figure 7 but with LGM data. Normalized Adjustment to the Data
the export of *'Pa to the South Atlantic from the north to Reconstructed H1; State of No Flow
explain the factor of two difference between their [Pa] data 0 . . . .
and [Pa] data for the Labrador Sea [Moran et al., 2002]. On ! !
the other hand, at similar latitudes, the values of [Pa] are 1000+ : : ]
much lower in the western Atlantic Ocean than in the eastern I I
Atlantic Ocean (Figure 4a). Observational evidence has : o :
been reported for (1) southward transport of NADW along 2000 I i
the western boundary in the Brazil Basin [e.g., De Madron E ! e
and Weatherly, 1994; Hogg and Owens, 1999; Weatherly £ gq0q | | _
et al., 2000] and (2) a northward transport into the Cape Z ! oh o oo & & A
Basin of Antarctic Bottom Water [Stramma and England, © | |
1999] and Upper Circumpolar Deep Water [4Arhan et al., 40007 ! I )
2003]. Additional measurements of [Pa] in these different | . a
water masses may improve understanding of the pronounced 5000+ ! I p
zonal difference in [Pa] in the South Atlantic. | |
5.2. Sediment **'Pa/**Th Data 6000 —— 0 a4 &
[61] The sediment **'Pa/**°Th data for the Holocene, Normalized Adjustment to the Data
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surements. Second, they are based on an extended set of
231p,/230Th data from sediment cores with improved chro-
nologies [McManus et al., 2004; Gherardi et al., 2005; Hall
et al., 2006; Bradtmiller et al., 2007; Gherardi et al., 2009;
Bradtmiller, unpublished data, 2009]. Finally, our analysis
relies on an inverse method that formally considers the
uncertainties both in the distribution of the water property
({Pa}) reconstructed from the sediment and in our under-
standing of the transport of this property in the ocean. Thus,
the conclusion that *'Pa/**’Th data for Atlantic LGM
sediments do not require a circulation different from the
modem is likely given a more rigorous basis.

[63] Additionally, our analysis has been extended to
include sediment 2*'Pa/*°Th measurements from the
Atlantic Ocean during H1 (Figure 9). Our results show that,
while [Pa] reconstructed from 23'Pa/**°Th measurements in
Bermuda Rise sediments (core OCE326-GGCS5) appears too
high to be consistent with the modern circulation as previ-
ously claimed ;McManus et al., 2004], the majority of
sediment 2*'Pa/**Th data for H1 actually appear consistent
with the modern circulation. It is likely that *'Pa/2*°Th data
for core OCE326-GGC5 could also be brought into con-
sistency with the modern circulation, should a relatively
high value of kp, be assumed near the core location (a higher
kp, would imply a lower [Pa] in the bottom water and hence
a better consistency with the modem circulation). Whereas
evidence exists for high abundance of diatom frustules in
Bermuda Rise sediments during H1 [Gil et al, 2009;
Lippold et al., 2009], its implication for the partition K, and
hence kp,, remains unclear. Nevertheless, our results
underscore gl) the potential pitfall in making inferences
from **'Pa/**°Th data at a single site, and (2) the importance
of an extensive set of data for providing useful constraints
on paleocirculations [e.g., Luo et al., 2010].

[64] Our result that Atlantic sediment 2*'Pa/**°Th data for
the LGM and H1 do not require a circulation different from
the modemn is in apparent contradiction with conclusions
reached in recent studies. Gherardi et al. [2009] concluded
that elements of the circulation in the North Atlantic Ocean
were different during LGM and H1 by visually comparing
vertical profiles of *'Pa/**°Th established from measure-
ments on cores originating from very different longitudes
(from 9°36'W to 57°35'W) and latitudes (from 33°42'N to
58°58'N). Additionally, as this paper was in revision, Negre
et al. [2010] published a new sediment >>'Pa/**°Th record
from the Cape Basin (17°20'E, 34°43'S, water depth 2440 m).
This 22'Pa/**°Th record (not included in our above analysis)
was compared with 2*'Pa/**'Th data from North Atlantic
cores to argue for the dominance of a northward flow from
the Southern Ocean during the LGM, that is, a reversed
situation compared to the dominance of the southward flow
of NADW from the North Atlantic today. We have checked
that the addition of this record in our analysis does not
change our above results (the fractions of [Pa] adjustments
larger than 2VC, which are reported above are modified by
less than 1% for each time interval: Holocene, LGM, and
H1) (see Figure S6 in the auxiliary material). Our work does
not imply that the conclusions in these studies are not
accurate. Rather it implies that they are sensitive to uncer-
tainties in the spatial distribution of **'Pa during these time
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intervals, as well as to uncertainties in our understanding
of 2'Pa transport in the ocean (e.g., effects of particle
scavenging).

5.3. Limitations of 2*'Pa Model

E65] A major limitation and source of uncertainty in our
21pa model is that the effects of eddy mixing are not
represented explicitly. This approach [see also LeGrand and
Wunsch, 1995, Huybers et al., 2007; Marchal and Curry,
2008] is largely motivated by simplicity. Microstructure
observations suggest that diapycnal diffusivity can vary by
orders of magnitude in the abyssal Atlantic with highest
values near rough topography [Polzin etal., 1997, St. Laurent
et al., 2001; Kunze et al., 2006]. Likewise, results from
float trajectories and eddy resolving models indicate that
lateral or isopycnal transport by oceanic eddies is very
complex: the lateral diffusivity can exhibit very large hori-
zontal variations [e.g., Figueroa, 1994; Berloff et al., 2002;
Kamenkovich et al., 2009], lateral diffusion can be aniso-
tropic with a dominant zonal component [e.g., Figueroa and
Olson, 1994; Ollitrault and Colin de Verdiére, 2002], and the
direction of eddy tracer flux can be downgradient in some
regions and upgradient in others [e.g., Lee et al., 1997; Wilson
and Williams, 2006]. Ladd and Thompson [1998] concluded
from results with an eddy-resolving model that in order to
realistically reproduce the effects of eddies on tracer transport
in an abyssal basin, one of two ingredients is needed: either a
realistic mean flow field (including the eddy-driven mean
flow) or an anisotropic eddy diffusivity that in some sense
reflects the eddy-driven mean flow field. In spite of this
complexity, future studies based on inverse methods could
build upon this work by exploring the role of eddy mixing in
the interpretation of sediment 2*'Pa/**°Th data.

[66] The model is further limited by uncertainties in the
scavenging of *'Pa in the ocean. Although an effort is made
to incorporate present knowledge about particle distribution
and kp, in the Atlantic Ocean, it is likely that our description
of the removal of Pa from the water column remains
approximate. For example, a simple representation of the
distribution of kp, is used, whereby a distinct but uniform
value of kp, is assumed in three abyssal regions (along the
western boundary, and north and south of 40°S) based on
data from a few locations. Given the sparse coverage of
these data, this approach appears appropriate, however it
should be refined as more data become available. Obser-
vational estimates of the partitioning between dissolved and
particulate forms, as well as of the concentration of sus-
pended particles, are critically needed to better understand
the removal of 2*'Pa to the sediment. Such estimates should
lead to more detailed descriptions of particle scavenging for
use in large-scale models [e.g., Siddall et al., 2005; Dutay
et al., 2009] and better estimates of model uncertainties.
Particularly valuable would be paired measurements of
dissolved and particulate 231, activity in bottom nepheloid
layers.

6. Conclusions and Perspectives

[67] Atlantic sediment *'Pa/**°Th data for the Holocene,
LGM, and H1 all appear to be generally consistent with the
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modern circulation given the uncertainties involved in the
analysis of these data. This result resonates with the findings
of earlier studies which showed, based on other types of
sediment data (6">C and 6'°0 in benthic foraminifera), that
the bulk of the data for the Atlantic during the LGM appears
compatible with the modem circulation if due regard is
given to data and/or model errors [LeGrand and Wunsch,
1995; Gebbie and Huybers, 2006; Marchal and Curry,
2008]. It must be emphasized that we do not conclude
that the 2*'Pa/>*°Th data sets imply the H1 and LGM cir-
culations to be the same as modern. Rather, we conclude
that given the significant uncertainties in (1) the spatial
distribution of #*'Pa activity in the Atlantic Ocean during
Hl and the LGM and (2) our understanding of 2*'Pa
transport in the deep sea, the 2*'Pa/**°Th data sets from
these two time intervals do not require different circulations
from the modern. It is also shown here that the sediment
231pa/230Th data for the Holocene, LGM, and H1 all appear
less consistent with a state of no flow than they are with the
modern circulation.

[68] Thus, earlier claims from sediment **'Pa/**°Th data
that elements of the circulation in the Atlantic Ocean during
H1 or LGM have been different from the modern [McManus
et al., 2004; Gherardi et al., 2009; Negre et al., 2010] are
not as robust as originally thought. Although our results do
not imply that these claims are inaccurate, they do indicate
that, presently, such conclusions cannot be given a rigorous
foundation given the uncertainties involved in the analysis
of sedimentary 23'Pa/>*°Th data (i.e., in both the distribution
and modeling of 2*'Pa).

[69] Perhaps the greatest merit of our study is that the
assumptions needed to interpret sediment >*!'Pa/*°Th data
in terms of circulation are clarified. Hence our study allows
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one to identify and legitimate several perspectives. First,
significant uncertainties remain in the estimation of the
modern, climatologic circulation at abyssal depths due, for
example, to uncertainties in the density distribution and in
the geostrophic approximation. This state of affairs is det-
rimental to the interpretation of sediment records because
the reference state, the modern circulation, to which these
data should be compared is not completely understood.
Thus, more hydrographic observations, including direct
measurements of velocity [e.g., Hogg and Owens, 1999], are
needed to better constrain the time-mean circulation in the
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org), are required to further our understanding of the dis-
tribution and behavior of these nuclides and to enhance the
effectiveness of their use in chemical oceanography and
aleoceanography. A more extensive database of seawater
30Th measurements would also help constrain the modern
abyssal circulation [e.g., Marchal et al., 2007)]. Finally,
increased spatial coverage of *'Pa/?*Th data for well-dated
sediment cores is also required to help determine possible
differences in circulation for different time intervals of the
recent geologic past.
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6. Conclusions and Perspectives

This thesis has provided insights into the role of the ocean during the climate
changes that occurred during the transition between glacial and interglacial conditions. I
used radionuclides (uranium series and radiocarbon) both as dating tools and as tracers to
further our understanding of the complex sequence of events that occurred over the last
deglaciation. Specifically, I developed a new technique for rapid '*C dating of corals,
generated deglacial radiocarbon records from uranium-series dated corals from the
Southern Ocean and North Atlantic, and tested the ability of sedimentary **'Pa/***Th
ratios to constrain deglacial circulation changes using an inverse model. The
combination of modeling and data generation provides a multifaceted oceanographic
changes and gives a framework for future studies using these tracers.

Deep-sea corals have great potential for providing paleoceanographic proxy data,
but their use is made difficult by their variable distribution through time and the lack of a
priori knowledge of the relative ages of samples. The reconnaissance radiocarbon dating
technique developed in this thesis allows rapid age determinations on large numbers of
deep-sea coral samples. These age surveys allowed me to determine which samples
would be appropriate for studies of oceanic change during the deglaciation.

Radiocarbon reconstructions from deep-sea corals collected from the Drake
Passage at depths corresponding to modern-day Antarctic Intermediate Water (AAIW)
and Upper Circumpolar Deep Water (UCDW) and combined with a radiocarbon record
from the deep South Atlantic [Skinner et al., 2010] suggest increased vertical
stratification in the Southern Ocean during the last glacial period. This stratification
would have helped to maintain the low atmospheric CO, during the glacial period since
the deep carbon-rich waters would have had limited connection with the atmosphere in a
more stratified Southern Ocean. At the start of the deglaciation, during Heinrich Stadial
1 (H1), Southern Ocean water masses were more homogenized with respect to
radiocarbon, suggesting stronger mixing. Upwelling of deep waters to the surface during
this time period could have contributed to the rise in atmospheric CO», as well as the drop
in radiocarbon activity of the atmosphere over this time period. During the Antarctic
Cold Reversal/Bglling-Allerad (ACR/BA), at the time of the hiatus of the deglacial rise

in atmospheric CO,, our radiocarbon records from the Southern Ocean suggest decreased
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air-sea gas exchange, further corroborating this link between carbon cycling in the
Southern Ocean and the atmosphere. After the ACR/BA, there is no evidence for reduced
air-sea gas exchange in the Southern Ocean, nor any large radiocarbon depletions such as
those found during the glacial period and first half of the deglaciation.

In contrast, radiocarbon reconstructions from deep-sea corals in the North
Atlantic off Iceland show a similar ventilation rate of this region during the ACR/BA and
the Holocene. The age distribution of the deep-sea corals collected from Iceland does not
allow for a continuous record of North Atlantic ventilation throughout the deglaciation,
with the majority of these coral samples having reconnaissance dates of <10 ka
(Holocene) or >40 ka (radiocarbon-dead). The two deglacial corals collected from
Iceland grew during the Belling-Allered, and thus do not put constraints on North
Atlantic ventilation during H1 or the Younger Dryas.

Previous studies [McManus et al., 2004; Gherardi et al., 2009] have suggested
that North Atlantic ventilation was significantly different during H1 and the Younger
Dryas based on increases in sedimentary **'Pa/**Th ratios during these periods. I tested
this hypothesis using an inverse modeling technique to quantitatively assess the
consistency of sedimentary **'Pa/***Th ratios from the Holocene, H1, and the Last Glacial
Maximum with the modemn circulation. I found that given the uncertainties in the past
distribution and behavior of these nuclides, the **'Pa/**°Th data do not require a
circulation significantly different from the modemn-day circulation at any of these time
intervals. These findings highlight the importance of giving due regard to uncertainties in
the spatial distribution of paleoceanographic tracers, as well as the uncertainties in
modeling the behavior of tracers in the modern ocean.

Future extensions of this thesis may seek to fill in the temporal data gaps in the
radiocarbon records from the Drake Passage and Iceland. To accomplish this, one would
need more samples, more reconnaissance dates, and a bit of luck that corals grew during
the time periods of interest. A better understanding of the radiocarbon blank in deep-sea
corals would also be helpful, as the relatively large uncertainty on radiocarbon blank
correction currently limits useful radiocarbon reconstructions to samples that are younger
than ~30 ka. Uncertainties associated with the use of sedimentary *'Pa/*°Th ratios as a

circulation proxy may be reduced by efforts to understand the modern distribution and
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behavior of #*'Pa and *°Th in the water column (e.g. by the GEOTRACES program).
Finally, incorporating radiocarbon into the inverse model used here for 21pa/>°Th would
provide an additional rate tracer that could improve the extent to which deglacial

circulation changes could be constrained.
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Appendix Al

Data Table for Chapter 2.

Originally published as online auxiliary material for:
Burke, A., Robinson, L.F., McNichol, A.P., Jenkins, W.J., Scanlon, K.M.,
and Gerlach, D.S. (2010), Reconnaissance dating: A new radiocarbon
method applied to assessing the temporal distribution of Southern Ocean
deep-sea corals, Deep-Sea Research Part I-Oceanographic Research
Papers, 57(11),

Doi 10.1016/J.Dsr.2010.07.010, 1510-1520.

Table 1. Radiocarbon reconnaissance and hydrolysis data for deep-sea corals.
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Appendix A2

Supplementary Information and Data Tables for Chapter 3:
The Southern Ocean’s role in carbon exchange during the last
deglaciation

Text 1. Sample description, uranium series and radiocarbon methods, and explanations of
calculations

Figures S1 through S4.
Table 1. Uranium and thorium data

Table 2. Radiocarbon data
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Text 1.
Sample description

All corals were collected by dredge from the Drake Passage [Burke et al., 2010].
Vertical depth ranges did not exceed 120 m. Eight of the forty corals analyzed in this
study were from Burdwood Bank from depths between 804 and 828 m and two were
from Burdwood Bank at 318 m. These depths today correspond to depths of
AAIW[Guerrero et al., 1999]. These ten corals from Burdwood Bank have ages ranging
from modern to 16.4 + 0.3 ka. The remaining corals come from depths corresponding to
UCDW today. Twenty-two corals come from Sars Seamount from depths between 672
and 1781 m. Two additional D. dianthus from this location were previously dated and
are included in the discussion [Goldstein et al., 2001; Robinson and van de Flierdt,
2009]. Seven corals come from Shackleton Fracture Zone (772 to 866 m depth) and one
coral comes from a seamount south of Sars Seamount (‘Interim Seamount’, 1113 to 1154
m depth) (Figure 1). The thirty corals collected from depths corresponding to UCDW
have ages ranging from 1.14 = 0.05 ka to 226.0 = 3.4 ka, but the paper is limited to the 26
corals with ages less than 35 ka, where the radiocarbon uncertainties are sufficiently
small for A"C reconstructions. Here, as in other deep-sea coral studies [e.g., Adkins et
al., 2002], we found that the reconstructed A™C of a B. malouinensis collected live from
816 m depth on Burdwood Bank (-95 = 6%o) is within error of the nearest gridded
GLODAP A™C value at that depth [-92%o; Key et al., 2004], further substantiating the

ability to reconstruct the A'C of these water masses using deep-sea corals.

Uranium series methods

Approximately 0.6 g of coral was cut and physically cleaned of visible ferro-
manganese crusts and areas of recalcification with a Dremel tool, and then further
cleaned with an oxidizing and reducing chemical procedure [Cheng et al., 2000a]. The
coral was dissolved in nitric acid and spiked with ~ 0.08 g of a 26U-2Th mix spike that
was calibrated using isotope dilution with gravimetric standards: a 388 ppb U solution
(CRM-145) diluted at WHOI, and a 58 ppt *°Th solution diluted at Caltech. The

calibrated 2*°U-**’Th ratio has a final uncertainty of 4.1%o0 (20). Using this gravimetric
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calibration, the “*°Th/?®U ratio of a Harwell uraninite standard (HU-1; [Cheng et al.,
2000b]) 1s within error of secular equilibrium.

The U and Th fractions of the coral samples were separated and purified using an
iron co-precipitation and anion exchange columns [Edwards et al., 1987] and were
analyzed using bracketing standards on a multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS), with a typical internal precision of ~1%e (20) for U
fractions and better than 2%o for the Th fractions. Uranium was measured following the
procedure of Robinson et al. [Robinson et al., 2002]. Thorium was measured with 2?Th
on Faraday cups and alternating between measuring **Th and **°Th on the secondary
electron multiplier (SEM). There are three ways to determine the >*°Th/***Th ratio. The
first is to directly ratio the **°Th and “’Th counts from the SEM measurements. The
second is to ratio the ***Th-normalized **°Th and **Th counts (ie., ®°Th/**Th =
COTW**Thy/**Th/**Th) ). The ***Th-normalized method generally gave smaller
uncertainties because it accounts for beam instability. Additionally, we added pure 2*°U
spike to the Th fraction and measured *°U on a Faraday cup to provide another isotope
with which the *°Th and **Th could be normalized, and giving a third way to determine
the #°Th/**Th ratio. This ***U-normalized ratio was particularly useful for the samples
that had low **Th that could not easily be measured on the Faradays. In general, all three
of these methods generated >*°Th/**’Th ratios that were within 1%o of each other, and
within the analytical uncertainties. When all three methods generated *°Th/***Th ratios
that were within 1%o of each other, the ratio with the smallest uncertainty was used. In
the rare case (<5% of measurements) where one of the three methods was off by more
than 1%, that particular *°Th/*’Th ratio was ignored and the ratio with the smallest
uncertainty of the remaining two was used. Full procedural replicates of a HU-1 standard
were run with every batch of column chemistry (6 unknown samples and 1 blank). These
give an external reproducibility of 2.3%. using the direct method and 2.7%. using the
#®U-normalized method (low concentrations of ***Th in the HU-1 standard result in large
uncertainties from the “**Th-normalized method), and the larger of the two was used for
the final ratio uncertainties.

In order to calculate an age, an assumption needs to be made about the initial

**Th incorporated into the coral skeleton. We use modern day ratios of *°Th to **?Th
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measured in unfiltered seawater collected at depths near the dredge sites [Bradtmiller et
al., 2009] (atom ratio of 5,000, with a range between 500 and 15,000) and use the
measured 2*°Th concentration (less than 3.0 ng/g in all corals used for A™C
reconstruction, Figure S1) to estimate initial ?°Th.  The final error for ages and
associated with the calculated A'*C values is dominated by the correction for initial **°Th,
with typical final precisions of ~1.4%, although they can be as precise as 0.5% (20) for
samples with the lowest 2*°Th. However, at the old end of the radiocarbon range, the
final error of A'C is dominated by the error in the '*C/'’C ratio because of the
uncertainty on the radiocarbon background correction. Procedural replicates were made
on four corals and generated ages within error of one another, with offsets between
replicates ranging from 0.3% to 1.4%, consistent with propagated errors. For corals that
had procedural replicates, the replicate with the lowest #2Th concentration was used for
calculation of AM*C.

The 87*U values were calculated for the corals to test for closed system behavior.
823*U is the deviation (%o) of the ***U/>*U ratio from secular equilibrium . Open system
behavior is suspected if the initial 8*U of the coral (i.e., back corrected for the age of the
coral) is not within error of modern seawater 874U (147%o). Seawater 33U might have
been lower during the last glacial period (142%eo), so we checked if our coral 8%**U values
were consistent with a step-change in the d*U of seawater to lower values prior to 17
ky, following the IntCal09 group [Reimer et al., 2009]. All corals used for radiocarbon
reconstructions lie within 8**U measurement uncertainty (external 26 SD = 2.3 %o) of
the error envelope of the 82U seawater curve established by the IntCal09 group [Reimer

et al., 2009]. Corals are also within error of a constant 8%**U seawater curve (Figure S2).

Radiocarbon methods

For radiocarbon analyses, 40 mg of coral were cut and cleaned with an
abbreviated oxidative cleaning [Shen and Boyle, 1988; Adkins et al., 2002]. The coral
was etched with HCl to remove at least 50% of the mass immediately prior to its
conversion to CO; by hydrolysis [Adkins et al., 2002]. A split of the CO, gas was taken
for analysis of 8'°C on a VG Prism-II Stable Isotope Ratio Mass Spectrometer (SIRMS).
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The remaining CO, gas was converted to graphite by heating it in the presence of H; gas
and an iron catalyst and the "*C/'?C of the graphite was measured on the accelerator mass
spectrometer at the National Ocean Science Accelerator Mass Spectrometer (NOSAMS)
facility. Radiocarbon results are normalized to a 8°C = -25%o and are reported as
Fraction modern (Fm) where ‘modern’ is defined as 95% of the 1950 AD radiocarbon
concentration of NBS Oxalic Acid I (NIST-SRM-4990) normalized to a 8"°C = -19%s
[Olsson, 1970].

Radiocarbon-dead deep-sea corals have a larger Fm than the radiocarbon-dead
IAEA C-1 calcite standard used for blank correction, perhaps due to an adsorption of
modern CO; onto the surface of the coral [e.g., Eltgroth et al., 2006]. A scaled blank
correction was made prior to calculating radiocarbon ages of the corals, as described in
[Burke et al., 2010], based on the average Fm of a radiocarbon-dead coral that was U-Th
dated to 225.2 ky (Fm = 0.0040 = 0.0031 (2 standard deviations); n = 6). For this blank
correction it is assumed that the contaminating carbon has Fm = 1, and the scaling is such
that a coral with Fm =1 does not change with the blank correction (Fm remains equal to

1) and a radiocarbon-dead coral yields a Fm = 0.

Calculation of A" C and AA"C
Both the radiocarbon age of the coral and the amount of time elapsed since the
death of the coral (the U-Th calendar age) are needed to reconstruct the A'*C of seawater:

( -'4Cage/8033

14
A Csea water e—calage/8266

- 1) x 1000 [Adkins and Boyle, 1997].

To calculate AA'C, the reconstructed A'*C was subtracted from the contemporaneous
atmosphere:

AAMC = A" Coeamater - A"*Camosphere.

The IntCal09 atmospheric A"™C record was averaged over +20 around the calendar age to
determine the A”Catmosphm. The standard deviation of this average was then propagated
through the calculation of AA'C to determine the uncertainty on the final AA'C value.
When considering A'*C or AA™C data, it is important to recognize that the absolute offset

between A'*C values (%o) translates into different radiocarbon age offsets depending on
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the calendar age, since the inventory of radiocarbon changes with time. For instance,
during the LGM, the atmosphere was ~35% higher in radiocarbon than modern (1950
A.D). As aresult, a 100%o offset from the atmosphere during the LGM corresponds to a
radiocarbon age offset of 618 y, as opposed to 846 y at modern. Thus, on Figure 2, we
plot contour lines of constant age offset to give a sense of the magnitude of change in

AA'™C that can be attributed to changing radiocarbon inventory.

Mystery interval radiocarbon budget calculations

We did a simple mass budget calculation to determine the radiocarbon depletion
needed in an isolated abyssal reservoir of a given volume to explain the ~190%o drop in
atmospheric radiocarbon over the time period between 17.5 -14. 5 ka and compared it to
a similar calculation from Broecker and Barker [B&B, 2007]. B&B assume that the
mean non-isolated ocean radiocarbon age is the same (1900 y older than
contemporaneous atmosphere) before and after the mystery interval, and they calculate
how old the isolated reservoir needs to be to sustain that age offset from the atmosphere if
the isolated carbon is mixed through the entire ocean reservoir. In contrast, our
calculation allows some proportion of the isolated carbon to be directly mixed with the
atmosphere before being mixed back into the ocean. This direct mixing into the
atmosphere results in younger ocean radiocarbon ages compared to the contemporaneous
atmosphere at the end of the mystery interval than before, since atmospheric A™C drops
more than ocean A'C.

We assume that the production rate of radiocarbon over the mystery interval is
constant as suggested by '’Be accumulation rates in Greenland ice cores [Muscheler et
al., 2004]. If we had instead used the production rates predicted by either paleomagnetic
records or °Be accumulation in marine sediments [Frank et al., 1997; Laj et al., 2002],
the drop in atmospheric '*C over the mystery interval would be easier to reconcile since
these production records indicate that the geomagnetic field strength increased slightly
over this time period (resulting in a decrease in '*C production). We also assume that the
concentration of carbon in the ocean is uniform to convert easily between the percent of
the ocean volume occupied by the isolated reservoir and the percent of the total oceanic

carbon budget. While clearly incorrect, a more realistic distribution of carbon in the
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ocean (i.e., greater at depth) would again make it easier to explain the decrease in
atmospheric A'*C over the mystery interval: an abyssal isolated reservoir would have a
higher carbon concentration than the mean oceanic value, so a given amount of carbon
would occupy a smaller volume. The total oceanic carbon budget that is used for the start
of the mystery interval (39,600 Pg C) is 2% greater than the pre-industrial value of
38,700 Pg C to account for the ~80 ppm decrease in atmospheric CO, and the ~700 Pg
decrease in the terrestrial C reservoir between the Holocene and the LGM [Sigman and
Boyle, 2000]. We deliberately simplify the process of air-sea gas exchange to keep the
calculation similar to B&B’s calculation, and do not include carbon isotope fractionation
due to air-sea gas exchange. Including this process makes the mystery interval even
casier to explain since '*C would preferentially stay in the ocean as DIC compared to '2C.
Inclusion of air-sea gas exchange isotope fractionation would decrease the age required
for the isolated ocean reservoir by less than 180 years.

As mentioned above, our calculation differs from that of Broecker and Barker
[2007] because we do not require that the mean age of the non-isolated ocean remains
the same before and after the mystery interval. Radiocarbon records presented here and in
other studies [e.g., Skinner and Shackleton, 2004; Galbraith et al., 2007; Barker et al.,
2010; Skinner et al., 2010] show younger radiocarbon age offsets at the transition
between the end of the mystery interval and the beginning of the Belling-Allerad as
illustrated in Chapter 3 (Fig. 2). Our calculation also differs from that of Broecker and
Barker [2007] in that we relax the strict requirement that the carbon from the isolated
reservoir must be mixed through the entire ocean. In our calculation, we allow some
(varying) percentage of the carbon from the isolated reservoir to be directly mixed into
the atmosphere from the abyssal isolated reservoir, as would happen if the isolated
reservoir was being ventilated directly to the atmosphere through upwelling in the
Southern Ocean (Figure S3). The carbon from the isolated reservoir that is not vented
directly into the ocean 1s mixed into the rest of the ocean. Any excess carbon vented to
the atmosphere via this mechanism that is greater than the observed rise in atmospheric
CO; over the course of the mystery interval [i.e. never greater than 40 p.p.m.v.; Monnin

et al., 2001] is put back into the oceanic reservoir.
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For our calculation, we first determine the number of moles of 2C in the
hypothetical isolated reservoir. A fraction of this carbon is then distributed (mixed in) to
the atmosphere ranging from 1% (i.e. 99% remains and is mixed into the rest of the
ocean) to 100% (Figure S3). The amount of carbon added to the atmosphere from the
isolated reservoir via this mechanism is much more than the observed CO, rise over this
time interval [~40 ppm; Monnin et al., 2001], so the excess CO, is transferred from
atmosphere back into the ocean with the 14C/"C isotopic ratio of the atmosphere. For the
purposes of this calculation, we ignore the terrestrial reservoir as a sink for the excess C
added to the atmosphere. Including the terrestrial reservoir would make the mystery
interval easier to explain, as it would reduce the amount of 14C added back into the ocean,
i.e., the deep ocean would be less ventilated by the atmosphere. As a result, it would be
easier to maintain a reasonable age offset (>1000 y; Fig. 4) between the atmosphere and
the ocean.

Since atmospheric CO, and A'™C values are relatively well-constrained aspects of
this system, we use them to constrain the value of 1C/12C of the isolated ocean reservoir
(Rio») with the following equation:

14C

added to atmosphere
R. =
ior 12 C
added to atmosphere
14 14
e
- 12
Cadded

_ R, (12Cadded +12Ci) - Rilzci

lzcadded (D).

where R,, 1S the Y4C/'’C  ratio of the isolated reservoir, R; and Ry are the initial (pre-
mystery interval) and final (post-mystery interval) atmospheric HC/C ratios, 2Coggea s
the number of moles of '°C added to the atmosphere from the isolated reservoir, and 2¢c;
is the number of moles of '*C present in the atmosphere prior to the mystery interval.

If we then make the assumption that the mean age of the non-isolated ocean
reservoir compared to the atmosphere prior to the mystery interval was 1900 y [400 y

reservoir age + 1500 y offset from surface water; Broecker and Barker, 2007}, we can
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then calculate the '*C/'*C ratio of the ocean after the mystery interval. For this
calculation we need the carbon budgets and isotopic ratios of (a) the isolated ocean
reservoir, (b) the non-isolated ocean prior to the mystery interval, and (c) the excess
carbon added to the atmosphere beyond the observed rise in atmospheric CO, over this
time period that is removed from the atmosphere and added back to the ocean reservoir.

This relationship can be expressed as follows:

14
R = Cocean

ocean 12 C
ocean

14 14 14 14
CNOR + ( CIOR - Cadded to atmosphere)+ Catmosphere excess

12 12 12 12
CNOR + ( CIOR - Cadded to atmosphere )+ Catmosphere excess (2)

Here the subscript ‘ocean’ refers to the post-mystery interval ocean after the isolated
ocean reservoir (/OR) and the non-isolated ocean reservoir (NOR) have been mixed
together. The subscript ‘added to atmosphere’ refers to the carbon added to the
atmosphere from the isolated ocean reservoir, and the subscript ‘atmosphere excess’
refers to the excess carbon added to the atmosphere above the 40 ppmv rise that is mixed
back into the ocean. A plot of these ocean ventilation ages after the mystery interval as a
function of both the volume of the isolated ocean reservoir and the percentage of carbon
from the isolated ocean reservoir that was mixed directly into the atmosphere is shown in
Figure S4.

The main conclusion of this calculation is that if carbon from the isolated ocean
reservoir is not forced to be mixed through the entire ocean (by allowing direct transfer of
some percentage of carbon from the isolated reservoir to the atmosphere or by allowing
the ocean to get relatively younger after the mystery interval), then the isolated reservoir
does not have to be as old as previously thought and is within the boundaries of existing

data sets.
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Figure S1. ***Th concentration (in ppb, or ng/g) as a function of calendar age of corals
used in A™C reconstructions. Error bars are smaller than the symbols.
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Figure S2. Measured 6**U (%) plotted against the ***Th/***U activity ratio for all corals
young enough for radiocarbon measurement. Errors represent external uncertainty
(2.3%o; 20) which is larger than the internal uncertainty (see Supplementary Table 1).
#9Th/**U errors are 20 and are smaller than the symbol width. Dashed lines are the error
envelopes for seawater 8°>*U assuming (1) a constant 8***U  through time (black) or (2) a
step decrease in seawater §*U prior to 17 ka (red), as suggested by IntCal09 [Reimer et
al., 2009]. One coral plotted outside of the error envelope, but a full procedural replicate
on a separate piece of the same coral plotted within error of the error envelope. This
result is not surprising as different subsamples of individual corals have been shown to
exhibit a range of **U values, with minimal effect on the final age [Robinson et al.,
2006]. Both replicates are plotted in the above graph (circled), but are within error of
each other in both 8**U and »*°Th/***U, so they are indistinguishable on the scale plotted.
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Atmospheric reservoir  Fm__ . = 1.4; CO, =190 ppmv
~400 Pg C

Fm_,=1.2; CO,=230 ppmv

d

Excess carbon that was added to
the atmosphere is exchanged
back into the ocean

Variable percentage of isolated
resevoir carbon added directly
to atmosphere (1-10%)

Ocean reservoir Age_ . =1900y
~39,600 Pg C
I Age_, = variable

| Most of the carbon from the isolated ocean
reservoir (90-99%) is mixed in with the

| non-isolated ocean reservoir over the
Mystery Interval

L- _— — —— — L -— — _— —— -

Isolated ocean reservoir A"C calculated from
(variable volume) equation 1.

Figure S3. Schematic for radiocarbon budget calculation over the mystery interval. In
this calculation we calculate the age of the isolated reservoir that is needed to explain the
drop in atmospheric A'*C over the mystery interval for a given volume occupied by the
isolated reservoir. We also allow a variable percentage of this reservoir to be mixed in
directly with the atmosphere.
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Figure S4. Calculated mean age of the total oceanic carbon reservoir with respect to the
contemporaneous atmosphere after mixing in the isolated reservoir with the non-isolated
reservoir during the mystery interval as a function of volume of the isolated reservoir. As
in Fig. 4, the blue contours represent the solution given different percentages of the
isolated carbon ventilated directly into the atmosphere (1-10% and 100%). This
calculation assumes a mean ocean age with respect to the atmosphere of 1900 y prior to
the mystery interval. The grey box highlights the range of age offsets with respect to the
atmosphere of the reconstructed radiocarbon records discussed in this paper immediately
after the mystery interval [Galbraith et al., 2007; Barker et al., 2010; Skinner et al.,
2010].
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Table 1. Uranium and thorium data from corals collected from the Drake Passage
[*u1|  [[**Th] #0Th/**y Ageuncor * Agecor® 83U, ¢ 83y, ®

Cruise Dredge Sample Gen.!| (ppb) | 26| (ppt) 20 Activity 20 (y) 20 (y) 20 (%0) 20 (%0) 20
NBP0805 TB04 [Modern Balano-1 B 3737 | 12 377 1.5 0.00132 }0.00003 126 3 9 78 145.85 | 0.64 | 145.85 | 0.67
NBP0805 TBO4 Dp-A-3 D 3088 | 10 43 2.7 0.00086 |0.00003 82 3 66 11 146.78 | 0.65| 146.81 | 0.65
NBP0805 TB04 BigBeautyA D 4539 | 14 117 2.2 0.00521 |0.00004 498 5 468 21 145.88 | 0.64 | 146.07 | 0.65
NBP0805 DR40 Dc-A-1 D 3680 |11 252 1.8 0.01275 |0.00006 1223 9 1144 54 144.66 | 0.63 | 145.13 | 0.66
NBP0805 DR35 Dc-A-1 D 3723 | 14 120 1.5 0.01817 |0.00009 1746 13 1708 28 145,27 | 0.78 | 145.98 | 0.79
NBP0805 DR35 Dc-A-1 D 4163 | 27 159 1.3 0.01866 |0.00013 1793 17 1749 34 145.11 | 1.33| 145.83 | 1.35
NBP0805 TB04 Dn-A-11 D 3646 | 12| 784 2.9 0.05030 |0.00023 4891 36 4643 169 | 147.24 | 0.70| 149.18 | 0.77
NBP0O805 DR34 Dc-A-2 D 4089 | 22 233 1.3 0.06024 |0.00033 5885 49 5819 66 147.00 | 1.11| 149.43 | 1.15
NBPO0805 TB04 Dn-A-13 D 3921 | 13 175 3.2 0.06074 0.00023 5935 39 5883 53 146.97 | 0.68| 149.44 | 0.71
NBP0805 TB04 Dn-D-6 D 3744 | 12 186 1.1 0.06683 0.00025 6527 29 6470 48 150.49 | 0.69 | 153.27 | 0.72
NBP0805 DR34 Dc-A-1 D 3875 | 12 313 1.3 0.07089 0.00024 6951 29 6858 69 148.05 | 0.67 | 150.95 | 0.71
NBP0805 DR35 Dc-C-2 D 4191 |19 184 1.1 0.07889 0.00036 7749 58 7699 67 149.99 | 0.96 | 153.29 | 1.00
NBP0805 DR35 Dc-D-4 D 4062 | 13 224 1.2 0.10247 0.00037 10207 45 10144 62 146.20 | 0.68 | 150.45 | 0.73
NBP0805 DR35 Dc-D-5 D 3918 | 14 323 4.4 0.10385 0.00040 10350 49 10255 81 146.32 | 0.73} 150.63 | 0.78
NBP0805S DR36 Dc-A-1 D 4057 | 13 207 2.3 0.10396 0.00037 10362 68 10304 79 146.20 | 0.69 | 150.52 | 0.73
NBP0805 DR35 Dc-D-1 D 4506 | 16 157 8.4 0.11140 0.00047 11157 58 11117 66 144.70 | 0.73 | 149.32 { 0.78
NBP0805 DR35 Dc-D-3 D 4312 |14 226 7.9 0.11176 0.00043 11202 54 11142 69 143.97 | 0.68 | 148.57 | 0.73
NBP0805 DR35 Dc-B-1b D 4713 | 16 393 4.7 0.11303 0.00042 11350 53 11253 84 142.72 | 0.67 | 147.33 | 0.73
NBP080S DR35 Dc-A-2c D 3887 | 14 551 1.8 0.11497 |0.00044 11528 79 11365 | 135 | 145.19 | 0.75] 149.93 | 0.82
NBP0O805 DR35 Dc-B-1a D 5852 |21 335 2.4 0.11394 |0.00045 11442 56 11376 | 72 143.10 | 0.75| 147.78 | 0.80
NBP0805 DR35 Dc-C-1b D 4259 | 14 302 1.9 0.11442 0.00041 11487 76 11405 94 143.58 | 0.68 | 148.29 | 0.74
NBP080S5 DR35 Dc-C-1b D 4427 | 16| 304 1.4 0.11480 |0.00043 11539 78 11460 | 95 142.52 | 0.73| 147.21 | 0.78
NBP0805 DR38 Dc-A-1 D 6026 22| 916 3.4 0.11700 | 0.00045 11783 57 11608 | 131 | 141.46 | 0.73| 146.17 | 0.81
NBP0805 DR35 Dc-E-1 D 4234 | 14 788 3.2 0.11832 |0.00055 11878 92 11664 | 170 | 145.55 | 0.68 | 150.42 | 0.76
NBP0O805 DR35 Dc-E-1 D 4949 | 17 650 2.5 0.11775 0.00043 11851 79 11699 129 142.56 | 0.70 | 147.35 | 0.77
NBP0805S TB04 Dn-B-4 D 3920 | 13| 629 3.3 0.11938 | 0.00044 11962 55 11777 | 135 | 148.11 | 0.69| 153.12 | 0.77
NBP080S5 DR23 Dc-A-7 D 4183 | 14 603 2.4 0.12005 0.00046 12077 57 11911 125 144,19 | 0.68| 149.12 | 0.75
NBP0805 DR36 Dc-A-2 D 3828 | 13 350 1.6 0.12310 |0.00044 12392 82 12287 | 108 | 144.91 | 0.69 | 150.03 | 0.76
NBP0805 DR36 Dc-A-3 D 4116 | 13| 472 2.1 0.12795 | 0.00044 12930 84 12798 | 122 | 143.18 [ 0.65| 148.45 [ 0.72
NBP0805 DR23 Dc-A-5 D 3388 | 11 625 2.5 0.13208 | 0.00046 13400 59 13187 | 154 | 141.03 | 0.64 | 146.39 | 0.72
LMG06-05 9 1 B 3683 | 12 108 19.4 | 0.13290 | 0.00053 13430 66 13397 | 76 145.63 | 0.66 | 151.25 [ 0.72
LMG06-05 9 3 F 3533 | 12 22 2.6 0.13520 | 0.00053 13714 67 13707 | 68 142.81 | 0.71] 148.45 | 0.77
NBP0805 DR35 Dc-A-2a D 4761 | 16 377 6.8 0.14515 | 0.00055 14802 71 14710 | 95 142.10 | 0.67 | 148.13 | 0.74
NBP080G5 DR23 Dc-A-6 D 4060 | 13 350 4.0 0.15477 0.00057 15787 73 15688 100 146.53 | 0,66 | 153.18 | 0.73
NBP0805 TB04 Dn-A-10 D 3125 | 10| 1218 6.1 0.16470 |0.00061 16848 81 16402 | 310 | 148.42 | 0.68| 155.46 | 0.85
NBPO805 DR23 Dc-A-4 D 3527 12 1499 9.2 0.19788 0.00073 20822 101 20330 | 345 135.87 | 0.61| 143.91 | 0.78
NBP0805 DR27 Dc-A-1 D 5919 | 19| 1453 | 11.4| 0.20636 | 0.00079 21809 110 | 21524 | 220 | 135.75 | 0.63 | 144.27 | 0.76
NBP0O805 DR23 Dc-A-1 D 4055 | 13 1555 5.4 0.24214 0.00085 26091 124 | 25647 | 322 134.42 | 0.61 | 144.52 | 0.78
NBP0805 DR23 Dc-A-2 D 4921 |16 ] 1033 3.6 0.31831 | 0.00108 35707 259 | 35466 | 306 | 134.61 | 0.63 | 148.80 | 0.79
NBPO80S DR23 Dc-A-3 D 3472 | 11 1010 3.5 0.34699 0.00120 39588 199 | 39253 | 301 133.77 | 0.61} 149.47 | 0.80
NBP0805 DR27 Dc-A-2 D 5338 [ 17§ 1900 6.4 0.69102 |0.00243 | 103932 791 | 103521 | 840 | 110.53 | 0.52 | 148.09 | 1.00
NBP0805 DR35 Dc-D-2 D 3743 | 13 160 6.7 1.00615 0.00411 226109 5533 | 226063 | 5535{ 120.14 | 0.58 ] 227.60 | 3.19

!Coral genera: D = Desmophyllum, F =Flabellum, and B = Balanophyllia
Uncorrected age (i.e. not corrected for initial >>°Th
3Corrected age (corrected from initial 2307h)
“Measured U
SInitial *2*U (i.e. decay-corrected based on the age of the sample)
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Table 2. Radiocarbon data from corals collected from the Drake Passage

NOSAMS | 8°°C 19¢ Age 4 Agecor atc
Cruise |Dredge| Sample |Accession #|(%o) Fm' 1o (*cyears) | 10 FMeor 1o (“cyears) | 10 (%0)
NBP0805 TB0O4 Mod Bal 1 0S-70514 (-8.2710.9051 ] 0.0033 800 60 | 0.9047 | 0.0037 805 65 -94.4
NBP0O805 TB04 Dp-A-3 0S-73793 |[-7.0810.8976| 0.0036 870 65 | 0.8972 | 0.0039 870 70 -95.5
NBP0805 TB04 | BigBeautyA| 0S-79683 -2.38] 0.8427 | 0.0026 1370 50 | 0.8421 | 0.0030 1380 60 |-108.9
NBP0O805 DR40 Dc-A-1 0S-73797 |-8.56|0.7692 | 0.0030 2110 65 | 0.7683 | 0.0034 2120 70 |-118.0
NBP0805 DR35 Dc-A-1 0S-73800 -2.92|(0.7129 | 0.0030 2720 35 10.7118 | 0.0034 2730 75 |-124.7
NBP0O805 DR35 Dc-A-1 0S5-73800 |-2.92]0.7129 0.0030 2720 65 | 0.7118 { 0.0034 2730 75 1-120.3
NBP0O805 TB04 Dn-A-11 05-73791 -6.63] 0.5483 | 0.0020 4830 30 | 0.5465 | 0.0026 4850 75 -41.1
NBP0O805 DR34 Dc-A-2 0S-78166 |-5.58]0.4590] 0.0022 6260 75 | 0.4568 | 0.0027 6290 95 -76.0
NBP0O805 TB04 Dn-A-13 0S-73804 |-5.59|0.4763 1 0.0021 5960 35 | 0.4742 { 0.0026 5990 90 -33.3
NBP0O805 TB0O4 Dn-D-6 05-80169 | -7.06]0.4513 | 0.0021 6390 35 | 0.4491 | 0.0026 6430 95 -17.6
NBP0O805 DR34 Dc-A-1 0S-80168 |-6.50]|0.4126] 0.0019 7110 35 | 0.4102 | 0.0025 7160 95 -59.8
NBP0805 DR35 Dc-C-2 0S-78168 | -4.15]0.3768 | 0.0025 7840 55 | 0.3743 | 0.0030 7890 130 | -49.6
NBP0805 DR35 Dc-D-4 0S5-80167 |-6.86(0.2962 | 0.0016 9770 45 | 0.2934 | 0.0022 9850 120 1.0
NBP0O805 DR35 Dc-D-5 0S-78165 |-6.2110.2870] 0.0025 10050 70 | 0.2841 | 0.0030 10100 170 | -16.5
NBP0O805 DR36 Dc-A-1 0S-79682 | -4.95| 0.2884 | 0.0013 9990 35 | 0.2856 | 0.0020 10050 110 -4.6
NBP0805 DR35 Dc-D-1 0S-78163 |-3.54|0.2700| 0.0014 10500 40 | 0.2671 | 0.0021 10600 130 | 25.7
NBP0O805 DR35 Dc-D-3 0S-78164 | -4.72| 0.2664 | 0.0018 10600 55 | 0.2634 | 0.0024 10700 150 16.1
NBP0805 DR35 Dc-B-1b 0S-78162 | -5.5210.2700§ 0.0017 10500 50 | 0.2670 | 0.0023 10600 140 | 42.8
NBP0O805 DR35 Dc-A-2c¢ 0S-73801 -6.40| 0.2716 | 0.0014 10450 45 | 0.2687 | 0.0021 10550 130 | 63.4
NBP0O805 DR35 Dc-B-1a 0S-78134 | -1.41]0.2638{ 0.0015 10700 45 | 0.2608 | 0.0022 10800 130 32.3
NBP0805 DR35 Dc-C-1b 0S-73799 -4.67 | 0.2648 ] 0.0016 10650 50 | 0.2619 | 0.0023 10750 140 42.5
NBP0805 DR35 Dc-C-1b 0S-73799 |-4.67|0.2648 | 0.0016 10650 50 | 0.2619 { 0.0023 10750 140 | 49.4
NBP0O805 DR38 Dc-A-1 0S-78136 |-1.25}0.2635] 0.0014 10700 45 | 0.2605 | 0.0021 10800 130 | 61.7
NBP0805 DR35 Dc-E-1 0S5-73792 -4.151 0.2629 | 0.0019 10750 60 | 0.2600 | 0.0025 10800 150 | 68.8
NBP0805 DR35 Dc-E-1 0S-73792 |-4.15| 0.2629 | 0.0019 10750 60 | 0.2600 | 0.0025 10800 150 73.5
NBP0O805 TB04 Dn-B-4 0S-78135 | -7.31| 0.2665| 0.0016 10600 45 | 0.2635 | 0.0022 10700 140 97.3
NBP0O805 DR23 Dc-A-7 0S-79707 | -4.80] 0.2491 ] 0.0012 11150 40 | 0.2460 | 0.0020 11250 130 41.2
NBP0O805 DR36 Dc-A-2 0S-73807 -6.11] 0.2412} 0.0013 11450 40 | 0.2381 | 0.0020 11550 140 | 49.8
NBP0O805 DR36 Dc-A-3 0S-73790 -5.5810.2303 | 0.0013 11800 45 | 0.2272 ] 0.0021 11900 150 | 69.2
NBP0805 DR23 Dc-A-5 0S-79686 |-5.71(0.2171]0.0014 12250 50 | 0.2139 | 0.0021 12400 160 53.1
LMG06-05 9 1 0S-70508 |-7.67(0.2076| 0.0016 12650 60 | 0.2044 | 0.0022 12750 180 | 34.0
LMG06-05 9 3 0S-86121 -5.4110.1975] 0.0015 13050 60 | 0.1943 | 0.0022 13150 180 | 21.5
NBP0805 DR35 Dc-A-2a 0S-78133 |-6.77(0.1910| 0.0012 13300 50 | 0.1877 | 0.0020 13450 170 | 111.0
NBP0O805 DR23 Dc-A-6 0S-79706 |-5.75]0.1602 | 0.0012 14700 60 | 0.1568 | 0.0020 14900 200 | 44.1
NBP0805 TB04 Dn-A-10 0S-73806 -5.6410.1742 | 0.0012 14050 55 1 0.1709 | 0.0019 14200 180 | 241.7
NBP0O805 DR23 Dc-A-4 0S-79685 | -6.340.1032| 0.0008 18250 60 | 0.0996 | 0.0018 18550 280 | 162.1
NBP0O805 DR27 Dc-A-1 0S-78131 | -4.90( 0.0927 | 0.0009 19100 80 | 0.0890 | 0.0018 19450 330 | 200.5
NBP0805 DR23 Dc-A-1 05-73803 -4.65] 0.0568 | 0.0007 23000 95 | 0.0530 | 0.0017 23600 520 | 179.3
NBP0805 DR23 Dc-A-2 0S-73805 -0.17 ] 0.0209 | 0.0006 31100 220] 0.0170 | 0.0017 32700 1600 | 245.8
NBP0O805 DR23 Dc-A-3 0S-79684 |-5.71]0.0154 | 0.0004 33500 190] 0.0114 | 0.0016 35900 2300 | 322.7

! Fraction modern
2Background corrected Fraction modern
3Radiocarbon age calculated from the background corrected Fraction modern
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Appendix A3

Data Tables for Chapter 4:
Investigating the source of radiocarbon-depleted intermediate
waters during the last deglaciation

Table 1. Locations and depths of coral samples from cruise CE08-06 on the Reykjanes
Ridge off Iceland

Table 2. Reconnaissance radiocarbon ages
Table 3. Uranium and thorium data

Table 4. Radiocarbon data
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Table 1. Cruise CE0O8-06 Dredge Locations

Dredge Latitude (°N) | Longitude (°E)! Depth (m)
Dr2A 55.7 -35.0 2022
Dr4 56.3 -34.5 1290
Dr4A 56.3 -34.4 1621
Dré 56.5 -34.4 1792
Dro 56.8 -34.2 1464
Dri4 57.4 -33.2 1795
Dri15 57.7 -33.2 1361
Dri6 57.9 -32.9 1680
Dri7 58.2 -32.6 1284
Dri8 58.5 -32.3 1385

Dri8A 58.5 -32.3 1369
Dr19 58.8 -32.0 1646

Dri9A 58.8 -32.0 1545

Dri9B 58.9 -32.2 1429
Dr20 59.4 -31.5 1528
Dr21 59.5 -31.4 1410

Dr21A 59.5 -31.4 1427

Dr22A 60.1 -30.7 1607
Dr24 60.5 -29.7 1038
Dr25 60.7 -29.2 1416
Dr26 60.7 -29.5 1210

Dr26A 60.7 -29.4 1142
Dr27 61.2 -28.9 1314
Dr28 61.4 -28.8 1211
Dr29 61.4 -27.9 994

Dr29A 61.4 -27.9 997

Dr30A 61.6 -27.6 944

Dr31A 61.9 -27.0 768

Dr32A 62.1 -26.6 843
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Table 2. Reconnaissance Radiocarbon Ages

Cruise | Dredge | Sample Fm 1sigma | Libby age | 1 sigma
CE0806 | Dr02A 1 0.8754 0.0066 1070 60
CEO0806 | Dr02A 2 0.9424 0.0067 475 55
CE0806 | Dr02A 3 0.9224 0.0127 650 110
CE0806 | Dr02A 4 0.9071 0.0064 785 55
CE0806 | Dr02A 5 0.9344 0.0065 545 55
CE0806 | Dr02A 7 0.6921 0.0101 2960 120
CEO0806 | Dr02A 8 0.8474 0.0060 1330 55
CE0806 | Dr02A 9 0.9313 0.0096 570 85
CEO806 | Dro4 1 0.9379 0.0097 515 85
CE0806 | Dr04 4 0.3315 0.0077 8870 190
CE0806 | Dr04 6 0.7423 0.0108 2390 120
CE0806 | Dro04 7 0.8162 0.0117 1630 110
CE0806 | Dr04 11 0.3120 0.0072 9360 190
CEO0806 | Dro4A 1 0.9355 0.0066 535 55
CEO0806 | Dr09 1 0.0093 0.0048 37600 4100
CE0806 | Dro9 2 0.0085 0.0048 38300 4500
CEO0806 | Dr09 3 0.9346 0.0067 545 55
CE0806 | Dr09 5 0.3160 0.0072 9250 180
CEO806 | Dr09 6 0.3109 0.0072 9390 190
CEO0806 | Dro09 7 0.3192 0.0072 9170 180
CE0806 | Dr09 8 0.2899 0.0072 9950 200
CE0806 | Dr09 10 0.3336 0.0074 8820 180
CE0806 | Dr09 12 0.9649 0.0099 285 85
CEO0806 | Dr09 14 0.9400 0.0098 495 85
CE0806 | Dr15 1 0.0121 0.0021 35500 1400
CEO0806 | Dri15 2 0.0099 0.0021 37000 1700
CEO0806 | Dri5 3 0.0080 0.0021 38800 2100
CEO0806 | Dri5 4 0.0083 0.0023 38500 2200
CE0806 | Dri5 5 0.9309 0.0128 575 110
CE0806 | Dr15 6 0.7125 0.0107 2720 120
CE0806 | Dr15 7 0.7904 0.0113 1890 110
CE0806 | Dri15 8 0.3647 0.0076 8100 170
CE0806 | Dri5 9 0.6849 0.0101 3040 120
CE0806 | Dri5 10 0.9927 0.0136 60 110
CE0806 | Dri6 1 Indistinguishable from radiocarbon dead coral
CE0806 | Dri6 2 0.0178 0.0025 32400 1100
CEO0806 | Dr16 3 0.9274 0.0097 605 85
CE0806 | Dri6 5 0.0192 0.0048 31700 2000
CEO0806 | Dri6 6 Indistinguishable from radiocarbon dead coral
CE0806 | Dr16 10 0.6803 0.0101 3100 120
CE0806 | Dr16 11 0.3356 0.0074 8770 180
CE0806 | Dri6 12 0.9356 0.0129 535 110
CE0806 | Dri6 13 0.6304 0.0097 3710 120
CE0806 | Dri6 16 |Indistinguishable from radiocarbon dead coral
CE0806 | Dri6 19 0.3611 0.0076 8180 170
CE0806 | Dr16 20 0.8995 0.0126 850 110
CE0806 | Dr16 22 0.9502 0.0131 410 110
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CE0806
CE0806
CE0806
CE0806
CE0806
CE0806
CE0806
CEO806
CEO0806
CEO806
CEO806
CE0806
CE0806
CEO806
CEO806
CEO0806
CE0806
CEO806
CE0806
CE0806
CEO0806
CE0806
CE0806
CEO806
CE0806
CEO806
CEO0806
CEO806
CE0806
CE0806
CEO0806
CE0806
CE0806
CEO0806
CEO0806
CE0806
CEO0806
CE0806
CE0806
CE0806
CEQ0806
CE0806
CEQ0806
CEQ806
CEQ806
CEQ806
CE0806

Dr16
Dr16
Dri16
Dri6
Dri7
Dri7
Dri7
Dri8
Dri8
Dr18
Dr18
Dri8
Dr18
Dr18
Dri8A
Dri8A
Dri8A
Dri8A
DrioA
DrioA
DrioA
Dri9A
DrioA
DrioA
Drig9A
Dri9A
Dri9A
Dri9A
Dri9B
DrioB
DrigoB
DrioB
DrioB
Dri19B
DrioB
Dr25
Dr26
Dr26
Dr26A
Dr26A
Dr29
Dr29
Dr29
Dr29A
Dr29A
Dr31A
Dr32

23
24
25

wl—ﬂNl—*wa—*O\HNH\15kOO\U1-bNHSSLO@\JO\meN-PWNHEKDO\m-bNHA

0.8287 0.0118 1510 110
0.9796 0.0100 165 80

0.0093 0.0048 37600 4100
0.9466 0.0130 440 110
0.3094 0.0073 9420 190
0.8754 0.0123 1070 110
0.9623 0.0132 310 110

Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral

0.9628 0.0133 305 110
0.3720 0.0076 7940 160
Indistinguishable from radiocarbon dead coral
0.6587 0.0101 3350 120
0.9950 0.0137 40 110
1.0143 0.0142 >Mod
0.9230 0.0128 645 110
0.9182 | 0.0128 685 110
0.8050 0.0115 1740 110
1.0100 0.0022 >Mod

Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral

1.0234 0.0139 >Mod

0.9919 0.0138 65 110
0.0060 0.0048 41100 6500
0.9651 0.0136 285 110

Indistinguishable from radiocarbon dead coral

1.0039 |

0.0025 |

>Mod

Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral

0.9725 0.0101 225 85
0.3342 0.0055 8800 130
0.8647 0.0094 1170 85

Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral

0.1995 | 0.0049 | 12950 | 200
Indistinguishable from radiocarbon dead coral
Indistinguishable from radiocarbon dead coral

0.5788 | 0.0053 | 4390 | 75
Indistinguishable from radiocarbon dead coral

0.6745 0.0057 3160 70
0.7994 0.0061 1800 60
0.1977 0.0029 13000 120
0.9213 0.0067 660 60
0.0411 0.0023 25600 450
0.3215 0.0035 9120 85
0.9210 0.0105 660 90
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Table 3. Uranium and thorium data from corals collected on Cruise CE08-06

[zasu] [232Th] 230Th/238U Ageuncorr 2 Aget_‘ﬁ!l’l‘3 6234lj"l 4 5234"’i 5
Dredge | Sample Gen.'| (ppb) 20 (ppt) 20 Activity 20 (y) 20 (y) 20 (%o0) 20 (%o0) 20
Dr31A 2 M 3775 12 125 0.7 0.00036 0.00001 34 1 19 8 148.48 |0.67| 148.49 | 0.69
Dr27 4 col. 3441 11 478 1.6 0.00578 0.00003 552 3 488 32 146.81 |0.66| 147.02 | 0.75
Dr29 2 D 4082 15 255 0.9 0.01200 0.00007 1148 7 1119 16 147.05 ]0.75| 147.51 | 0.79
Dr27 3 col. 3221 10 570 2.0 0.04532 0.00016 4386 18 4305 45 150.11 ]0.68| 151.95 | 0.80
Dr26A 1 D 4730 16 502 1.7 0.04653 0.00019 4529 22 4480 33 144.44 {0.71| 146.28 | 0.78
Dr19B 5 col. 3731 12 810 2.7 0.09380 0.00036 9327 43 4480 67 143,91 |0.67| 147.71 | 0.82
Dr31A 1 C 3267 11 965 3.1 0.09908 0.00037 9872 45 4480 82 144.27 |(0.70| 148.29 0.89
Dr25 7 F 4458 15 224 1.7 0.14270 0.00051 14507 65 4480 66 144.14 |0.67| 150.16 | 0.74
Dr29 3 F 4350 16 99 62.8 0.14338 0.00083 14587 100 | 4480 |107| 143.65 |0.69| 149.70 | 0.76
Dri6 5b D 3358 11 1262 4.2 0.32150 0.00119 36352 184 | 4480 |204| 128.94 |0.63| 142.82 | 0.93
Dr16 5b D 3158 11 1232 4.0 0.32152 0.00120 36443 186 | 4480 |[208( 126.71 |0.63| 140.39 | 0.94
Dr16 5 D 4021 15 696 2.3 0.32373 0.00125 36712 194 | 4480 |199| 127.37 |0.66| 141.26 | 0.86
Dr29A 2 D 4686 15 3864 |13.0 0.37129 0.00132 43290 217 | 4480 |[291| 126.91 |0.58( 143.27 | 1.15
Dri5 3 D 3058 10 851 3.0 0.53837 0.00191 69614 397 | 4480 |403| 129.92 |0.60| 158.11 | 0.98
Dri5 1 D 3408 11 686 2.4 0.53360 0.00196 69672 | 407 | 4480 |[410( 120.03 |0.56| 146.12 | 0.89
Dri19A 3 D 3170 10 1683 5.6 0.55172 0.00195 72645 | 417 | 4480 |[436( 123.50 |0.57| 151.54 | 1.07
Dri6 1 D 4636 15 593 2.1 0.55360 0.00201 73830 | 434 | 4480 |435| 115.15 |0.54| 141.84 | 0.85
Dr18 1 D 5031 17 808 3.0 0.71258 0.00266 | 109962 | 793 | 4480 |795| 107.38 |0.51| 146.49 | 1.04

!Coral genera: M = Madrepora, D = Desmophyllum, C = Caryophyllia, F =Flabellum, and col. = unidentified colonial coral (likely Madrepora or Lophelia)
2Yncorrected age (i.e. not corrected for initial 2°Th
3Corrected age (corrected from initial 23°Th)
“Measured §°*U
SInitial 82**U (i.e. decay-corrected based on the age of the sample)
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Table 4. Radiocarbon data from corals collected on Cruise CE08-06

NOSAMS 8¢ %c Age *c Agecor®
Dredge | Sample |Accession # (%0) Fm' 10 (**Cyears) | 1o FMeorr? 10 (**Cyears) | 10
Dr31A 2 05-85654 -4.69 1.0142 | 0.0036 113 55 1.0143 0.0039 114 60
Dr27 4 05-86071 -6.05 0.8932 | 0.0030 905 25 0.8928 | 0.0034 910 60
Dr29 2 05-86073 0.10 0.8134 | 0.0025 1660 25 0.8126 | 0.0030 1670 60
Dr27 3 0S-85577 -7.11 0.5903 | 0.0020 4230 25 0.5886 | 0.0025 4260 70
Dr26A 1 05-86072 -1.36 0.5767 | 0.0022 4420 30 0.5750 0.0027 4450 75
Dr19B 5 0S-86087 -5.33 0.3411 | 0.0015 8640 35 0.3384 | 0.0022 8700 100
Dr31A 1 05-83584 -6.23 0.3230 | 0.0022 9080 55 0.3203 0.0027 9150 140
Dr25 7 0S-86082 -0.68 0.2000 | 0.0014 12950 55 0.1968 0.0021 13050 170
Dr29 3 0S-83534 -0.81 0.1986 | 0.0015 13000 60 0.1954 | 0.0022 13100 180
Dri6 5b 0S-86088 -4.90 0.0199 | 0.0006 31500 230 | 0.0159 0.0017 33200 1700
Dri6 5b 05-86088 -4.90 0.0199 | 0.0006 31500 230 | 0.0159 0.0017 33200 1700
Dri6 5 0S-86074 -4.86 0.0197 | 0.0004 31600 180 | 0.0157 | o0.0016 33300 1700

! Fraction modern
2Background corrected Fraction modern
3Radiocarbon age calculated from the background corrected Fraction modern



Appendix A4

Supplementary Information for Chapter 5.

Originally published as online auxiliary material for:
Burke, A., O. Marchal, L. I. Bradtmiller, J. F. McManus, and R. Francois
(2011), Application of an inverse method to interpret >*'Pa/*’Th
observations from marine sediments, Paleoceanography, 26, PA1212,
do0i:10.1029/2010PA002022.

Text 1. Finite difference forms of the equations used to constrain the modern circulation
and our model of scavenging of **'Pa by particles.

Text 2. References for additional >*'Pa/**°Th data from Holocene sediments used to
compare to water column [Pa].

Figures S1 to S6.
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Text 1. Finite Difference Forms

Circulation Model

The differential equations of the circulation model are the equations of volume
conservation, the thermal wind relationships, and the linear vorticity balance. These
equations are expressed in spherical coordinates. They are discretized on a grid with a
longitudinal spacing A¢ = 4°, a latitudinal spacing A8 = 4°, and a vertical spacing Az =
1000 m. The components of volume transport are defined at the faces of the grid boxes
and the density is defined at the corners of these boxes.

Consider a box with its southwest bottom corner designated with the indices (i,j,k), which
increase in the zonal, meridional, and vertical direction, respectively. The finite
difference form of the equation for volume conservation for this box is

U , ,-U | +V, -V AW, =W, =0 (AD

1 1
Lj+—k+— i+1,j+= k4= i+—,jk+— + j+1 k+~ +=,j+=k i+, j+=,k+1
AP AP R TR A '2’2 BPRAP)

Here U, V, and W are the components of volume transport (Sv) in the zonal, meridional,
and vertical direction, respectively.

The finite difference analogs of the thermal wind relationships are

gA22 Pisjx ~ P, j .k
Vil Jhea “Va TR TS 1;in@ j e
Sk Jk=3 Po j
gAZ’AG P, i — P,
v , ,-U , =- 2 jjlk (A2b)
ek gk 290, Alcost)

where g = 9.8 m/s” is the gravitational acceleration, p is in situ density (0o = 1028 kg/m’
is a reference value), 2=7.29 x 107 s™! is the angular velocity of the rotation of the earth,
and @ is latitude.

Finally, the finite difference form of the linear vorticity balance is

(Vv vV
A(Slﬂ@){ i+— jk+; i+%,j+1,k+%
2 sinf. | sinf - Wi+l PEURRARIN P o (A3)
J J+l 2772 272

Equations (A1-A3) constitute a set of linear algebraic equations which can be expressed
in compact form as Ax = b (see section 2.1).
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Advection-Scavenging Model

The equation of the advection-scavenging model is discretized on the same grid as
the equations of the circulation model. The activity of total 21pa, (C below), is defined at
the center of the grid boxes. The finite difference form of the equation of the advection-
scavenging model is

-cr.u | (+CEU | [ =C V., +CTV

l,j,k l,j,k l»jak lvjvk

i j+—k+— i+1,j+—=k+— it—,jk+—= i+—, j+Lk+—=
22 22 2 2 2
-C2. W +CI W +C,. W*-C. .. W*=p,Vol (A4)
Lk 11 ijk' 11 ijk i, k+1 = M
z+E,J+E,k 1+5,]+—2—,k+1

where B3 = 2.4 x 107 dpm m™ y ! is the production of *'Pa from the radioactive decay
of 2°U, W* is the product w and kp, (w being the sinking velocity of scavenging particles
and kp, the partition parameter for Pa) integrated over the lower or upper surface area of
the grid box, and Vol is the volume of the grid box.

The values of (CW,CE,CS,CN,CB,CT) depend on the sign of the transport components
(U,V,W). If the transport is info the box, then (C",CF,C5,C",C®,C") is the **'Pa activity
from the box to the (west, east, south, north, bottom, top) of the box. If the transport is
out of the box then it is the **'Pa activity of the box.

Equations (A4) (there is one such equation for each box) constitute a set of linear
algebraic equations which can be expressed in compact form as Gx = h (see section 3.4).
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Text 2. References for additional >*'Pa/>*'Th data from Holocene sediments used to
compare to water column [Pa]

Anderson, R. F., M. P. Bacon, and P. G. Brewer (1983), Removal of Th-230 and Pa-231
from the Open Ocean, Earth and Planetary Science Letters, 62(1), 7-23.
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Suter (1994), Anomalous Boundary Scavenging in the Middle Atlantic Bight -
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Topical Studies in Oceanography, 41(2-3), 537-561.

Asmus, T., M. Frank, C. Koschmieder, N. Frank, R. Gersonde, G. Kuhn, and A. Mangini
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Subantarctic Zone during the late Quaternary: Evidence from sedimentary Pa-
231(ex) and Th-230(ex), Marine Geology, 159(1-4), 63-78.

Bacon, M. P, and J. N. Rosholt (1982), Accumulation Rates of Th-230, Pa-231, and
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University, New Haven.
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Columbia University, New York.
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Sediments near 42 Degrees N and 20 Degrees N, Deep-Sea Research, 19(3), 233-
247.

Kumar, N., (1994), Trace metals and natural radionuclides as tracers of ocean
productivity, Ph.D. thesis, Columbia University, New York.

Legeleux, F., (1994), Relation entre particules marines et message sédimentaire: Flux de
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'Océan Atlantique tropical de nord-est, Ph.D. thesis, University of Paris, Paris.

Mangini, A., Dieter-Haas, L. (1983): Excess Th-230 in sediments off NW Africa traces
upwelling in the past. In: Coastal upwelling: its sedimentary records, Plenum,
New York, pp. 455-470.

Scholten, J. C., J. Fietzke, A. Mangini, C. D. Garbe-Schbnberg, A. Eisenhauer, R.
Schneider, and P. Stoffers (2008), Advection and scavenging: Effects on Th-230
and Pa-231 distribution off Southwest Africa, Earth and Planetary Science
Letters, 271(1-4), 159-169.

Walter, H. J., M. M. R. van der Loeff, and H. Hoeltzen (1997), Enhanced scavenging of
Pa-231 relative to Th-230 in the south Atlantic south of the Polar front:
Implications for the use of the Pa-231/Th-230 ratio as a paleoproductivity proxy,
Earth and Planetary Science Letters, 149(1-4), 85-100.
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Supplementary Figure Captions

Figure S1. Diagnostics of the modern circulation inversion (with prior LNM = 3000 m).
(a) Adjustments to the prior estimates of the individual volume transports (U,V,W). (b)
Residuals in the dynamical constraints and adjustments to the observational estimates of
the volume transports of NADW and of the integrated meridional transport at 36° N, 24°
N, and 32° S. In both panels (a,b) the adjustments or residuals are normalized to the
corresponding prior uncertainty (Chapter 5, Table 1) and the abscissa is an arbitrary
counter.

Figure S2. Posterior uncertainties for the horizontal circulation between 2000 and 3000
m (solution with prior LNM = 3000).

Figure S3. Posterior uncertainties for the horizontal circulation between 4000 and 5000 m
(solution with prior LNM = 3000).

Figure S4. (a) Partition coefficient (kp,) at 12 stations in the Atlantic Ocean (deeper than
1000 m) computed from paired measurements of particulate and total 21pa activity. The
rank correlation coefficient (Kendall tau or t) and its p-value are shown for stations
where n>2. p-values greater than 0.05 indicate that kp, data do not increase or decrease
with depth at the 5% significance level.

(b) Geographic locations of stations in the Atlantic Ocean with paired measurements of
particulate and total *'Pa activity labeled with the depth averaged value of kp,
(dimensionless). 40° S is shown by a solid line.

(©) Geograghic locations of stations in the Atlantic Ocean with measurements of
particulate “*°Th activity ([Th]p, in dpm/rn3) labeled with the depth averaged value of
[Th]e.

Figure S5. Plot of measured [Pa] (dpm/m’) against the objectively mapped [Pa] at the
same same data locations.

Figure S6. Adjustment of reconstructed 21pa activity, [Pa], in bottom water near core
locations to the modern circulation for the Holocene (top), LGM (middle), and H1
(bottom) (+). [Pa] was objectively mapped from an extended data set that includes the
recent 2>'Pa/?*°Th record from the Cape Basin [Negre et al., 2010]. The adjustments to
the modern circulation of the objectively mapped [Pa] from the sediment data sets
excluding data of Negre et al. [2010] are shown for comparison (black triangles). In both
cases, [Pa] is reconstructed from sedimentary 21pa/3°Th using equation (9) and taking an
average value of water column particulate #%Th measured in the Atlantic Ocean.
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Figure S2.
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Figure S3.
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Figure S4.
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Figure S5.
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Figure S6.
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Appendix AS

. 14 . .
Reconnaissance ~“C data and uranium series data on
Galapagos corals

More than 200 pieces of scleractinian colonial corals (>11 kg) and 5 solitary fossil
corals were collected from the Galapagos on cruise MV1007. Corals came from dredges
D03 (0.46°N, 90.71°W, 610 m) and D09 (0.79°N, 91.3°W, 495 m). A subset of 50 of
these corals were dated using the radiocarbon age survey techniques described in
McIntyre et al. [accepted]. Five of the colonial corals were also dated with uranium
series. No corals had deglacial reconnaissance ages so these corals are not discussed
further in this thesis. This appendix includes the following tables and figure:

Table 1. Reconnaissance radiocarbon ages
Table 2. Uranium and thorium data

Figure 1. Histogram of reconnaissance radiocarbon ages.

Mclntyre, C. P., et al. (accepted), Rapid radiocarbon (14C) analysis of coral and carbonate samples using a
continuous-flow accelerator mass spectrometry (CFAMS) system.

146



Table 1. Reconnaissance Radiocarbon Ages

| Cruise |Dredge| Sample* Fm 10 Libby age 10
MV1007 (D03 1-1 0.0066 0.0048 40300 5900
MV1007 |DO3 1-2 0.0149 0.0048 33800 2600
MV1007 |DO3 1-3 0.0165 0.0048 33000 2300
MV1007 |DO3 1-4  |Indistinguishable from radiocarbon dead coral
Mv1007 |[DO3 1-10 |Indistinguishable from radiocarbon dead coral
MV1007 |DO3 2-10a |Indistinguishable from radiocarbon dead coral
MV1007 ([DO3 2-10b [Indistinguishable from radiocarbon dead coral
MV1007 (DO3 2-10c |Indistinguishable from radiocarbon dead coral
MV1007 |DO3 2-18a |Indistinguishable from radiocarbon dead coral
MV1007 |DO3 2-18b 0.0087 0.0073 38100 6700
MV1007 (D03 2-18c 0.0133 0.0072 34700 4400
MV1007 |DO03 3-10 0.0146 0.0072 34000 4000
MV1007 |DO3 3-15a 0.8683 0.0090 1100 85
MV1007 |DO3 3-15b 0.0194 0.0072 31700 3000
MV1007 (D03 3-26a 0.8600 0.0088 1200 80
MV1007 (D03 3-26b 0.0229 0.0072 30300 2500
MV1007 (D03 3-29a 0.8450 0.0074 1400 70
MV1007 (D03 3-29b 0.8495 0.0143 1300 140
MV1007 |DO3 4-11 0.0166 0.0072 32900 3500
MV1007 |DO03 4-7 0.8610 0.0052 1200 50
MV1007 |DO3 4-8a {Indistinguishable from radiocarbon dead coral
MV1007 |DO3 4-8b |Indistinguishable from radiocarbon dead coral
MV1007 (D03 5-1 Indistinguishable from radiocarbon dead coral
MV1007 |DO3 5-11 [Indistinguishable from radiocarbon dead coral
MV1007 (D03 5-19 0.0105 0.0072 | 36600 | 5500
MvV1007 (DO3 Desmol |Indistinguishable from radiocarbon dead coral
MV1007 |DO3 Desmo2 | 0.8688 0.0094 1100 85
MV1007 |[DO03 Desmo3 | 0.8495 0.0090 1300 85
MV1007 |DO3 Desmo4 | 0.0069 0.0048 40000 5600
MV1007 (D03 Desmo5 | 0.8583 0.0091 1200 85
MV1007 |DO09 1 0.8496 0.0096 1300 90
MV1007 |DO09 3 0.8770 0.0102 1100 95
MV1007 |[DO9 4 0.8488 0.0054 1300 50
MV1007 (D09 5 0.8332 0.0097 1500 95
MV1007 (D09 6 0.8772 0.0094 1100 85
MV1007 (D09 8 0.8614 0.0096 1200 90
MV1007 [DO09 9 0.8787 0.0090 1000 80
MV1007 |DO09 10 0.9568 0.0106 400 90
MV1007 |DO09 11 0.9973 0.0135 0 110
MV1007 {DO09 12a 0.8659 0.0101 1200 95
MV1007 |[DO09 12b 0.8945 0.0107 900 95
MV1007 (D09 13 0.8902 0.0101 900 90
MV1007 (D09 14 0.8951 0.0092 900 85
MV1007 (D09 15 0.9053 0.0090 800 80
MV1007 (D09 16 0.8609 0.0106 1200 100
MV1007 |DO0S 17a 0.8718 0.0096 1100 90
MV1007 |DO09 17b 0.8876 0.0093 1000 85
MV1007 |DO09 18 0.8766 0.0100 1100 90
MV1007 (D09 19 0.8396 0.0102 1400 100
MV1007 [D09 20 0.8854 0.0099 1000 90

*All samples are unidentified colonial scleratinian corals, except for

Desmo1l through Desmo5 which are Desmophyllum dianthus
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Table 2. Uranium and thorium data from corals collected on Cruise MV-1007

[238U] [ZSZTh] 130Th/238u Ageunwrr 1 Agecorrz 5234Um 3 6234Ui 4
Dredge | Sample (ppb) 20 (ppt) 20 Activity 20 (y) 20 (y) 20 (%0) 20 (%0) 20
D03 1-2 4371 14 32.5 5.6 0.32411 0.00114 36785 178 36776 179 126.84 | 0.60 | 140.73 0.73
D03 1-3 3861 12 45.0 4.0 0.31311 0.00110 35178 168 35165 169 130.52 ] 0.60 | 144.16 0.73
D03 4-11 4126 14 107.1 3.0 0.32701 0.00117 37006 181 36976 183 130.98 | 0.61 | 145.41 0.76
D09 17 3985 14 7.0 4.2 0.00054 0.00003 52 3 50 4 146.95 | 0.74 | 146.97 0.74
D09 12 3385 12 6.7 3.7 0.00018 0.00003 17 3 15 5 147.09 |1 0.74 ] 147.10 0.75

!Uncorrected age (i.e. not corrected for initial 2°Th

2Corrected age (corrected from initial 2°Th)

*Measured &

234,
My

*Initial §°*U (i.e. decay-corrected based on the age of the sample)
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Figure 1. Radiocarbon age distribution of corals collected from
Galapagos on cruise MV-1007
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