
Glacial reduction of AMOC strength and long-term
transition in weathering inputs into the Southern
Ocean since the mid-Miocene: Evidence
from radiogenic Nd and Hf isotopes
Veit Dausmann1 , Martin Frank1, Marcus Gutjahr1 , and Jörg Rickli2

1GEOMAR Helmholtz-Centre for Ocean Research Kiel, Kiel, Germany, 2Department of Earth Sciences, Institute of
Geochemistry and Petrology, ETH Zurich, Zurich, Switzerland

http://orcid.org/0000-0003-3281-9208
http://orcid.org/0000-0003-2556-2619
http://orcid.org/0000-0001-8186-2750
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9186
http://dx.doi.org/10.1002/2016PA003056
http://dx.doi.org/10.1002/2016PA003056
http://dx.doi.org/10.1002/2016PA003056
http://dx.doi.org/10.1002/2016PA003056
http://dx.doi.org/10.1002/2016PA003056
mailto:vdausmann@geomar.de


import of warm and saline NADW has been inferred to have led to a higher degree of stratification, which



cycle [Rutberg et al., 2000; Piotrowski et al., 2004, 2008; Piotrowski, 2005; Skinner et al., 2013] and during the
Mid-Pleistocene Transition (1.2 to 0.7 Ma) [Pena and Goldstein, 2014].

Previous studies have also demonstrated that the Lu-Hf and the Sm-Nd isotope-systems behave differently
during continental (silicate) weathering and may thus deliver important information on sources and mechan-
isms of weathering when combined. Distinct relationships for different reservoirs formed during weathering
processes such as the “seawater array” [Albarède et al., 1998] and the “clay array” [e.g., Bayon et al., 2009, 2016]
emerge when directly comparing radiogenic Nd and Hf isotope signatures. These relationships are based on
the fact that very large proportions of a rocks’ Hf is bound in zircon minerals, which are very resistant to
chemical weathering [e.g., Balan et al., 2001]. Intensified physical weathering (e.g., due to glacial erosion)
destroying mineral lattices and increasing mineral surface area available for weathering likely enhances
the release of less radiogenic Hf from zircons, causing a higher congruency between bulk rock and dissolved
Hf isotope compositions [Piotrowski et al., 2000; van de Flierdt et al., 2002]. Partial dissolution of aeolian and

Figure 1. Section and map of the study area showing the locations of ODP Site 1088 and nearby sediment cores and ferromanganese crust samples. Schematic
pathways of major water masses of the modern Southern Ocean [Reid, 1996] are displayed by grey arrows. The black dashed lines represent approximate
locations of oceanic frontal zones [Orsi et al., 1995]. Abbreviations: AABW: Antarctic Bottom Water; AAIW: Antarctic Intermediate Water; AC: Agulhas Current; ACC:
Antarctic Circumpolar Current; U/L/CDW: Upper/Lower Circumpolar Deep Water; NADW: North Atlantic Deep Water. Produced using Ocean Data View (Schlitzer, R.,
Ocean Data View, http://odv.awi.de, 2016).
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fluvial transported particles, on the other hand, leads to a particularly incongruent release of Hf isotopes as
heavy zircon minerals are lost during transport [e.g., Rickli et al., 2010; Chen et al., 2013b]. Spatial and temporal
variations in Hf isotope compositions in seawater have thus been modified by changes in inputs from
physical and chemical weathering processes on the close by continents.

Here we present the first data set reconstructing mid-Miocene to Holocene water-mass mixing and continen-
tal weathering inputs by using seawater Nd and Hf isotope signatures obtained from sediments on the
Agulhas Ridge in the Atlantic sector of the Southern Ocean. This location is ideal to study variations in
intermediate depth water mass mixing between the North Atlantic, the Southern Ocean, and the Indian
Ocean. These data are further complemented by detrital Nd and Hf isotope signatures reflecting changes
in continental weathering inputs. The new data provide the first continuous record of changes in intermedi-
ate depth ocean circulation and continental inputs in the Atlantic sector of the Southern Ocean based on
radiogenic isotopes since the mid-Miocene, which includes major climatic transitions such as the onset of
Northern Hemisphere Glaciation.

2. Material and Methods
2.1. Sedimentology



2.3.2. Extraction of Bottom Water Signatures From Planktonic Foraminifera
On average, 125 mg of mixed species planktonic foraminifera tests were handpicked from the size fraction
>315μ





3.1. Seawater Nd Isotope Signatures

The εNd values of all samples ranged between �10 and �6.6 at an average external reproducibility of 0.29
(2σ) (Figures 2 and 3). The εNd values of samples older than ~1 Ma varied within a narrower range of �8
± 1.5. Thereafter, values dropped to less radiogenic values averaging �9 ± 1. The Holocene εNd values of
our record (�10) matched modern seawater from a nearby location (�9.9; Station 101 of Stichel et al.
[2012a]). In general, our εNd time series oscillated in harmony with marine isotope stages (MIS) [Lisiecki and
Raymo, 2005] in that more radiogenic values prevailed during glacial stages than during interglacial stages.
For samples older than 1 Ma it was more difficult to unambiguously assign particular MIS. The covariation
of εNd with color reflectance, however, was still very clear and served to identify glacial and interglacial period.
A pronounced maximum (εNd =�6.6) consisting of two data points occurred at about 2.8 Ma. Furthermore,
we observed two pronounced positive εNd peaks during the middle to late Miocene (around 11 Ma and
between 7.7 and 7 Ma, marked with brown dashed fields in Figure 2).

The Nd isotope data of bulk sediment leachates and foraminifera were identical within the 2σ uncertainties.
Only one sample from the mid-Miocene corresponding to an age of 11.2 Ma showed a larger offset of 1.1 εNd

units, with the foraminiferal εNd being more radiogenic than that of the bulk sediment leachate, which is likely
caused by inhomogeneity of the sediment material of this one sample. The data obtained from the leachate
and foraminifera thus both reliably reflect past bottom water signatures.

3.2. Detrital Nd Isotope Signatures

All detrital εNd values ranged between�13 and �8, with only 5 of the 16 samples being more radiogenic than
�10, and thus were generally less radiogenic than the respective seawater fractions. However, in particular,
during the Pleistocene, the detrital εNd signatures varied with the climatic stages similar to the seawater Nd
isotopes, in that more radiogenic signatures reflected glacial stages (Figure 2).

3.3. Seawater Hf Isotope Signatures

The seawater εHf signatures ranged from highly radiogenic +12.5 to unradiogenic +1.9. There was a clear
secular trend from more radiogenic compositions (+5.5 to +12.5) in the Miocene and early Pleistocene
(3 to 13 Ma) to a relatively uniform Hf isotope composition between +2 and +5 over the last 3 Myr. While
the εHf signatures exhibited three radiogenic peaks at ~11.2 Ma, 7.3 Ma, and 2.8 Ma interrupted the



otherwise steady decline in the Miocene and Pliocene, they reached values 1.5 Myr ago. The average εHf

composition of this stable episode (+3.5 ± 0.9) agreed with that of the nearest measured modern seawater
sample (+3.5 ± 0.8, 2000 m water depth, St. 104 [Stichel et al., 2012a]).

3.4. Detrital Hf Isotope Signatures

The contrasts between detrital and authigenic εHf values were more pronounced than those of εNd. Although
the detrital Hf isotope signature was generally much less radiogenic than seawater with values ranging from
�10.4 to �0.3, its evolution has been parallel to seawater with the exception of an excursion to more radio-



instance, to the Angola Basin where Congo-derived ferromanganese phases have been shown to contribute
significantly to the authigenic fraction of the sediments [Bayon et al., 2009].

In order to reconstruct changes in the Nd isotope compositions of Pacific and Atlantic sourced waters
through time, Fe-Mn crust data from the North Atlantic [O’Nions et al., 1998; Burton et al., 1999] and Pacific
[Abouchami et al., 1997; Ling et al., 1997] were used to assess the evolution of the end-member Nd isotopic
compositions at a coarse (>100 kyr) temporal resolution (Figure 3). Past variations in end-member Nd
concentrations, however, cannot be constrained given that there is currently no proxy for past seawater
Nd concentrations. Systematic changes in the concentrations over time cannot be ruled out and have to
be considered as a source of uncertainty. In order to quantify these uncertainties, we have tested the impact
of changes [Nd]SCW/[Nd]NCW on our calculations by simulating deviations from the current concentration
ratio by up to 20%. These simulations show that an increase in [Nd]SCW by 20% translates into a 4% increase



In contrast to the benthic δ13C record of the same core, our Nd isotope time series suggests a return to
reduced AMOC strength in the late Pliocene (around 3 Ma) as indicated by a trend to more radiogenic εNd

marking the transition into an episode of global cooling.
4.2.2. The Intensification of Northern Hemispheric Glaciation
At 2.8 Ma maximum εNd values of �6.6 (Figure 4b) mark a pronounced weakening of the AMOC with NCW
percentages below 50%. Consequently, the relative fraction of SCW in the SO increased by about a factor
of 2 compared to its average proportion (from 25%SCW to more than 50%SCW). At this time, the Northern
Hemisphere experienced a major acceleration in the buildup of continental ice shields (see Figure 4e) known
as the Intensification of Northern Hemispheric Glaciation (~3.6–2.4 Ma [Raymo, 1994]). An age control point at
2.84 Ma for 27.54 meters composite depth (mcd) [Billups et al., 2008] decreases the age uncertainty (control
point spacing 300–400 kyr [Billups et al., 2008]) to only a few thousand years for the εNd peak at 2.82–
2.83 Ma (27.3–27.4 mcd). Furthermore, color reflection data from the same core (Figure 4a) clearly document
glacial or interglacial stages (low reflections and low carbonate content typically mark glacial stage condi-
tions and vice versa). Consequently, we are confident to assign the observed εNd peak to glacial MIS G10,
which has previously been identified as the first glacial marked by buildup of large ice sheets in the
Northern Hemisphere [Jansen et al., 2000].

Comparison of evidence for marked incursions of SCW to the North Atlantic based on Nd isotope data
obtained from core U1313 (situated in the core of modern NADW at 41°N, 32.5°W and a depth of 3426 m)
shows that the shift of 1





In coherence with a recent study by Hu et al. [2016] that includes higher-resolution Nd isotope data of the
same core, our new MIS 2 εNd value of intermediate waters from the Agulhas Ridge was less radiogenic by
up to ~2 εNd units than records from the deep Cape Basin (RC11-83 and TNO57-21; see insertion in
Figure 3), indicating a higher glacial contribution of NCW to the intermediate waters at the Agulhas Ridge
relative to the deep waters in the surrounding deep basins. The Holocene and MIS 3 interglacial εNd values,
on the other hand, were identical in the deep Cape Basin and the intermediate waters at the Agulhas Ridge.
These observations reflect the (modern) interglacial state of vigorous mixing of essentially the entire water
column of the SO. Moreover, this confirms previous findings pointing toward reduced glacial NCW advection
to shallower depths and a more persistent influence of NCW in the upper circulation cell (above ~3500 m) in
the Southeast Atlantic [Hodell et al., 2003b; Adkins, 2013; Hu et al., 2016].

4.3. Changes in Regional Oceanography and Weathering Conditions on the Surrounding Continents
4.3.1. Invigoration of Regional Circulation and Long-Term Change in Sediment Provenance
Terrestrial material supplied to the Southern Ocean from Antarctica, Southern Africa, and South America is
redistributed by ocean currents at all depths [Hegner et al., 2007]. Understanding sources and pathways
thus helps to reconstruct regional ocean current patterns and inputs, which have been related to enhance-



from South America/Patagonia to the African craton, which was also inferred from clay mineral assemblages
of the same core (Figure 5c) [Diekmann et al., 2003].
4.3.2. Sources and Implications of Seawater Hf Isotope Changes
Previous studies have focussed on marine Hf isotopes as indicators of changes in climatic conditions and thus





radiogenic Hf isotope compositions in the early part of the record, which apparently indicate strongly
incongruent weathering conditions (Figure 6), were most likely caused by aeolian supply and partial dissolu-
tion of young volcanogenic particles supplied from Patagonia, which decreased over time as indicated by
decreasing sedimentation rates (Figure 5f) and increasing grain sizes (Figure 5b). The radiogenic Hf isotope
signature was amplified by the prevailing fine-grained material dominated by labile minerals with highly
radiogenic Hf isotope signatures (described in section 4.3.2.1).
4.3.2.1. The Evolution of Dissolved Hf in the Atlantic Sector of the Southern Ocean
Based on the results discussed above, we interpret more radiogenic Hf isotope ratios (εHf above +5) in the
Miocene and Pliocene (see Figure 5d) to be derived from partial dissolution of young volcanogenic particles
of South American provenance. Although large contributions from this source are not evident in present-day
seawater in the SO [Stichel et al., 2012a; Rickli et al., 2014], it is likely that different wind fields in the past (e.g.,
westerly wind field further poleward in the warmer Miocene and Pliocene [cf. Toggweiler et al., 2006])
delivered larger amounts of South American sourced dust to the Agulhas Ridge. While in the modern SO
Hf concentrations in seawater close to the Agulhas Ridge are extremely low, unradiogenic Nd isotope
compositions show that terrigenous inputs from the Southern African continent are significant [Stichel
et al., 2012b]. This shows that inputs from an additional external source may have altered the seawater Hf iso-
tope composition easily. Thus, it is likely that South American dust-derived Hf dominated the seawater signa-
ture when atmospheric import of dust from the west was enhanced and leads to more radiogenic Hf isotope
ratios at the Agulhas Ridge without significantly affecting the detrital and dissolved Nd isotope compositions.

With the end of the Pliocene the influence of South American dust particles on dissolved Hf ceased and the
predominance of (less radiogenic) Hf of Southern African origin was established. Although ice core and sedi-
mentary records from Antarctica and the SO show that dust from South America was also exported to the
region during the Pleistocene [e.g., Basile et al., 1997; Diekmann et al., 2000] and even strengthened during
glacial episodes [Lambert et al., 2008], it did not exert significant influence on the dissolved Hf in seawater
above the Agulhas Ridge any more. These interpretations are in agreement with progressively increasing
abundances of kaolinite minerals (from tropical and subtropical Africa; Figure 5c) mirroring the gradual
strengthening of the Agulhas leakage until it stabilized in the latest Pliocene [Diekmann et al., 2003].
Subsequently, the stronger Agulhas current largely prevented radiogenic Hf from partial dissolution of
South American dust particles to reach the surface waters at the Agulhas Ridge.

Accordingly, the apparently parallel evolution of our Agulhas ridge seawater εHf record and those of North
Atlantic crusts ALV539 and BM1969 (Figure 5d) after 3 Ma is the result of the long-term evolution in particle
provenance due to changes of atmospheric and oceanic circulation in the Southern Hemisphere. The similar-
ity in the records does thus not reflect a causal relationship.
4.3.2.2. Tracing Inputs of Patagonian Dust in the Southern Ocean
Radiogenic peaks of 2–3 ε units in our seawater εHf record at ~12 to 10.6 Ma and at ~7 Ma, as well as at 2.8 Ma in
the late Pliocene reaching values above +8 were likely the result of highly incongruent dissolution of erosional
products of the South American continent. Partial dissolution of the mostly volcanogenic dust likely acted as a
significant source of highly radiogenic Hf given that other detrital inputs at the Agulhas Ridge have been very



mixing at the Agulhas ridge suggests that the general con

http://doi.org/10.1130/G37114.1
http://doi.org/10.1016/S0016-7037(97)00218-4
http://doi.org/10.1002/palo.20046
http://doi.org/10.1029/1998GL900008
http://doi.org/10.5194/bgd-6-5549-2009
http://doi.org/10.1016/S0009-2541(01)00271-6
http://doi.org/10.1016/S0012-821X(96)00255-5
http://doi.org/10.1016/S0012-821X(96)00255-5
http://doi.org/10.1016/0012-821X(94)90244-5
http://doi.org/10.1016/j.epsl.2005.09.067
http://doi.org/10.1130/G22130.1
http://doi.org/10.1016/j.epsl.2008.10.028
http://doi.org/10.1016/j.epsl.2008.10.028
http://doi.org/10.1016/j.epsl.2016.01.010
http://doi.org/10.1038/nature07426
http://doi.org/10.1016/S0031-0182(02)00340-1
http://doi.org/10.1016/j.palaeo.2008.05.013
http://doi.org/10.1016/j.chemgeo.2016.06.024
http://doi.org/10.1038/nature14059
https://doi.pangaea.de/10.1594/PANGAEA.871943
https://doi.pangaea.de/10.1594/PANGAEA.871943


Boyle, E. A., and L. D. Keigwin (1982), Deep circulation of the North Atlantic over the last 200,000 years: Geochemical evidence, Science,
218(4574), 784–7, doi:10.1126/science.218.4574.784.

Broecker, W. S., D. M. Peteet, and D. Rind (1985), Does the ocean-atmosphere system have more than one stable mode of operation?, Nature,
315(2), 21–26, doi:10.1038/315021a0.

Burton, K. W., D. C. Lee, J. N. Christensen, A. N. Halliday, and J. R. Hein (1999), Actual timing of neodymium isotopic variations recorded by
Fe-Mn crusts in the western North Atlantic, Earth Planet. Sci. Lett., 171(1), 149–156, doi:10.1016/S0012-821X(99)00138-7.

Carter, P., D. Vance, C. D. Hillenbrand, J. A. Smith, and D. R. Shoosmith (2012), The neodymium isotopic composition of waters masses in the
eastern Pacific sector of the Southern Ocean, Geochim. Cosmochim. Acta, 79

http://doi.org/10.1126/science.218.4574.784
http://doi.org/10.1038/315021a0
http://doi.org/10.1016/S0012-821X(99)00138-7
http://doi.org/10.1016/j.gca.2011.11.034
http://doi.org/10.1016/S0377-8398(02)00034-8
http://doi.org/10.1016/j.epsl.2012.08.012
http://doi.org/10.1002/grl.50217
http://doi.org/10.1016/j.gca.2013.09.011
http://doi.org/10.1016/0033-5894(82)90071-0
http://doi.org/10.1016/j.epsl.2015.03.007
http://doi.org/10.1016/S0031-0182(00)00138-3
http://doi.org/10.1046/j.1365-3091.2003.00562.x
http://doi.org/10.1029/2000GL012745
http://doi.org/10.1073/pnas.1323922111
http://doi.org/10.1016/j.gca.2016.11.024
http://doi.org/10.1038/ngeo1114
http://doi.org/10.1029/2000RG000094
http://doi.org/10.1029/2000RG000094
http://doi.org/10.1016/j.epsl.2006.07.002
http://doi.org/10.1029/2008GC002123
http://doi.org/10.1029/92JC00485
http://doi.org/10.1016/j.chemgeo.2007.03.021
http://doi.org/10.1016/j.chemgeo.2007.03.021
http://doi.org/10.1016/j.quascirev.2014.06.022
http://doi.org/10.1016/j.quascirev.2014.06.022
http://doi.org/10.1144/0016-764902-083
http://doi.org/10.1038/31447
http://doi.org/10.1029/2007GC001666
http://doi.org/10.1126/science.aaf5529
http://doi.org/10.1029/2002GC000367
http://doi.org/10.1016/j.epsl.2016.09.027
http://doi.org/10.1016/j.epsl.2016.09.027
http://doi.org/10.1126/science.1227545
http://doi.org/10.1038/ngeo2715


Jacobsen, S. B., and G. J. Wasserburg (1980), Sm-Nd isoopic evolution of chondrites, Earth Planet. Sci. Lett., 50(1), 139–155.
Jansen, E., T. Fronval, F. Rack, and J. E. T. Channell (2000), Pliocene-Pleistocene ice rafting history and cyclicity in the Nordic Seas during the

last 3.5 Myr, Paleoceanography, 15(6), 709–721, doi:10.1029/1999PA000435.
Jeandel, C., J. K. Bishop, and A. Zindler (1995), Exchange of neodymium and its isotopes between seawater and small and large particles in

the Sargasso Sea, Geochim. Cosmochim. Acta, 59(3), 535–547, doi:10.1016/0016-7037(94)00367-U.
Khélifi, N., and M. Frank (2014), A major change in North Atlantic deep water circulation during the Early Pleistocene transition 1.6 million

years ago, Climate Past Discuss., 9(6), 6495–6513, doi:10.5194/cpd-9-6495-2013.
Knies, J., et al. (2014), Effect of early Pliocene uplift on late Pliocene cooling in the Arctic-Atlantic gateway, Earth Planet. Sci. Lett., 387, 132–144,

doi:10.1016/j.epsl.2013.11.007.
Lacan, F., and C. Jeandel (2005), Neodymium isotopes as a new tool for quantifying exchange fluxes at the continent-ocean interface, Earth

Planet. Sci. Lett., 232(3–4), 245–257, doi:10.1016/j.epsl.2005.01.004.
Lambert, F., B. Delmonte, J. R. Petit, M. Bigler, P. R. Kaufmann, M. A. Hutterli, T. F. Stocker, U. Ruth, J. P. Steffensen, and V. Maggi (2008), Dust-

climate couplings over the past 800,000 years from the EPICA Dome C ice core,

http://doi.org/10.1029/1999PA000435
http://doi.org/10.1016/0016-7037(94)00367-U
http://doi.org/10.5194/cpd-9-6495-2013
http://doi.org/10.1016/j.epsl.2013.11.007
http://doi.org/10.1016/j.epsl.2005.01.004
http://doi.org/10.1038/nature06763
http://doi.org/10.1016/j.quascirev.2014.04.005
http://doi.org/10.1038/ngeo2688
http://doi.org/10.1016/S0012-821X(96)00224-5
http://doi.org/10.1038/ngeo1608
http://doi.org/10.1029/2004PA001071
http://doi.org/10.1126/science.1137127
http://doi.org/10.1016/S0377-8398(02)00033-6
http://doi.org/10.1029/PA005i001p00001
http://doi.org/10.1038/nature14145
http://doi.org/10.1038/nature02494
http://doi.org/10.1029/98RG01624
http://doi.org/10.1029/2001GC000183
http://doi.org/10.1016/j.epsl.2011.10.007
http://doi.org/10.1016/S0012-821X(97)00207-0
http://doi.org/10.1016/0012-821X(87)90183-X
http://doi.org/10.1016/0012-821X(87)90183-X
http://doi.org/10.1016/0967-0637(95)00021-W
http://doi.org/10.1126/science.1249770
http://doi.org/10.1016/0025-3227(95)00148-4
http://doi.org/10.1126/science.217.4556.207
http://doi.org/10.1016/S0003-2670(96)00499-0
http://doi.org/10.1126/science.1104883
http://doi.org/10.1016/S0012-821X(00)00205-3
http://doi.org/10.1016/j.epsl.2004.06.002
http://doi.org/10.1016/j.epsl.2008.05.011
http://doi.org/10.1016/j.epsl.2009.06.007
http://doi.org/10.1146/annurev.earth.22.1.353
http://doi.org/10.1146/annurev.earth.22.1.353


Raymo, M. E., W. F. Ruddiman, N. J. Shackleton, and D. W. Oppo (1990), Evolution of Atlantic-Pacific d
13

C gradients over the last 2.5 m.y, Earth
Planet. Sci. Lett., 97(3–4), 353–368, doi:10.1016/0012-821X(90)90051-X.

Raymo, M. E., B. Grant, M. Horowitz, and G. H. Rau (1996), Mid-Pliocene warmth: Stronger greenhouse and stronger conveyor, Mar.
Micropaleontol., 27(1–4), 313–326, doi:10.1016/0377-8398(95)00048-8.

Reid, J. (1996), On the circulation of the South Atlantic Ocean, in The South Atlantic, pp. 13–44, Springer Berlin Heidelberg, Berlin, Heidelberg.
Rempfer, J., T. F. Stocker, F. Joos, J. C. Dutay, and M. Siddall (2011), Modelling Nd-isotopes with a coarse resolution ocean circulation

model: Sensitivities to model parameters and source/sink distributions, Geochim. Cosmochim. Acta, 75(20), 5927–5950, doi:10.1016/
j.gca.2011.07.044.

Rempfer, J., T. F. Stocker, F. Joos, and J.-C. Dutay (2012), Sensitivity of Nd isotopic composition in seawater to changes in Nd sources and
paleoceanographic implications, J. Geophys. Res., 117, C12010, doi:10.1029/2012JC008161.

Rickli, J., M. Frank, and A. N. Halliday (2009), The hafnium-neodymium isotopic composition of Atlantic seawater, Earth Planet. Sci. Lett.,
280(1–4), 118–127, doi:10.1016/j.epsl.2009.01.026.

http://doi.org/10.1016/0012-821X(90)90051-X
http://doi.org/10.1016/0377-8398(95)00048-8
http://doi.org/10.1016/j.gca.2011.07.044
http://doi.org/10.1016/j.gca.2011.07.044
http://doi.org/10.1029/2012JC008161
http://doi.org/10.1016/j.epsl.2009.01.026
http://doi.org/10.1016/j.gca.2009.10.006
http://doi.org/10.1016/j.epsl.2014.03.008
http://doi.org/10.1016/j.epsl.2015.05.011
http://doi.org/10.1038/ngeo2727
http://doi.org/10.1038/ngeo2727
http://doi.org/10.1038/35016049
http://doi.org/10.1016/j.epsl.2004.10.016
http://doi.org/10.1029/2006PA001400
http://doi.org/10.1016/j.epsl.2008.07.044
http://doi.org/10.1016/j.epsl.2008.07.044
http://doi.org/10.1130/G34133.1
http://doi.org/10.1016/j.epsl.2011.11.025
http://doi.org/10.1016/j.gca.2012.07.005
http://doi.org/10.1016/j.gca.2012.07.005
http://doi.org/10.1038/ngeo474
http://doi.org/10.1126/science.1109496
http://doi.org/10.1029/1999JC000285
http://doi.org/10.1016/S0009-2541(00)00198-4
http://doi.org/10.1029/2005PA001154
http://doi.org/10.1007/s11001-005-1338-8
http://doi.org/10.1016/S0012-821X(02)00731-8
http://doi.org/10.1016/j.epsl.2007.05.003
http://doi.org/10.1016/S0031-0182(01)00496-5
http://doi.org/10.1016/S0012-821X(99)00047-3
http://doi.org/10.1016/j.gca.2011.07.046
http://doi.org/10.1016/S0016-7037(00)00476-2
http://doi.org/10.1016/0012-821X(86)90039-7
http://doi.org/10.1016/j.gca.2013.01.042
http://doi.org/10.1038/ngeo2657


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


