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A B S T R A C T

Sediment particles derived from the continents have compositional variability that allows them to be used as
tracers from their sources. Because of the patchwork of geological terrains that make up the continents,
radiogenic isotope daughters of long-half-life parents provide a powerful tool for understanding the origins and
dispersal patterns of sediments. Weathering processes that prevail in different climatic zones further imprint the
geochemical signature of sources. Fine-grained sediments, clays and silts, can travel long distances in winds and
ocean currents, and changes in their composition through time may allow understanding changes in their
transporting media and climate significance. This paper presents new K/Ar age values of fine sediments in the
Atlantic Ocean basin. The paper also presents a brief overview of the important factors of sediment delivery to
the Atlantic Ocean, and reviews the new K/Ar data within the context of published clay mineralogy and
87Sr/86Sr from the same samples. Additionally, the paper presents previously published K/Ar and 87Sr/86Sr and
εNd from Atlantic Ocean sediments, and uses the map distributions as a way to qualitatively compare the
compositional trends of the four tracers as many of the data are from different samples. Although the information
for all of these provenance tracers is incomplete and it would be fruitful to fill in many different aspects, this
compilation of previously published K/Ar, 87Sr/86Sr and εNd data compared with the new data demonstrates that
the distribution of K/Ar ages is broadly consistent with the other compositional information and with the
geology of the surrounding continents. K/Ar provenance ages offer a simple and reliable tracer of sediment
sources that is complementary to other methods.

1. Introduction

The compositions of terrigenous marine sediments provide im-
portant constraints on the processes that brought them to their de-
positional sites in the ocean. The mineralogical content and geochem-
ical composition of sediments reflect the source rock types, weathering
style and intensity, as well as sedimentary sorting (e.g., Taylor and
McLennan, 1985), and thus measurements of these parameters eluci-
date the integrated provenance and processes that have acted on the
sediments and their sources. Radiogenic isotopes provide a measure of
the temporal geologic history of sediments that may be different de-
pending on the geochemical characteristics of the parent and daughter
isotopes and the geological histories of the sources that contribute to
the mixtures (e.g., Aarons et al., 2013; Basile et al., 1997; Biscaye and
Dasch, 1971; Clauer and Chaudhuri, 1995; Cole et al., 2009; Dasch,
1969; de Mahiques et al., 2008; DePaolo et al., 2006; Fagel et al., 1999,
2004; Fagel and Mattielli, 2011; Farmer et al., 2003; Franzese et al.,
2006; Franzese et al., 2009; Franzese and Hemming, 2013; Goldstein
and Jacobsen, 1988; Goldstein, 1988; Goldstein et al., 1984; Gombiner

et al., 2016; Grousset et al., 2001, 1998, 1993, 1988; Grousset and
Biscaye, 2005, 1989; Hegner et al., 2007; Hemming et al., 2002; Huon
and Jantschik, 1993; Huon and Ruch, 1992; Hurley, 1961; Hurley et al.,
1963b, 1961; Innocent et al., 2000, 1997; Jantschik and Huon, 1992;
Jones et al., 1994; Kumar et al., 2014; McCulloch and Wasserburg,
1978; McLennan et al., 1990; Meyer et al., 2011; Nakai et al., 1993;
Noble et al., 2012; Onions et al., 1983; Pettke et al., 2000; Revel et al.,
1996; Reyes et al., 2014; Skonieczny et al., 2013; Toucanne et al., 2015;
VanLaningham et al., 2009, 2008, 2006; VanLaningham and Mark,
2011; Walter et al., 2000). The K/Ar system in fine-grained terrigenous
sediments tends to represent the latest stages of the geologic history of
the sediments' sources because K-bearing minerals are susceptible to
weathering and then are reconstituted during sedimentary diagenesis,
and because they are also susceptible to argon loss during metamorphic
mineral growth and thermal diffusion. The K/Ar bulk age value of fine-
grained sediments has been found to be a useful measure of sediment
provenance in a number of previous studies (Gombiner et al., 2016;
Hemming et al., 2002; Huon and Ruch, 1992; Hurley et al., 1961,
1963b, 1963a; Jantschik and Huon, 1992; Pettke et al., 2000;
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VanLaningham et al., 2006, 2008, 2009; VanLaningham and Mark,
2011), but it is still not as widely used as other isotopic methods.

These previous studies have demonstrated the promise of the K/Ar
system for the study of terrigenous sediment provenance. Hurley's
pioneering work from the early 1960's showed that modern river se-
diments give K/Ar ages that are greatly in excess of their depositional
ages and are in general agreement with what is known about the geo-
logical history their sources (Hurley et al., 1961). Hurley (Hurley et al.,
1963a) found that fine-grained Atlantic sediments between 0° and 29°N
have K/Ar ages ranging from 85 to 460Ma, and Hurley et al. (Hurley
et al., 1963b) showed that ancient shales have K/Ar ages that range
from near their depositional age to greatly in excess of their deposi-
tional age. Hurley et al. (Hurley et al., 1963b) interpreted the old ages
found in fine sediments to be the result of a dominance of detrital
dioctohedral mica (illite) in the modern sediments, and the ages ap-
proaching depositional ages in ancient sediments to be due to creation
of new mica during diagenesis. Surface sediments in the so-call Rud-
diman or IRD belt (Ruddiman, 1977) of the eastern North Atlantic have
ages of approximately 400Ma (Hemming et al., 2002; Jantschik and
Huon, 1992).

After a gap following Hurley's work on sediment provenance with
K/Ar, one of the first geochemical applications to the provenance of
“Heinrich events” was the K/Ar system (Huon and Ruch, 1992;
Jantschik and Huon, 1992). Heinrich events are layers in the North
Atlantic IRD belt that contain high percentages of mineral or rock
grains in the sand fractions (Heinrich, 1988) and that have evidence for
massive discharges of icebergs into the North Atlantic (Bond et al.,
1992; Broecker et al., 1992; Grousset et al., 1993; Hemming, 2004;
McManus et al., 1998). Jantschik and Huon (1992) found that Heinrich
events from the Dreizack Seamounts give K/Ar ages of approximately
1 Ga, in contrast to the ambient 400Ma ages, and this is one of the key
pieces of information pointing to a Canadian Shield source for Heinrich
events. Hemming et al. (2002) followed up on the K/Ar observations
with 40Ar/39Ar and 40Ar* measurements of North Atlantic sediments.
They found that the stepped-release spectra for Heinrich layer sedi-
ments gave a relatively small range of ages, and they also found that the
dominant signal of the K/Ar age is the concentration of 40Ar* The re-
latively small range in K concentrations, with average of approximately
2%, leaves age as the main variable controlling the concentration of
40Ar* in fine terrigenous sediments.

Several published studies from the Pacific basin highlight the value
of the K/Ar system in fine-grained sediments. The center of the North
Pacific has long been known to have terrigenous sediment compositions
that contrast with the marginal sediments around the basin, and that
derive from Asian dust deposition (Griffin et al., 1968; Jones et al.,
1994; Nakai et al., 1993; Pettke et al., 2000; Rea et al., 1985). Pettke
et al. (2000) used a variety of tracers, including 40Ar/39Ar to track the
variations in provenance to the North Pacific over the past 12mil-
lion years. They found that although the fluxes and mineralogy varied,
the 40Ar/39Ar age is ~200Ma through the record and is consistent with
other radiogenic provenance data that imply a constant source region
from Asia supplying the sediment since at least 12Ma.

In more marginal sites in the eastern Pacific (Gombiner et al., 2016;
VanLaningham et al., 2008) and in the northwestern Pacific
(VanLaningham et al., 2009), the K/Ar system has been paired with εNd
to understand the sources of sediment input near the margins.
VanLaningham et al. (2008) used a combination of clay mineralogy, εNd
and 40Ar/39Ar to characterize the output from rivers from approxi-
mately 38° to 47° N along the North American- Pacific margin, and to
examine a record through time from a sediment core. Mixing of rea-
sonable proportions of modern rivers explains the Holocene results
from the core, but an additional source that they attribute to increased
input from glaciation in the Cascade Range, is required to explain the
25–20 ka deposits. These background data also provide important
context for the goal of discerning the evidence for glacial outburst
floods from Lake Missoula through the Columbia River. Gombiner et al.

(2016) presented evidence of cyclic flood events from a core near
Vancouver Island, with K/Ar ages that are too old to be explained by
local sources and that can be used to constrain the provenance in-
formation from more widely available elemental analyses. There are at
least 44 layers within that core that appear to have a source from the
Missoula floods. Paired K/Ar ages and εNd for sediments from Lake
Missoula and from slackwater deposits along the scablands drainage
provide further support for the interpreted provenance. In another ex-
ample VanLaningham et al. (2009) used the combination of Nd isotopes
and 40Ar/39Ar to examine provenance changes in a core on the Meiji
Drift in the northwest Pacific Ocean, The Meiji Drift is thought to have
originated from deposition in deepwater flow from the Bering Sea, and
the data from glacial periods is significantly different from that of in-
terglacial periods and is supportive of a Bearing Sea contribution in
glacial periods. Interglacial sediments are well explained by more
proximal Kamchatkan and Aleutian sources while older source rocks
such as those found in the Yukon and northeastern Russia are major
contributors during the glacial intervals, and the authors' mixing
models suggest 35–35% of the sediment during glacial intervals is from
the Bering Sea.

The applications of the K/Ar system reviewed above indicate that it
may be a powerful provenance tool, but a first order question for any
provenance tool is how the signal is integrated in the potential source
catchments. Recent experimental results probe the application of the K/
Ar system as provenance indicator in silt-size sediments. VanLaningham
and Mark (2011) developed a particularly convincing case study in
Alaska's Yukon River basin. First, using georeferenced K/Ar and Ar/Ar
data from the USGS and NRCAN geochronological databases, they
calculated the average crystallization/cooling age of rocks in the Yukon
River catchment to be 121Ma. This age represented the testable hy-
pothesis of the experiment: The 40Ar/39Ar age of sediments from the
Yukon River should match the average 40Ar/39Ar age of the sediment's
source rocks - 121Ma in this case. To test this hypothesis, they con-
ducted step-heating experiments on both suspended load and bedload
sediments from the Yukon River, in each case isolating the 20–63 um
fraction to minimize the 39Ar recoil effect on the apparent ages. They
determined a plateau age of 115.4 ± 1.3Ma for the suspended load
sample and a plateau age of 119.6 ± 0.6Ma for the bedload sample.
The ages are a close match to the expected age of 121Ma, confirming
their hypothesis, and suggesting the broader truth that 40Ar/39Ar ages
of fine-grained sediments reflect the integrated age of the sediment's
source rocks.

Presented here are new K/Ar age values calculated from 40Ar* (that
is, the 40Ar that is radiogenic, determined by subtracting the atmo-
spheric contribution using the measured 36Ar) concentration data from
a subset of 43 samples from the Biscaye (1965) Atlantic clay mineral
survey (Fig. 1) to provide a comparison of K/Ar ages of the clay frac-
tions (< 2 μm) from modern Atlantic Ocean sediments with previously
published provenance data from clay mineralogy. I also compare the
results with published 87Sr/86Sr and εNd from terrigenous Atlantic se-
diments. K/Ar age values for a set of 12 Holocene and 14 glacial
samples taken from cores along the mid-Atlantic ridge (MAR) are also
presented. I conclude that the K/Ar system is a useful tool for under-
standing provenance, providing information that is complementary to
other provenance tracers.

2. Background

2.1. Distribution of clay minerals in the Atlantic Ocean

Pierre Biscaye's Ph.D. thesis (Biscaye, 1965) on the distribution of
clay minerals in the Atlantic Basin, as well as the global summary of
clay mineral distributions (Griffin et al., 1968) revealed fundamental
aspects of sediment provenance and weathering processes. Montmor-
illonite is found in low abundances throughout the Atlantic Basin, ex-
cept near Antarctica where the abundance is much higher. Illite is
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considered a purely detrital component and is found in high con-
centrations across the sub-polar North Atlantic, particularly on the
eastern side, in a zone from Florida to North Africa, near the southern
tips of South America and South Africa, and near the outlets of all the
major rivers in South America. Chlorite concentrations are high in both
the far North Atlantic/Nordic Seas (as well as near the gulf of St
Lawrence) and far South Atlantic, and this distribution is attributed to
derivation from continental sources via glacial erosion (Biscaye, 1965;
Griffin et al., 1968). Kaolinite is highly concentrated in the tropical
Atlantic, and its presence is attributed to extreme chemical weathering
in tropical environments. A first-order observation of the kaolinite/

chlorite ratio in Atlantic sediments is therefore that there is a strong
trend with latitude of the distribution (Fig. 1) that can be simply related
to the chemical weathering intensity (Biscaye, 1965). Chemical
weathering is more prominent in the tropics while physical weathering
dominates at higher latitudes. It is also noticeable in Fig. 1 that the
isopleths of kaolinite/chlorite do not strictly follow latitudinal bands.
Rather they are systematically displaced in accord with the main wind
and surface ocean currents, and are also dispersed by bottom currents
where they are strong (Innocent et al., 2000). The extensive survey of
the South Atlantic and the Atlantic sector of the Southern Ocean
(Petschick et al., 1996) further emphasizes the geographical similarity

Fig. 1. Map of kaolinite to chlorite ratio of< 2 μm terrigenous, near-surface sediments in the Atlantic Ocean and climate zones on the surrounding continents. The
clay data are archived at http://www.earthchem.org/library/browse/view?id=981 (Biscaye, 1965). The climate zones are from Peel et al. (2007). Samples for which
40Ar*data are reported are numbered on the map as in in Table 2.
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of clay provinces and wind and ocean circulation patterns. Although
Petschick et al. (1996) interpreted their results almost exclusively as the
result of bottom current movements, the patterns have a strong re-
semblance to winds and surface ocean currents of the region (Franzese
and Hemming, 2013).

2.2. Pathways of sediment supply to the Atlantic Ocean

In general, terrigenous sediments are formed by weathering of ex-
posed rocks on the continents, although the areas of the catchments are
not quantitatively represented in terms of their fractional contributions
(Cook et al., 2017; Garzanti et al., 2009; Licht and Hemming, 2017;
Moecher and Samson, 2006). Sediments derived from the continents are
delivered to the ocean by wind, water, and ice, and are redistributed
within the ocean by surface and bottom currents. Where there are
glaciers in the source catchment, especially temperate glaciers, they are
large contributors to sediment supply. Rivers are the dominant source
of sediment to the ocean margins in most parts of the world except near
major deserts and ice sheets, and the supply of sediments from rivers
depends on the characteristics of the river catchment such as pre-
cipitation/runoff, area, and topography (Milliman and Meade, 1983;
Milliman and Syvitski, 1992). Although it is difficult to get an accurate
estimate of natural suspended sediment flux to the ocean due to lack of
data as well as interference from land usage and dams, Milliman and
Meade (Milliman and Meade, 1983) provided a synthesis of riverine
sediment supply to the ocean. The Amazon River is, by far, the largest
sediment supplier to the Atlantic Ocean. The sediment discharge from
the northern rivers in South America (which includes the Amazon and
Orinoco) is 1438million tons per year. Mexico and Central America
collectively discharge 442million tons per year, and southern South
American rivers discharge 154million tons per year. In contrast North
America, Europe and Africa have much smaller discharges, with
30million tons per year from Northeast Canada, 17million tons per
year from the U.S. Atlantic coast, 31million tons per year from Western
Europe, and 240million tons per year from all along the western side of
Africa. The sediment yield of a river, the discharge divided by the
drainage area, in general is smaller for larger rivers (Milliman and
Meade, 1983), so the assessment of only the largest rivers, while ne-
cessary due to data availability, may underestimate the sediment being
supplied to the ocean, and importantly may miss the texture of prove-
nance changes from different drainage catchments. For example, the
digitate pattern of illite concentrations near the eastern coast of South
America appears to reflect local input from a series of rivers (Griffin
et al., 1968).

In polar regions glaciers can be important contributors to marine
sediments, either due to direct deposition where glaciers advance be-
yond the coastline, or due to icebergs that calve off and melt and thus
drop ice rafted detritus on the ocean floor (e.g., Ruddiman, 1977). In
very dry regions, wind-blown sediment can make up a substantial
portion of marine sediments (Griffin et al., 1968).

Griffin et al. (1968) identified several places in the world's ocean
where the composition of clays is inconsistent with known local river
sediment compositions, and clays in these areas are likely deposited by
winds. The middle of the North Pacific gyre is a particularly good ex-
ample of sediment supply that is clearly transported by winds (Griffin
et al., 1968; Jones et al., 1994; Nakai et al., 1993; Pettke et al., 2000;
Rea et al., 1985). In the Atlantic basin, two of these are the area of high
kaolinite concentration in the subtropical Atlantic (considered to be
likely derived from the Sahara), and the area of high illite concentration
in the eastern North Atlantic (considered by Griffin et al. (Griffin et al.,
1968) to be likely delivered by winds sourced from North America).
Grousset et al. (Grousset et al., 1988) also concluded a substantial wind-
blown dust source from North America based on the occurrence of re-
latively low εNd in eastern North Atlantic core tops at ~45°N. While
these sediments likely originated from old continental sources from the
Canadian Shield or Greenland, it seems probable that they were

transported by icebergs based on the mapping of ice rafted detritus in
the North Atlantic (Ruddiman, 1977).

2.3. Factors controlling sediment composition

Weathering acts to break rocks down into small particles through a
combination of physical and chemical processes, and the composition of
the resulting sedimentary material will vary depending on the compo-
sition of the source, as well as the style and intensity of weathering. The
chemical index of alteration (Nesbitt and Young, 1984) is a powerful
geochemical measure of weathering intensity. CIA is 100 ∗ Al203 /
(Al2O3+Na2O+CaO+Na2O), in molar proportions and not in-
cluding carbonate or sea salt. Catchments with high sediment yield due
to high denudation rates will have low CIA (McLennan, 1993) and their
compositions will be close to those of their sources. On the other ex-
treme, sediments derived from low relief regions in humid tropical
environments will have high CIA and lower sediment yield. The parent
and daughter elements of radiogenic isotope systems will also vary
according to these rules, which minerals are their main hosts, and the
stability during weathering of those minerals.

All sediment provenance approaches depend on characterizing any
systematic variation of the compositions of potential sources, such as
rock type or age, as well as the behavior of the mineralogical or geo-
chemical system employed. Much of the continental crust has a veneer
of sedimentary strata (Fig. 2a), and those sedimentary materials are
likely to be large contributors to the next generation of sediments (e.g.,
review in (Taylor and McLennan, 1985)). This recycling of sedimentary
materials leads to some extra layers of reasoning required to apply
weathering and source tracers to sediment records (e.g., Thiry, 2000).

Geologic maps provide important hints about the provenance
characteristics of sediments that might be derived from them, but it
must be remembered that different aspects of the geological history are
expressed differently depending on the rock types exposed on the
landscape. Standard maps usually attempt to document rock types and
their formation ages. In other words, they tend to document crystal-
lization ages for igneous rocks, depositional ages for sedimentary rocks,
and (less consistently) metamorphic ages for metamorphic rocks. This is
very helpful, but it does not capture the pre-history of the igneous and
sedimentary rocks (what rock types and which range of ages for their
sources?), which is important for radiogenic isotope systems, nor does it
capture the thermochronological history after the rocks formed. For
example, where they are found, zircons provide the most reliable
measure of crystallization age of igneous rocks or timing of high grade
metamorphic zircon growth with the UePb chronometer (Gehrels,
2014; Mezger and Krogstad, 1997), so if such ages are available that is
what would be estimated on geologic maps of igneous and high grade
metamorphic rocks. However, these same zircons would likely give
younger ages for fission track and (UeTh)/He in most rocks due to the
lower retention of tracks and helium in zircon (Reiners et al., 2005a;
Tochilin et al., 2012). K-bearing minerals tend to have intermediate
closure temperatures between 200° and 500 °C (Reiners et al., 2005b),
and thus in many cases would yield ages that are significantly younger
than UePb zircon from the same rock. And it is a real complication that
continents are mostly covered in a sedimentary veneer. Zircons are
extremely resistant to breaking down, so they tend to survive multiple
weathering, transport and deposition in the sedimentary system
(Hurbert, 1962). In contrast, K-bearing minerals tend to break down
during weathering (Goldich, 1938) and diagenesis (Aronson and
Hower, 1976) so they are not likely to be found in recycled sediment
sources, except for muscovite and illite (Clauer and Chaudhuri, 1995;
Hurley et al., 1961).

Simplified geologic maps of the sedimentary cover (Fig. 2a), crys-
talline basement (Fig. 2b) and volcanic rocks (Fig. 2c) for the continents
surrounding the Atlantic Ocean reveal that all of the continents contain
a large range of geologic ages of crystalline basement as well as sedi-
mentary cover. The data presented here are placed on a compiled
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geologic map (Figs. 2d, 3a, b, c) in which the sedimentary rocks are
shown as gray regardless of their depositional age because sedimentary
rocks will largely reflect the geologic history of the crystalline and
volcanic rocks from which they are derived. As a primary observation,
there is much more extensive exposure of very old crystalline basement
in the North Atlantic region compared to the rest of the continental area
surrounding the basin. And there is much more extensive exposure of
very young source terrains in southern South America and the Antarctic
Peninsula. This range of geologic ages is expected to be broadly re-
flected in the radiogenic isotope systems of Atlantic Ocean terrigenous
sediments.

2.4. Samples and methods

The new 40Ar* data presented here are from two sets of samples.
The primary batch is a subset of the near-surface samples taken by
Biscaye (1965) for his Ph.D. thesis completed at Yale in 1964. Biscaye
sampled cores as they were coming in from Lamont cruises during the

1960's, and in many cases, he was able to obtain the core-tops for his
survey. Biscaye carefully archived his collections of< 2 μm and
2–20 μm fractions on glass XRD slides, providing a phenomenal re-
source for future studies. I have made an initial survey of the< 2 μm
fractions of samples from the Biscaye clay mineral study (Fig. 1,
Table 1). The samples were gently scraped onto weighing paper from
the XRD mounts using a razor blade, placed in 1.5ml microcentrifuge
tubes, dispersed in dionized water, and centrifuged. Excess water was
pipetted off and the samples were dried in an oven at 60 °C to form
clods at the bottoms of the microcentrifuge tubes. Clods were weighed
with a microbalance, and ranged from 0.5 to 5.4 mg (Table 2).

The other set is Holocene and Last Glacial Maximum (LGM) samples
from along the axis of the mid-Atlantic Ridge (MAR). The MAR samples
(Table 3) were selected from the Lamont core repository, and carbonate
concentrations and radiocarbon of the bulk samples were used for the
stratigraphic control (Wally Broecker, personal communication). Sam-
ples were dispersed and wet-sieved at 63 μm. The fine fractions were
leached to remove calcium carbonate and ferromanganese fractions

Fig. 2. Geologic maps of the continents surrounding
the Atlantic Ocean taken from Generalized geolo-
gical map of the world, Geological Survey of Canada
Open File 2915D. Ages are colour coded according to
the rainbow, where red is young and violet is old in
order to match with the radiogenic isotope data
plotted in Fig. 6. A) Distribution of sedimentary
rocks of different geologic ages; B) Distribution of
crystalline rocks of different geologic ages; C) Dis-
tribution of volcanic rocks of different geologic ages;
D) Generalized geology – Cenozoic sedimentary
rocks are shown as gray in this figure, whereas in the
sedimentary rock map they are shown as red – this is
because for the comparison with radiogenic isotopes
young sedimentary rocks will simply be reflecting
the isotopic character of their sources.
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using the procedure of Rutberg et al. (2000), modified from Biscaye
(1965) by replacing his sodium dithionate reagent for ferromanganese
leaching with a hydroxylamine hydrochloride reagent as developed by
Chester and Hughes (1969). Following this leaching the bulk < 63 μm
terrigenous sediment was dispersed in deionized water and clods pre-
pared and weighed as described for the Biscaye samples.

Weighed clods were loaded into pits in 21-spot disks that included
three GLO-1 standards (Odin, 1976) and 18 unknowns. Argon con-
centrations and 40Ar/36Ar ratios were measured on the samples and
GLO-1, interspersed with measurements of backgrounds and diluted
atmospheric argon from an air pipette that dispensed a constant amount
of approximately 4× 10−14 mol of argon. Measurements were made on
a VG5400 noble gas mass spectrometer in the AGES (Argon Geochro-
nology for Earth Sciences) laboratory at Lamont-Doherty Earth Ob-
servatory with multiplier in analogue mode. The air pipette, solid
standards and unknown measurements were corrected for backgrounds
estimated from the most recent preceding blank measurement. The data
were normalized to the air pipette measurements made during each
batch (where a batch is all of the analyses made between venting and
pumping two consecutive disks). Weighed samples of GLO-1 glauconite
standard (Derkowski et al., 2009; Odin, 1976) and SCO-1 sediment
were used to calibrate for concentration of the air pipette standard and
test for replicability of similar samples respectively (Hemming et al.,
2002). The samples reported here were run shortly after the North
Atlantic samples reported in Hemming et al. (2002), and the precisions
are not as good as found in the North Atlantic project. Since that time,

we have improved the measurement strategy, and we correct for in-
strument drift using the time series of measured airs (Gombiner et al.,
2016), which has improved the measurement uncertainty to about
1–2% for air and GLO-1 measurements, but during the time of the
analyses reported here, corrections were made only to the average
measured air for each batch. During the interval of these analyses
(2002−2003), the signal on the air pipette was 0.661 nannoamps±
6.5% and the 40Ar/36Ar of the air pipette was 290.12 ± 0.9%. Du-
plicate aliquots of each sample reported here were within 20% of each
other for all the Biscaye samples except one, which is the youngest of
the Biscaye samples, and has duplicate measurements that are 12m.y.
apart (28%). Measurements are reported in Tables 2 and 3. The average
of the two reported analyses is used with the estimated % error being
100× difference between the two runs ÷ the average of the two runs.
This is, in effect, a 2-sigma error estimate, and the average error cal-
culated in this way is consistent with that estimated from the re-
producibility of the air pipettes. Duplicate aliquots of most of the MAR
samples are within 20% of each other, but some had considerably larger
differences (up to 40%). Except for one sample, RC24-10 Holocene,
more replicates were analyzed for samples that had differences greater
that 20%, and some samples were analyzed four times.

Ages were calculated using the decay constants of Steiger and Jager
(1977). Although the major element compositions would further yield
direct comparisons of weathering proxies from elemental and miner-
alogical approaches in addition to K concentrations for calculating the
K/Ar ages, for the purposes of this paper a 2 wt% K concentration is

Fig. 3. Generalized geology map of the land surrounding the Atlantic Ocean with radiogenic isotope data from terrigenous marine sediments. 6a Map of K/Ar ages in
the Atlantic Ocean. Data sources: this study (circles, numbered as in Table 2), published studies (triangles) (S R Hemming et al., 2002; Huon and Ruch, 1992; Hurley
et al., 1963a; Jantschik and Huon, 1992). Fig. 6b Map of 87Sr/86Sr of terrigenous sediments in the Atlantic Ocean. Numbers refer to samples with 40Ar* data in
Table 2. Data sources: (Aarons et al., 2013; Cole et al., 2009; Dasch, 1969; DePaolo et al., 2006; Farmer et al., 2003; Franzese et al., 2009; Huon and Jantschik, 1993;
Kumar et al., 2014; McLennan et al., 1990; Meyer et al., 2011; Noble et al., 2012; Revel et al., 1996; Reyes et al., 2014; Rutberg et al., 2000; Skonieczny et al., 2013;
Walter et al., 2000). Fig. 6c Map of εNd of terrigenous sediments in the Atlantic Ocean. Data sources (Aarons et al., 2013; Basile et al., 1997; Cole et al., 2009; de
Mahiques et al., 2008; Fagel and Mattielli, 2011; Grousset and Biscaye, 1989; Hegner et al., 2007; Innocent et al., 1997, 2000; Kumar et al., 2014; McLennan et al.,
1990; Meyer et al., 2011; Noble et al., 2012; Reyes et al., 2014; Skonieczny et al., 2013; Toucanne et al., 2015; Walter et al., 2000; Zhang et al., 2015).
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assumed for all the samples.

3. Results

The K/Ar age data from the Biscaye samples are reported in Table 2
and shown in map view in Fig. 3a. Those from the MAR samples are
reported in Table 3, and the Holocene data are shown in map view in
Fig. 3a. The range of 40Ar* concentrations is 1.3× 10−13 to
6.5×10−12 mol/mg. With the assumed 2wt% K, this yields a range of
estimated K/Ar ages of 44 ± 12Ma for the sample with youngest
provenance in the southwest Atlantic to 1231 ± 116Ma for the sample
with oldest provenance in the northwest Atlantic. There is an increase
in age from south to north along the western Atlantic, with the ex-
ception of sample VM12–129 off Florida, which has an anomalously
young age of 169 ± 8Ma. This sample comes from ~20 cm depth in
the core, so not exactly surface sediment. In the South Atlantic four
samples within the Argentine Basin yield similar ages between ~140
and 150Ma, while one on the northeastern flank of the basin yields the
youngest age of the sample set. A sample from near the Antarctic Pe-
ninsula yields 63 ± 9Ma, and a sample from the Argentine shelf at
52.75°S yields 93 ± 13Ma. Between 30°S and the equator, ages in the
eastern basin (200–300Ma) are older than those in the western basin
(50–200Ma). North of 20°N, with the exception of the anomaly noted
above, K/Ar ages west of the mid-Atlantic ridge are significantly older

(> 700Ma) than those east of the ridge (300–500Ma).

4. Discussion

4.1. The K/Ar distribution of terrigenous sediments in the Atlantic Ocean

In contrast to the strong climate-zone-correlated distribution of
kaolinite/chlorite in Atlantic sediments (Fig. 1), the radiogenic isotope
compositions are more influenced by the geology of the surrounding
continents (Figs. 3, 4). Data for kaolinite/chlorite (a), K/Ar (b),
87Sr/86Sr (c) and εNd (d) are presented against latitude in Fig. 4, sepa-
rated into eastern and western basins relative to the MAR. Overall the
western basin samples show a strong and simple increase in K/Ar age
with increasing northward latitude, with the youngest samples from
near the southern tip of South America between 60°S and 40°S.

The K/Ar age values have a pattern that resembles that found for the
Nd isotopes (Figs. 3, 4) with oldest K/Ar and lowest εNd in the north-
west Atlantic and youngest K/Ar and highest εNd in the southwest
Atlantic. Intermediate values are found in the tropical belt as well as off
the coast of Europe (Figs. 3, 4). This general trend in sediment com-
positions matches the known geology of the continental sources around
the Atlantic basin (Figs. 2, 3) with extreme old ages in Canada and
Greenland and extreme young ages in active tectonic settings like the
southern tip of South America, Antarctic Peninsula and the Scotia Arc.

Table 1
Locations of samples analyzed with clay mineral data from Biscaye (1965).

Core Map number Latitude Longitude Water depth (m) %Montmorillonite %Illite %Kaolinite %Chlorite

R5-37, ~10 cm 1 49.90 −15.55 4565 24 54 10 12
A180-9, 0 cm 2 39.45 −45.95 4060 10 68 6 16
A180-16, 0 cm 3 38.35 −39.48 2270 26 54 10 10
R5-45, 0 cm 4 42.69 −11.08 1865 11 72 11 6
VM16-211, 5 cm 5 36.30 −57.00 5267 9 63 10 18
VM17-166, 0 cm 6 34.93 −45.35 4211 6 69 10 15
A164-36, 0 cm 7 32.72 −65.27 4515 11 65 10 14
A153-144, 0 cm 8 33.13 −48.13 4850 16 62 10 12
A153-146,10 cm 9 33.71 −44.74 4050 8 66 10 16
A153-148, 0 cm 10 32.57 −43.48 3300 10 66 12 12
VM17-165, 0 cm 11 32.75 −41.90 3925 10 65 12 13
VM16-209, 0 cm 12 30.00 −51.87 4673 10 64 12 14
VM12-129, ~20 cm 13 28.63 −79.40 811 62 24 10 4
VM15-201, 0 cm 14 27.87 −76.55 4759 13 57 14 16
VM15-199, 9 cm 15 27.48 −76.08 4857 11 62 12 15
A181-10, 10 cm 16 26.40 −61.93 5855 11 63 16 10
VM16-208, 0 cm 17 27.73 −49.92 4861 7 68 11 14
VM17-163, 0 cm 18 27.97 −34.13 5132 6 64 22 8
VM16-207, 0 cm 19 25.85 −48.38 4825 11 69 12 8
VM17-162, 0 cm 20 24.97 −28.93 5485 12 58 25 5
A172-9, 0 cm 21 19.80 −66.18 7955 18 55 14 13
VM17-159, 0 cm 22 16.98 −20.05 46 26 43 27 4
VM12-7, 10 cm 23 11.20 −36.02 5444 33 32 30 5
A181-5, 2 cm 24 6.53 −48.72 3865 25 51 18 6
A180-79, 0 cm 25 −2.07 −28.18 5100 36 42 20 2
VM12-78 26 −4.38 −0.18 4232 34 39 35 3
VM12-75, ~10 cm 27 −6.31 8.32 4022 32 27 39 2
VM12-72, ~10 cm 28 −5.63 10.66 2107 30 29 39 2
VM16-30 29 −11.73 −27.62 5513 14 60 20 6
VM16-33 30 −15.33 −19.72 4357 40 40 12 8
VM16-34 31 −17.03 −16.22 3530 20 48 22 10
VM16-35 32 −17.67 −15.10 3892 24 49 18 9
A180-105, 0 cm 33 −19.17 −35.98 3840 16 31 50 3
VM12-62 34 −25.50 12.45 3036 13 76 5 6
VM12-61, 10 cm 35 −28.47 8.70 5064 28 60 6 6
VM12-60 36 −30.33 13.17 3111 21 69 6 4
VM12-53 37 −40.90 −53.26 3797 24 57 6 13
VM12-52 38 −39.60 −32.88 5009 42 40 5 13
VM14-42 39 −52.75 −62.97 316 22 51 3 24
VM17-107 40 −51.13 −54.37 1525 18 54 3 25
VM17-124 41 −48.57 −36.07 5172 27 49 4 20
VM17-96 42 −62.55 −59.43 584 57 15 2 26
VM14-57 43 −57.57 −17.10 4978 33 37 3 27
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Table 3
Argon data from mid-Atlantic ridge samples.

Core Time period Latitude
(deg. N)

Longitude
(deg. E)

Sample
weight
(mg)

40Ar
(namps)

40Ar*
(namps)

% 40Ar* 40Ar*
(namps/
mg)

40Ar*
(mol/mg)

40Ar*
average

%diff K/Ar
age
(Ma)

± (Ma)

VM28-89 Holocene 44.5 −32.60 0.938 38 36 95 38 4.63E-12 4.67E-12 1.7 998.4 11.9
VM28-89 Holocene 44.5 −32.60 1.290 53 50 95 39 4.71E-12
VM30-96 Holocene 40 −33.10 1.098 28 24 86 22 2.66E-12 2.72E-12 4.4 639.4 19.9
VM30-96 Holocene 40 −33.10 0.913 23 21 91 23 2.78E-12

VM30-94TW Holocene 35.5 −37.80 1.826 51 41 81 22 2.71E-12 2.99E-12 18.6 648.9 85.1
VM30-94TW Holocene 35.5 −37.80 2.109 68 57 84 27 3.26E-12
VM26-16(p) Holocene 30.2 −45.10 1.083 29 25 85 23 2.75E-12 2.74E-12 3.0 657.1 21.1
VM26-16(p) Holocene 30.2 −45.10 0.721 21 16 74 22 2.67E-12
VM26-16(p) Holocene 30.2 −45.10 3.070 94 68 73 22 2.67E-12
VM26-16(p) Holocene 30.2 −45.10 2.911 92 69 75 24 2.86E-12
VM26-17 Holocene 29.9 −45.10 1.352 27 24 91 18 2.18E-12 2.22E-12 3.5 538.6 13.4
VM26-17 Holocene 29.9 −45.10 1.350 27 25 94 19 2.26E-12

VM22-26A(p) Holocene 8.7 −41.30 3.809 89 54 61 14 1.70E-12 1.75E-12 5.3 433.3 16.2
VM22-26A(p) Holocene 8.7 −41.30 3.877 86 58 67 15 1.79E-12
VM25-60 Holocene 3.3 −34.80 1.315 23 15 66 12 1.41E-12 1.33E-12 11.3 366.1 29.2
VM25-60 Holocene 3.3 −34.80 1.280 19 13 70 10 1.26E-12
RC13-88 Holocene 1.8 −33.70 1.328 27 16 60 12 1.46E-12 1.40E-12 9.6 379.3 25.7
RC13-88 Holocene 1.8 −33.70 1.320 24 15 61 11 1.33E-12
VM22-32 Holocene 0.9 −31.80 1.461 29 16 57 11 1.33E-12 1.27E-12 10.4 348.6 25.6
VM22-32 Holocene 0.9 −31.80 0.822 20 8 40 10 1.20E-12
RC24-10 Holocene −2.2 −11.30 1.391 17 6 35 4 5.09E-13 4.33E-13 34.8 140.9 34.7
RC24-10 Holocene −2.2 −11.30 0.817 9 2 28 3 3.58E-13
VM22-175 Holocene −8.8 −14.30 0.926 15 3 19 3 3.56E-13 4.23E-13 39.7 99.8 21.1
VM22-175 Holocene −8.8 −14.30 1.097 22 5 22 4 5.24E-13

VM22-175(p) Holocene −8.8 −14.30 1.185 16 4 23 3 3.88E-13
RC16-77(p) Holocene −12.7 −13.40 1.399 64 12 18 8 1.00E-12 1.21E-12 9.6 267.6 59.1
RC16-77(p) Holocene −12.7 −13.40 1.015 47 9 20 9 1.12E-12
RC16-77(p) Holocene −12.7 −13.40 0.954 37 12 33 13 1.51E-12
VM16-36A Holocene −19.4 −11.40 0.960 8 7 84 7 8.41E-13 7.71E-13 18.1 227.3 29.1
VM16-36A Holocene −19.4 −11.40 0.956 7 6 82 6 7.01E-13
RC8-19 Holocene −24.3 −14.70 1.116 6 5 77 4 5.28E-13 5.44E-13 6.0 146.0 6.2
RC8-19 Holocene −24.3 −14.70 1.157 7 5 75 5 5.60E-13

RC12-292(p) Holocene −39.7 −15.50 2.043 21 6 29 3 3.62E-13 3.76E-13 7.5 101.5 5.4
RC12-292(p) Holocene −39.7 −15.50 2.255 23 7 31 3 3.91E-13
VM30-96A Glacial 40 −33.10 1.048 21 20 94 19 2.25E-12 2.63E-12 22.3 555.0 68.2
VM30-96A Glacial 40 −33.10 3.558 89 84 94 24 2.84E-12
VM30-96A Glacial 40 −33.10 3.138 77 72 94 23 2.78E-12
VM30-94A Glacial 35.5 −37.80 1.238 25 23 89 18 2.20E-12 2.24E-12 3.7 543.2 14.4
VM30-94A Glacial 35.5 −37.80 1.214 25 23 92 19 2.28E-12
VM2616 Glacial 30.2 −45.10 0.994 25 23 92 24 2.83E-12 2.76E-12 8.7 673.6 33.0
VM26-16 Glacial 30.2 −45.10 1.112 28 24 86 22 2.59E-12
VM26-16 Glacial 30.2 −45.10 1.893 49 43 87 22 2.71E-12
VM26-16 Glacial 30.2 −45.10 1.756 49 42 87 24 2.90E-12
VM26-17 Glacial 29.9 −45.10 1.378 27 24 88 17 2.10E-12 2.18E-12 6.9 522.4 25.4
VM26-17 Glacial 29.9 −45.10 1.316 27 25 90 19 2.25E-12

VM22-26(B) Glacial 8.7 −41.30 1.290 13 11 82 8 9.87E-13 9.77E-13 2.0 264.1 3.8
VM22-26(B) Glacial 8.7 −41.30 1.009 10 8 79 8 9.67E-13
VM25-60 Glacial 3.3 −34.80 1.312 18 14 79 11 1.28E-12 1.31E-12 4.3 335.5 10.2
VM25–60 Glacial 3.3 −34.80 1.418 19 16 84 11 1.34E-12
RC13-188 Glacial 1.8 −33.70 1.073 13 10 77 9 1.12E-12 1.43E-12 23.5 296.6 46.3
RC13-188 Glacial 1.8 −33.70 1.282 19 15 84 12 1.46E-12
RC13-188 Glacial 1.8 −33.70 4.792 69 60 88 13 1.51E-12
RC13-188 Glacial 1.8 −33.70 4.834 76 66 87 14 1.64E-12
VM22-32 Glacial 0.9 −31.80 1.281 15 12 78 9 1.09E-12 1.18E-12 15.4 290.5 31.6
VM22-32 Glacial 0.9 −31.80 1.355 18 14 79 11 1.28E-12
RC24-10 Glacial −2.2 −11.30 1.324 14 5 38 4 4.96E-13 5.38E-13 15.5 137.7 15.1
RC24-10 Glacial −2.2 −11.30 1.022 12 5 40 5 5.80E-13
VM22-175 Glacial −8.8 −14.30 0.800 6 4 67 5 5.79E-13 5.80E-13 0.3 159.7 0.4
VM22-175 Glacial −8.8 −14.30 1.500 11 7 68 5 5.81E-13
RC16-77 Glacial −12.7 −13.40 1.053 13 7 50 6 7.51E-13 9.01E-13 7.2 204.3 33.5
RC16-77 Glacial −12.7 −13.40 1.246 17 8 50 7 8.15E-13
RC16-77 Glacial −12.7 −13.40 2.179 32 20 61 9 1.08E-12
RC16-77 Glacial −12.7 −13.40 2.446 34 19 56 8 9.57E-13
VM16-36A Glacial −19.4 −11.40 1.120 8 7 84 6 7.17E-13 7.19E-13 0.6 195.7 0.9
VM16-36A Glacial −19.4 −11.40 1.407 10 8 87 6 7.22E-13
RC8-19 Glacial −24.3 −14.70 1.328 10 7 72 6 6.71E-13 6.92E-13 6.3 183.6 8.1
RC8-19 Glacial −24.3 −14.70 1.315 11 8 68 6 7.14E-13

RC12-292 Glacial −39.7 −15.50 2.525 17 10 59 4 4.83E-13 5.06E-13 8.9 134.1 8.4
RC12-292 Glacial −39.7 −15.50 2.774 27 12 45 4 5.28E-13
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The trends for 87Sr/86Sr are also broadly consistent (Figs. 3, 4, 5) with
higher values generally going with older K/Ar and lower εNd, but the
trends are less predictable due to the multiple processes that influence
87Sr/86Sr (importantly including grain size effects- samples from dif-
ferent studies have been treated differently and analyses are made on
different grain sizes).

Although the εNd data are too sparse to demonstrate it, the K/Ar
ages show sources older than the adjacent North American continent off
of the southern US (Fig. 3) and the clay mineralogy is less weathered in
western basin sediments than in eastern basin sediments (Figs. 1, 4a)
even though the surface currents would move sediments from more
tropical environments to the north with the clockwise gyre. Thus it
appears that the old Canadian Shield signal is transferred south by deep
ocean currents such as the ones responsible for the large sediment ac-
cumulation in the Bermuda Rise (Keigwin, 2001).

As can be seen in the 87Sr/86Sr data (Fig. 4a), western basin samples
south of 25°N (and not including A181–4, which is off the Amazon) also

follow an increasing trend from south to north. However, north of 25°N
the 87Sr/86Sr shows a strong negative trend with latitude. This strong
trend highlights the significantly low values of 87Sr/86Sr in the Cana-
dian Shield compared to European sources for a comparable εNd
(Grousset et al., 2001). Although the number of samples with both K/Ar
ages and 87Sr/86Sr is small, the opposing trend of the two systems in the
subpolar North Atlantic is clear (Fig. 5b) and the combination of these
tracers could provide added precision in studies of North Atlantic ice
rafting.

4.2. The Holocene-LGM comparison along the MAR

The MAR Holocene data are shown with east and west Atlantic
basin data in Fig. 6a and Holocene and LGM data are shown in plots
against latitude in Fig. 6b. Holocene MAR samples follow a trend be-
tween those of western and eastern basin compositions, except between
2° and 9°S where age values appear to be younger than found in either

Fig. 4. Latitudinal distributions of terrigenous sediment compositions from eastern (circles) and western (triangles) basins the Atlantic Ocean. A) Kaolinite/Chlorite
ratio (Biscaye, 1965). Larger squares highlight samples for which K/Ar age values have been measured. B) K/Ar age values reported in this study. Larger squares
highlight samples for which 87Sr/86Sr (Dasch, 1969) are also available. C) 87Sr/86Sr from published studies. Data sources as for Fig. 3. D) εNd from published studies.
Data sources as for Fig. 3. Specific regions that stand out are labeled on the plots. Can=Canadian shield.
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east or western basin samples from this latitude interval. The published
warm interval data from the equator (Hurley et al., 1963a) extend the
latitudinal range of this young provenance to 0°. This offset is intri-
guing, and could have implications for paleoclimate studies if it could
be explained by the South Atlantic wind patterns. The ITCZ (thermal
equator) was shifted to the south during the LGM, and extremely so
during Heinrich events (Wang et al., 2007), and this could have led to a
different distribution of sources to the MAR in the tropics. An alter-
native explanation to wind deposition is that the ridge itself is con-
tributing younger material to these samples, but it would then be
puzzling why all the MAR ages were not offset to younger ages. The
southeast trade winds might be expected to bring sediment similar to
that found in the eastern basin to the south of this latitude range. The
eastern basin sample from 4.38°S is close in age, so this may be the
expression of the wind-blown component from that latitude interval;
however, the eastern basin samples from near 6°S are significantly
older. Admittedly the coverage is sparse, and more samples would be
required to resolve these questions.

The LGM samples at 2°S and 0.05–3°N have similar K/Ar ages as
their Holocene counterparts (Fig. 6b), and the latitudinal trends in the
South Atlantic part of the MAR appear to be muted relative to their
Holocene counterparts. At 12.7°S the glacial value is lower and there
appears to be a crossover to higher ages of glacial samples between
there and 24.3°S. There is a sharp difference to older age values in
samples deposited in cold intervals at the equator (Hurley et al.,
1963a). Additionally, a significantly younger LGM K/Ar age is docu-
mented at 8.7°N. The LGM values for Hurley's equatorial site as well as
from the 8.7 N site from this study are similar to surface values reported
by Hurley off the Sahara, and may indicate greater contributions from
the Sahara during cold times in this latitude interval. At 35.5°N and
40°N LGM K/Ar age values are younger, which is a little surprising since
we night expect more detritus from Canadian Shield sources in the
LGM. It could be that this signal is due to the increase in southeastern
Laurentide ice sheet sources during the LGM (Appalachian and Gren-
ville sources). However, more analyses would be needed to distinguish
between lack of homogeneity in the sources of these sediments and
significant changes in sediment sources between Holocene and LGM.

4.3. The K/Ar system in terrigenous sediments as a provenance tool

The data presented here from the Atlantic also support the promise
of K/Ar in marine sediments as a tracer of terrigenous sources. The
patterns of variation can be easily understood in the context of clay
mineralogy, 87Sr/86Sr, εNd, combined with the geology on the sur-
rounding continents the surface (and deep) currents and the winds. The
broad scale of the sampling only hints at the applications, and for any
detailed application further groundwork would be required. However,
it appears that there may be shifts in the composition of terrigenous
supply between Holocene and LGM at some locations along the MAR
that highlight the potential for using this approach to examine changes
in the boundaries between the easterly and westerly winds, in-
tensification of winds, changes in the position of the ITCZ, changes in
the trajectory of the North Atlantic current and potentially in iceberg
and/or meltwater sources. It would be desirable to have greater re-
solution along the African margin in the latitude range of the Sahara as
it appears that there is significant provenance change during the
Holocene African humid period (Cole et al., 2009). It is expected that
the distinctive signal from Canadian Shield sources in the northwestern
basin may point to potential for understanding sediment transport to
the south, to the Bermuda Rise. The clear difference between eastern
and western sources in the North Atlantic and the opposing variation of
87Sr/86Sr suggest interesting applications for following iceberg tracks
from the northern hemisphere glaciers. The strong gradient in compo-
sitions along the South American margin suggest the potential of using
sediment provenance to track changes in the depths of North Atlantic
Deep water- flowing south along the margin and carrying sediment

Fig. 5. Cross plots of 87Sr/86Sr against εNd (A) and K/Ar (B) for Atlantic surface
sediment samples from the eastern (circles) and western (squares) sides of the
MAR where both measurements are available. Data sources as for Fig. 3. Note
the reverse trend of K/Ar vs. 87Sr/86Sr for samples from west of the mid-Atlantic
ridge with ancient sources. Boxes indicate specific source characteristics: red-
young volcanics of the Iceland hotspot, green- Gulf of St Lawrence character,
purple- ancient Canadian shield.

Fig. 6. Latitudinal distribution of K/Ar age values of Atlantic samples. A)
Samples from eastern (circles) and western (triangles) basins as from Fig. 4,
along with surface samples (larger squares) along the MAR. B) Holocene (red)
and LGM (blue) samples from this study taken from cores along the MAR. Also
shown are published data (warm= red triangles, cold= blue triangles) (Hurley
et al., 1963a) from sites at 0.05 N, 24.17W and 27.30 N, 34.12W. The ap-
proximate latitudes of the trade winds and westerlies are shown along the
bottom.
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from older sources relative to Antarctic Intermediate and Deep Waters-
flowing north along the margin and carrying sediment from younger
sources (e.g., Curry and Oppo, 2005). Evidence for dispersal of sedi-
ment along the boundary current in Greenland (Innocent et al., 2000)
demonstrates the source signal can be transmitted by fine sediments
carried in bottom currents.

The map patterns of 87Sr/86Sr and εNd provide a good framework for
considering the K/Ar age results (Fig. 3), and I provide a review of
compiled published data in the following.

4.4. Sr and Nd isotopes in Atlantic marine sediments

As demonstrated by early work (Goldstein and Jacobsen, 1988;
Goldstein et al., 1984; McCulloch and Wasserburg, 1978; Onions et al.,
1983; Taylor and McLennan, 1985) and many more since, the Sm/Nd
system in terrigenous sedimentary materials is a robust proxy of the
average mantle extraction age of the sediments' sources, notwith-
standing recent work on Himalayan rivers that has called this into
question in detail (Garcon et al., 2014). Accordingly, sediment re-
cycling may alter the mixing proportions available from the landscape,
but the Sm/Nd model age of the sediment is, to a first order, unaltered.
In contrast, the Rb/Sr system may be greatly altered by weathering,
sorting during sediment transport, and diagenesis. Rb tends to remain
with solids during weathering and diagenesis while Sr tends to be re-
moved in solution, leading to a great enrichment in the Rb/Sr in sedi-
ments compared to their ultimate crystalline basement sources (Dasch,
1969; Goldstein, 1988; McCulloch and Wasserburg, 1978 and many
more since). This also leads to a substantial grain-size effect, where
finer sediments tend to have much higher Rb/Sr than their coarse-
grained counterparts from the same source, and thus higher 87Sr/86Sr.
As a first approximation, the Rb/Sr and K/Ar systems have the same
mineralogical controls wherein clays (particularly illite) have higher K
and Rb concentrations and feldspars have more modest K and Rb
concentrations (and low concentrations in plagioclase) and they are
major hosts for Sr (especially plagioclase). Clays are also much more
likely to have a sedimentary, or newly-formed soil source while feld-
spars are likely to have been derived from crystalline sources. The
weathering breakdown of preexisting minerals releases both K and
radiogenic Ar leaving the age unchanged (Hurley et al., 1963b). It is
expected that there should be a good correlation between K/Ar model
age and Rb/Sr model age of sediment although the assumption of initial
isotope composition is less obvious for 87Sr/86Sr than for 40Ar/36Ar.

There is a rich data history of 87Sr/86Sr in Atlantic Ocean sediments.
Dasch (1969) made a pioneering survey of “Sr isotopes in weathering
profiles, deep sea sediments and sedimentary rocks” that included 47 of
the Biscaye (1965) core top samples from the Atlantic Ocean. Six of
these samples overlap with the ones measured for 40Ar* for this study
and a cross plot is shown in Fig. 5b. Biscaye and Dasch (1971) followed
up with a detailed study of 87Sr/86Sr from 60 samples in the Argentine
Basin as well as some sediment samples from riverine and estuarine
samples from South America. Dasch (1969) and McCulloch and
Wasserburg (1978) showed that sedimentary materials tends to be
strongly enriched in Rb/Sr relative to continental sources, and therefore
they give model ages that are significantly younger than their sources.
However, for near-modern sediments, the great variability that comes
from sedimentary diagenesis and metamorphic and weathering pro-
cesses leads to a large range in 87Sr/86Sr that can be an advantage for
tracing sediment pathways. The provenance signal is potentially very
large relative to the measurement uncertainty, but it is necessary to
make surveys to characterize the compositions of potential sources, and
it is important to consider that the Rb/Sr ratio is very high in illite and
therefore there is a strong grain-size effect on the 87Sr/86Sr of terrige-
nous sediments. Several studies (Cole et al., 2009; Grousset and Biscaye,
1989, 2005) used 87Sr/86Sr to examine the distribution of wind-blown
particulates and their expression in Atlantic sediments. McLennan et al.
(1990) made a global survey of deep-sea turbidites, including 87Sr/86Sr

compositions. Several papers have used the 87Sr/86Sr compositions of
sediments from the North Atlantic to examine ice-rafted detritus
sources as well as sediment dispersion along drift deposits (Farmer
et al., 2003; Revel et al., 1996). Walter et al. (2000) showed that se-
diment contributions from the Weddell Sea could be traced into the
South Atlantic based on their 87Sr/86Sr. Franzese et al. (2006) showed
that sediment contributions from the Agulhas Current “leakage” could
be traced into the South Atlantic based on their 87Sr/86Sr. A compila-
tion of the relevant 87Sr/86Sr data for the Atlantic Ocean, including data
from riverine particulates (Goldstein and Jacobsen, 1988), is shown in
Fig. 3b.

Following the demonstration that the Sm/Nd isotope system in se-
dimentary materials is not altered from that of its source (McCulloch
and Wasserburg, 1978), this system has become one of the most widely
used geochemical provenance tools, and with rare exceptions (Awwiller
and Mack, 1991; Bock et al., 1994; Lev et al., 1999; McDaniel et al.,
1994) it is a robust provenance tool in sedimentary deposits throughout
Earth's history. Grousset et al. (1988) presented Sm/Nd data from
surface sediments in the North Atlantic, mostly in the northeast Atlantic
basin. They interpreted the distribution between 40° and 50° North to
be from North American sources via the westerly winds, and between 0°
and 30° North to be from Saharan sources via the trade winds, both
consistent with the inference from clay mineralogy (Griffin et al.,
1968). Grousset and Biscaye (2005) reviewed their findings for Nd, Sr
and Pb isotopes in ocean sediments and ice cores. Many of the refer-
ences cited above in the 87Sr/86Sr summary also provided εNd data
(Farmer et al., 2003; Franzese et al., 2006; Franzese et al., 2009;
McLennan et al., 1990; Revel et al., 1996; Walter et al., 2000), and
additional εNd data from terrigenous sediments in the North Atlantic
and Labrador Sea come from a variety of sources (Fagel et al., 2004,
1999; Fagel and Mattielli, 2011; Innocent et al., 2000, 1997; White and
Dupre, 1986). A compilation of the relevant εNd data for the Atlantic
Ocean, including data from riverine particulates (Goldstein and
Jacobsen, 1988; Goldstein et al., 1984), is shown in Fig. 3c.

In sedimentary rocks, the pairing of εNd with 87Sr/86Sr is hampered
by the open-system behavior of the Rb/Sr system during burial diag-
enesis, but in young sediments the pairing of these systems is quite
powerful and widely used (Fig. 5a). To a good first approximation, as
reviewed above, εNd can be thought of as a simple monitor of average
crustal extraction age. Accordingly, it is a frame of reference in which to
consider the deviation of the 87Sr/86Sr from a narrow linear array,
which can be understood by the greater tendency for Rb and Sr to be
separated from each other during many geologic processes. Fig. 5b
displays the published data from Atlantic surface sediments where both
εNd and 87Sr/86Sr are reported.

4.5. Summary of observations and future directions

The K/Ar (or Ar/Ar) age of a terrigenous sediment is a robust pro-
venance approach, that is dominantly a signal of the concentration of
ingrown radiogenic argon, 40Ar*. The sample preparations and mea-
surements are rapid and simple, so this is a desirable tool for tracing
provenance and could provide a means of surveying a large number of
samples and then selecting a subset for application of a wider range of
geochemical measures. As one of the earliest widely-applied chron-
ometers, there is substantial archived data from crystalline source ter-
rains. However, because of the significant alteration of the signal in
recycled sedimentary rocks, and the great fraction of recycled sedi-
mentary rocks in sediments, it is necessary to establish appropriate
regional trends as background information for specific applications. The
K/Ar ages of clays in Atlantic Ocean follow systematic trends that
broadly reflect the geology of their source areas and the path they took
to their final deposition. The pattern of K/Ar ages complements those
from clay mineralogy 87Sr/86Sr and εNd. Although the major elements
were not measured for this study, the acquisition of K concentrations
and other major elements would also allow making inferences about the
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weathering of the sediments' sources.
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