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Abstract Eight ferromanganese crust samples spanning the complete depth range of Tropic Seamount in
the northeast Atlantic were analyzed for Pb and Nd isotopes to reconstruct water mass origin and
mixing over the last 75 Ma. Pb isotopes were determined by laser ablationmulticollector inductively coupled
plasma mass spectrometer (LA‐MC‐ICP‐MS), which enables the rapid production of large, high spatial
resolution data sets. This makes it possible to precisely correlate stratigraphy between different samples,
compare contemporaneous layers, and create a composite record given the abundance of hiatuses in
crusts. Pb and Nd isotope data show the influence of various oceanic and continental end‐members in
the northeast Atlantic Ocean. This reflects its evolution from a restricted, isolated basins in the Late
Cretaceous with influxes from the Tethys Ocean, to an increasingly well‐mixed, large‐scale basin, with a
dominant Southern Ocean signature until the Miocene. Less radiogenic Nd isotope signatures suggest
Labrador Sea Water influenced the northeast Atlantic basin as early as 17–15 Ma, flowing through a
northern route such as the Charlie‐Gibbs Fracture Zone. Pb and Nd isotopes highlight the increasing
influence of Saharan eolian dust input about 7 Ma, imparting a less radiogenic excursion to the binary
mixing between North Atlantic water masses and riverine discharge from West and Central Africa. This
highlights the influence of eolian dust input on the open ocean Pb and Nd budget and supports an early
stage of North African aridification in the Late Miocene. This signature is overprinted about 3 Ma to the
present by a strong North Atlantic Deep Water signature following the onset of Northern Hemisphere
glaciation.

1. Introduction

Paleoceanographic reconstructions rely on biological, physical, and geochemical tracers, such as tempera-
ture, salinity, and a variety of isotope systems reflecting the effects of geological and climatic phenomena.
The radiogenic isotope ratios of Pb and Nd dissolved in seawater, as recorded by authigenic marine precipi-
tates such as ferromanganese (Fe‐Mn) encrustations, are a powerful tool for studying water mass mixing and
evolution through geological time (Koschinsky & Hein, 2017). Changes in the Pb and Nd radiogenic isotope
composition of a water mass can only result from addition from a reservoir with a different isotopic compo-
sition as they are unaffected by fractionation induced by biological processes, temperature, and evaporation
(Frank, 2002). Accordingly, Pb and Nd isotopes have been frequently used as tracers for studying past
water mass mixing and for monitoring continental weathering, because their residence times (50–100 and
600–2000 years, respectively) are shorter than the homogenization time of the ocean (Cochran et al., 1990;
Henderson & Maier‐Reimer, 2002; Tachikawa, Jeandel, & Roy‐Barman, 1999).

This difference in residence time is recognized within the regional Nd isotope signature of water masses that
influence different oceanic basins. For example, newly formed North Atlantic Deep Water (NADW) has a
signature of −13.5 ƐNd (deviation of the determined 143Nd/144Nd ratio from the chondritic uniform reser-
voir CHUR in parts per 10,000) that originates from the mixing of Labrador Sea Water (LSW: −18 to
−14.1 ƐNd) with more radiogenic water from the Norwegian‐Greenland Sea (NGS: −8 to −11 ƐNd)
(Figure 1) (Lacan & Jeandel, 2005a; Lambelet et al., 2016; Reynolds et al., 1999). Waters from the Pacific
Ocean have a more radiogenic signature (−3 to −5 ƐNd), as a result of interaction with younger volcanic
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rocks (Scher & Martin, 2008). Mixing of NADW with Pacific water, with a further contribution from highly
diverse Antarctic terranes, leads to Antarctic bottom and intermediate waters (AABW and AAIW,
respectively) having intermediate ƐNd values (−7 to −9) (Flierdt et al., 2016; Reynolds et al., 1999; Scher
et al., 2015). This progressive mixing supports the quasi‐conservative behavior of Nd in the ocean (Flierdt
et al., 2016). Therefore, temporal variations in Nd isotopic composition at a given location result from
changes in the contribution of deep waters from a particular source region (water mass mixing), or
changes in the composition of Nd drained from the deep water source region (weathering) (Thomas &
Via, 2006). In such context, less radiogenic Nd signatures tend to designate old continental rocks, while
young mantle rocks, such as newly formed basaltic crust, have radiogenic Nd signatures due to higher
Sm/Nd ratio in depleted mantle rocks (Frank, 2002). While the general relationship between continental

Figure 1. (a) Modern oceanographic circulation in the Atlantic Ocean showing the main intermediate and deep water
masses: Labrador Seawater (LSW), Denmark straight overflow water (DSOW), Iceland‐Scotland ridge overflow water
(ISOW), east and west NADW (ENADW and WNADW, respectively), Antarctic intermediate and bottom water
(AAIW and AABW, respectively), and Mediterranean outflow water (MOW). Stars indicate the location of available
Nd records used in later figures: NE: northeast Atlantic basin (Muiños et al., 2008); NW: northwest Atlantic basin
(Reynolds et al., 1999); RFZ: Romanche Fracture Zone (Frank et al., 2003). Nd data for WR: Walvis Ridge; NFL:
Newfoundland; RGR: Rio Grande Rise; DR: Demerara Rise; and CVB: Cape Verde Basin are from a compilation by
Thomas and Via (2006) and Batenburg et al. (2018). (b) Temperature versus salinity (practical salinity unit) data from
CTD deployments during the JC142 MarineE‐Tech mission in 2016. Water mass end‐members from Jenkins et al. (2015).
(c–e) The paleoceanographic reconstruction (modified from Scotese, 2016) of the Atlantic basin at 80, 60, and 30 Ma,
respectively. These depict the major tectonic evolution of the basin and dominant water masses of these periods (TISW:
Tethyan Indian Saline Water; SCW: Southern Component Water; PDW: Pacific Deep Water; pACC: proto‐Antarctic
Circumpolar Current).
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lithologies and regional seawater signature is now clear, other processes emerge as important local para-
meters effecting the Nd budget and signature of seawater along continental margins. This is notably the case
of seawater interaction with sediments where sorption‐desorption processes balance the isotopic signature
of seawater through dissolution and precipitation of particles (Flierdt et al., 2016; Jeandel et al., 2007).
The discharge of submarine groundwater and benthic fluxes from pore waters are also recognized as addi-
tional sources of Nd in the ocean (Abbott et al., 2016; Johannesson & Burdige, 2007).

In contrast, Pb isotope signatures are more spatially diverse, as a consequence of Pb shorter residence time in
the ocean. Therefore, it reflects the influence of local inputs, such as the intensity and type of weathering
taking place (e.g., mechanical or chemical), because of the incongruent release of Pb during chemical weath-
ering of continental rocks (Blanckenburg & Nägler, 2001) as a result of the preferential dissolution of
U‐containing accessory minerals (Harlavan & Erel, 2002). Such processes result in enhanced radiogenic sig-
natures of the weathered product. Contrary to the Nd system, old cratonic terranes usually have more radio-
genic signatures compared to younger volcanic or sedimentary rocks (Harlavan & Erel, 2002). Consequently,
the secular variation in Pb isotopes can reflect changes in the weathering style of a given source, such as gla-
cial–interglacial cycles (Foster & Vance, 2006), changes in the provenance of weathering products (mixing),
or a combination of both.

Over the last few decades, deep‐sea Fe‐Mn crusts have been extensively studied to retrace historical water
conditions in all the planet's oceans (Frank, 2002; Godfrey, 2002; Goto et al., 2017; Josso et al., 2020;
Konstantinova et al., 2017; Mizell, Hein, Lam, et al., 2020; Muiños et al., 2008; Nishi et al., 2017;
Rehkämper et al., 2004). Due to their extremely slow accumulation rate (a few mm/Ma), these marine pre-
cipitates provide a low‐resolution, but long‐term, archive of seawater chemistry (Koschinsky & Hein, 2017).

This study uses a suite of hydrogenetic Fe‐Mn crusts spanning the entire depth range (1,000–3,800 m below
sea level) of Tropic Seamount in the northeast Atlantic (Figure 2), to study water mass distribution and mix-
ing using Pb and Nd isotopes. A detailed age model for one of the samples has recently been produced, using
Bayesian statistical modeling of Markov Chain Monte Carlo simulations, combining Os isotope data, U‐Pb
dating and Co‐chronometry (Josso et al., 2019). This age model shows that Core 085_004 preserves Fe‐Mn
crust deposition spanning the last 75 ± 2 Ma and, therefore, offers an opportunity to study the evolution
of the circulation and weathering inputs to the northeast Tropical Atlantic over most of the Cenozoic and
Late Cretaceous (Figure 1).

Throughout its tectonic evolution, major closing and opening of oceanic gateways as well as opening of new
minor basins changed the origin and hydrographic regime of the Atlantic Ocean (Figure 1). In the Late
Cretaceous, the circulation in the North Atlantic was dominated by influx from the Pacific and Tethyan sea-
way with minor contributions of Southern Component Water (SCW) through the equatorial Gateway
(Mourlot et al., 2018). The less vigorous influx of deep water and more sluggish circulation conditions of
the Late Cretaceous suggest the potentially stronger influence of local nearshore processes on water masses
isotopic signatures (Pérez‐Díaz & Eagles, 2017). Around the Cretaceous‐Paleocene boundary, limited deep
water formation initiated in the high latitudes of the North Atlantic and Pacific Ocean (Pérez‐Díaz &
Eagles, 2017). The Paleocene marks a major period of widening and deepening of the equatorial gateway,
of other oceanic basins of the Atlantic Ocean, and the onset of near modern thermohaline circulation pat-
terns with major latitudinal water mass movements dominated by meridional sources (Figure 1)
(Batenburg et al., 2018). In the Oligocene, the opening of the Drake Passage and deepening of the Tasman
Strait about 33–29 Ma triggered a reorganization of the currents in the southern hemisphere establishing
the Antarctic Circumpolar Current (ACC) (Katz et al., 2011; Scher & Martin, 2008). The transition to a bipo-
lar mode of deep‐ocean current formation occurred around a similar period to the onset of the ACC,
although estimates vary from Ealry Oligocene to Middle Miocene (Scher & Martin, 2008; Thomas &
Via, 2006; Wright et al., 1992; Wright & Miller, 1996; Zachos et al., 2001). Earliest production of deep water
in the North Atlantic, Northern ComponentWater (NCW), initiated in the Early Oligocene with the deepen-
ing of sills previously isolating the Arctic, Greenland, and Norwegian basins from the North Atlantic
(Batenburg et al., 2018). The NCW evolved progressively to its current NADW signature (salinity, tempera-
ture, and isotopic composition) over the last 3–4 Ma with the increased deep water generation in the
Labrador Sea, with unique isotopic features derived from the weathering of Archean shield units by
Northern Hemisphere Glaciation episodes (Thomas & Via, 2007).
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Most oceanographic studies of the Atlantic have focused on the north and northwest basin given the predo-
minance of deep water formation in these regions and global circulation pattern. Therefore, the research pre-
sented herein offers a complementary view from the less documented northeast Atlantic basin, yielding Pb
and Nd isotope data for the last 75 Ma. This record is essential to reconstruct water mass circulation in this
region in conjunction to the major climate transition of the Cenozoic from hot to ice house.

Figure 2. Cut Fe‐Mn crust samples used in this study and their location on Tropic Seamount (Table 1). Bathymetric map
of Tropic Seamount obtained from the ship‐based EM120 during JC142, gridded at 50 m and showing the location of
Fe‐Mn crust samples (modified from Yeo et al., 2018). The gray rectangles represent the stratigraphic portions used to
create thin sections for SEM observations and LA‐MC‐ICP‐MS analysis. All samples are presented at the same scale.
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2. Material and Methods
2.1. Geological Context

Tropic Seamount is part of the Saharan Seamount Province (SSP), located 450 km from the passive
continental margin of West Africa, halfway between the Canary and Cape Verde islands (Josso
et al., 2019). Tropic Seamount is emplaced over 155 Ma oceanic crust and formed principally during
the late Aptian (119–114 Ma), with minor volcanic activity occurring until the Middle Paleocene (van
den Bogaard, 2013).

Tracing the subsidence of Tropic Seamount since its formation (119–114 Ma) on the 155 Ma oceanic crust
using the thermal subsidence model defined by Crosby and Mckenzie (2009) for Atlantic oceanic crust and
combined with eustatic variations (Haq, 2014; Haq et al., 1987), indicates the major part of Tropic Seamount
subsidence occurred over its first 40 Ma of existence (120–80 Ma) (supporting information Figure S1).
Indeed, most of the oceanic crust subsided from 155 to 80 Ma to then stabilize and partially rebound
(Crosby & Mckenzie, 2009). Thereafter, most changes in depth of the Fe‐Mn crust samples are driven by
short‐term eustatic variations (Haq, 2014, Haq et al., 1987) overprinting a long‐term rebound of the
oceanic crust (supporting information Figure S1). A maximum amplitude of variation of 260 m, ranging
from 900–1,160 mbsl for the summit Sample 085_004 (75–0 Ma; Figure 2), can be deduced tracing the
paleodepth of the sample through time. Thus, we do not consider subsidence the primary driver of isotopic
variations in our samples.

2.2. Fe‐Mn Crust Samples

The samples for this study were recovered during the JC142 expedition of the NERC‐funded “MarineE‐Tech”
project to Tropic Seamount in 2016, by the remotely operated vehicle (ROV) Isis (Figure 2). Samples from the
western flanks of Tropic Seamount were recovered using the ROV manipulator arms, while Fe‐Mn crust
pavement samples from the summit were obtained in situ using a ROV‐mounted drill. The samples have
thicknesses ranging from 30 to 145 mm (Table 1 and Figure 2). Previous geochemical analysis indicate that
shallow samples, older than 38Ma are phosphatised (Josso et al., 2019, 2020), a feature not present in deeper
samples. This particularity offers the possibility to evaluate the influence of secondary diagenetic phosphati-
zation on the integrity of isotopic records in contemporaneous layers of Fe‐Mn crusts.

2.3. SEM Imaging

All measurements were carried out on a 100 μm carbon‐coated (25 nm thick) polished thin sections
following the stratigraphic sections highlighted in Figure 2. Backscatter electron (BSE) imaging was per-
formed on an FEI Quanta 600 scanning electron microscope (SEM) fitted with an Oxford Instruments
INCA Energy 450 X‐ray microanalysis system. All BSE images reflect the original stratigraphic orientation
of the sample.

2.4. Pb and Nd Isotope Solution Measurements

Thirty‐eight microdrilled subsamples were recovered from Sample 085_004 and analyzed for Pb and Nd iso-
topes. An additional 40 microdrilled subsamples were recovered from Samples 078_019 and 107_001 for Nd

Table 1
Location, Depth, and Thickness of the Eight Fe‐Mn Crust Samples From Tropic Seamount Used in This Study

Sample #

Latitude Longitude
Depth

ROV tool
Fe‐Mn thickness

Deg Dec. min. Deg Dec. min (mbsl) (mm)

JC142_078_019 23 56.561 −20 48.723 3,101 Manipulator arm 105
JC142_078_023 23 55.978 −20 48.394 2,822 Manipulator arm 95
JC142_083_001 23 53.343 −20 51.390 3,777 Manipulator arm 130
JC142_083_007 23 53.348 −20 50.888 3,512 Manipulator arm 54
JC142_085_004 23 53.768 −20 46.056 1,130 Rock drill 145
JC142_089_010 23 54.288 −20 40.552 1,028 Rock drill 55
JC142_107_001 23 55.254 −20 47.817 2,330 Manipulator arm 85
JC142_107_005 23 55.221 −20 47.265 1,803 Manipulator arm 30
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isotope analysis. All powdered subsamples were leached in closed vessels using 2.5 M HCl on a hot plate for
8 hr to target the Fe‐Mn oxides (+ carbonates and easily leachable adsorbed species) and leaves the residual
silicates intact. The liquid phase was extracted following centrifugation and the solute separated into two ali-
quots for Nd and Pb column chemistry at the BGS Geochronology & Tracers Facility (GTF). Pb was sepa-
rated using standard anion exchange chemistry using Eichrom AG1x8 resin. Rare earth elements were
concentrated using columns packed with Eichrom AG50x8 cation exchange resin, and Nd was then sepa-
rated using Eichrom LN‐SPEC resin.

Pb and Nd solution isotope measurements were performed using a ThermoScientific Neptune Plus multicol-
lector inductively coupled plasma mass spectrometer (MC‐ICP‐MS) coupled to a Teledyne‐Cetac
Technologies Aridus II desolvating nebulizer and an ESI SC‐microautosampler with PFA‐50 nebulizer tip.
Each acquisition consisted of 75 ratio measurements, collected at 4 s integrations, following a 60 s electronic
baseline. Repeatability and bias of the measurements were assessed through regular analysis of JNdi and
NBS 981 Nd and Pb reference solutions. Prior to Pb isotope analysis, each sample was spiked with a thallium
solution, which allowed for the correction of instrument‐induced mass bias. Nd was corrected for mass frac-
tionation using 146Nd/144Nd = 0.7219. The data are normalized to the values of Tanaka et al. (2000) and
Baker et al. (2004) for Nd and Pb, respectively. For Nd, analysis of additional secondary reference materials
Nod‐A‐1, Nod‐P‐1, JMn‐1, and a homemade reference material (HRM) over four analytical sessions yielded
the following results (weighted average ±95% conf): −9.68 ± 0.19 ƐNd for Nod‐A‐1 (n = 5), −3.93 ± 0.20
ƐNd for Nod‐P‐1 (n = 5), −5.80 ± 0.15 ƐNd for JMn‐1 (n = 3), and −11.63 ± 0.33 ƐNd for our HRM
(n = 3) (supporting information Table S1, https://doi.org/10.5285/ce4cd06e‐ada2‐4c2b‐89cf‐2f0f81884396).
These results are within uncertainty of the range of reported values for Nod‐A‐1 (−9.55 to −9.91 ƐNd
[n = 3]), and Nod‐P‐1 (−4.02 to −4.25 ƐNd, n= 4) (Jochum et al., 2005). To our knowledge these are the first
reported ƐNd values for JMn‐1.

After normalization and uncertainty propagation toNBS981, solution Pb isotope validation data for Nod‐A‐1,
Nod‐P‐1, JMn‐1 and HRM, are within uncertainty of reference values (Table 2).

2.5. LA‐MC‐ICP‐MS Measurements

Tomaintain consistent analytical conditions between referencematerials and sample thin sections, the pow-
dered reference materials were mixed with resin, mounted on a glass‐slide and then polished to produce flat
surface for laser ablation (LA). Wax‐bound pressed pellets were found to have an erratic ablation behavior
during ablation tests.

LA work was performed using an Elemental Scientific Lasers NWR193UC LA system with TV2
two‐volume ablation cell, coupled to a ThermoScientific Neptune Plus MC‐ICP‐MS. Data were collected
on a continuous time‐resolved basis, with data integrated every 0.262 s. Data were processed manually
to correct for the differential tau response of the Faradays, which impacted the data due to the large
signal variations experienced from integration to integration, before further processing and normaliza-
tion using the Iolite (v.3.65) data reduction software (Paton et al., 2011). Fe‐Mn crust samples were ana-
lyzed using a letter box format ablation pattern of 15 * 150 μm continuously rastering at 10 μm/s
perpendicular to the sample's stratigraphy. LA Pb isotope ratios were normalized through standard
bracketing using the Baker et al. (2004) values for Nod‐A‐1 as the primary reference material and also
propagated for any overdispersion in the Nod‐A‐1 data for each analytical session. Validation data are
presented in Table 2. Nod‐A‐1 measurements (n = 162) were performed during nine sessions spread
over 8 months. After normalization and propagation, the validation materials Nod‐P‐1, JMn‐1, and
HRM show no scatter within or between analytical sessions, demonstrating appropriate uncertainty
propagation relative to the overdispersion of Nod‐A‐1. LA Pb isotope data for Nod‐P‐1, JMn‐1, and
HRM deviate from solution results by 0.0019–0.0442%, 0.0150–0.0712%, and 0.0048–0.0212%, respectively
(see Table 2). It is noticeable that HRM exhibits better agreement than Nod‐P‐1 and JMn‐1. The HRM
was ground to a finer‐grain size (95% < 32 μm and >99% < 53 μm) during preparation at the BGS
laboratories and is therefore likely more homogeneous than Nod‐P‐1 and JMn‐1. The sample LA data
presented here is averaged every 20 integrations and consequently, each data point represents the Pb
isotopic composition measured over 50 μm. A comparison of the laser and solution Pb isotope data is
provided in supporting information Figure S2.
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3. Results
3.1. Pb Isotope Correlated Stratigraphy

The continuous Pb isotope LA profiles from crust samples spanning a depth range
of 1,028–3,777 mbsl are shown on a schematic west‐east topographic section of
Tropic Seamount (Figure 3). The age model developed for Core 085_004 (Josso
et al., 2019) is used in conjunction with prominent isotopic excursions in the Pb
isotope record to transpose the age model and temporally correlate samples from
the summit to the abyssal plain. The 207Pb/206Pb ratio is primarily used for this cor-
relation due to its high precision and large variation in amplitude (Figure 3 and
supporting information Figures S3–S6). A similar correlation with detailed images
of textures is provided in supporting information Figure S7. Following the correla-
tion presented in Figure 3, the isotopic trends are plotted against time in Figure 4,
therefore deleting the distorting effect of varying growth rates between samples.

Figure 4 makes it possible to compare temporally matching portions of the record
from different depths and establish a composite Pb isotope record for Tropic
Seamount. Portions showing the best record continuity, over the longest periods
of time, and with the least mineral texture disruptions or disturbance by detrital
material were selected for the composite record (highlighted in red in Figures 3
and 4). Although Sample 085_004 shows themost complete isotopic record overall,
the low abundance of Fe‐Mn oxides in the Oligocene and Late Miocene (Figures 3
and 4 and supporting information Figure S7; Josso et al., 2020) as well as the
numerous minor erosive surfaces in the Pliocene (5.3 ± 1.7–2.5 ± 1.9 and
1.2 ± 0.3–0 Ma; Josso et al., 2019) leads to the consideration of isotopic records
from other samples for these periods.

The samples from deeper water depths show no sign of phosphatization and con-
tain a greater abundance of Fe‐Mn oxides and less carbonates, as evidenced by the
mosaicked SEM profiles (Figure 3 and supporting information Figure S7).
Accordingly, the section from 078_023 is used to construct the composite record
of the Eocene and Oligocene, while 107_001 is used for the most recent record
showing no hiatuses and well‐developed stratigraphy. The resulting composite
Pb record for Tropic Seamount (supporting information Table S2; https://doi.
org/10.5285/ce4cd06e‐ada2‐4c2b‐89cf‐2f0f81884396) is plotted against time
together with other records from the Atlantic Ocean for comparison (Figure 5)
and used for further discussion.

3.2. Composite Pb Isotopes Time Series

In general, the 206, 207, 208Pb/204Pb ratios have similar trends, mirrored by varia-
tions in the 208, 207Pb/206Pb ratios (Figure 5). The Late Cretaceous is characterized
by the peak radiogenic values observed at Tropic Seamount (206, 207, 208Pb/
204Pb = ~19.18, ~39.25, ~15.79, and 208, 207Pb/206Pb = ~2.043, ~0.822, respectively).
The Pb isotope data then decline to less radiogenic values in a stepwise pattern,
coincidental with the Cretaceous‐Paleogene and Paleocene‐Eocene boundaries
(206, 207, 208Pb/204Pb = ~18.75, ~38.75, ~15.63, and 208, 207Pb/206Pb = ~2.043,
~0.822, respectively). The general trend of the Pb isotope data then returns to more
radiogenic values across the Oligocene and Miocene up to ~10 Ma. Over the last
10 Ma, Pb isotopes present a saw tooth pattern, with less radiogenic excursions
at 5 and 3 Ma, which are most evident in Samples 089_010, 107_005, and
107_001 (Figures 3–5). The 0–3 Ma period shows a rapid excursion to more radio-
genic values in the 206, 208Pb/204Pb ratios, while the 207Pb/204Pb remains constant
over this period, in good agreement with triple‐spiked Pb data from Abouchami
et al. (1999).T
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Pb isotope signatures of the surface of the eight Fe‐Mn crust samples vary from 18.9–19.0, 15.67–15.71,
39.05–39.1, 0.826–0.831, and 2.056–2.068 for 206, 207, 208Pb/204Pb and 207, 208Pb/206Pb, respectively. This is
consistent with reported values for Fe‐Mn crusts surface scrapes from the Atlantic (Abouchami et al., 1999;
Frank et al., 2002, 2003; Muiños et al., 2008). There is a systematic trend toward less radiogenic values with
increasing water depth of the samples (Figure 4), which relates to erosive conditions on the summit of Tropic
Seamount (Yeo et al., 2019) and loss of the most recent, more radiogenic part of the record in some samples.

In Pb‐Pb space (Figure 6), the composite Pb record does not plot as a straight line but rather defines five to six
distinct trends corresponding to the period 75–58, 56–25, 17–7, 7–3, and 3–0 Ma. Each trend can be inter-
preted as approximate binary mixing between two end‐member sources. Plotting the complete Pb data set,
trends, and signature of end‐members relevant to the study area (Figures 6g and 6h) highlights that a mix-
ture of the cratonic terranes of South America (Amazon and Orinoco sediments) and West Africa (Congo
River fan sediment) dominate the radiogenic end‐member of the record. The less radiogenic end of our data
plots in an intermediate position between the signature of the Tethys and that of SCW. Divergences between
trends remain minimal over the period 75–7 Ma and highlight a remarkably stable Pb isotope mixing trend
from the Late Cretaceous to the Messinian, which demonstrate the strong local continental source of Pb to
Tropic Seamount throughout most of the Cenozoic.

Figure 3. Correlation of the stratigraphy of Fe‐Mn crusts samples from Tropic Seamount using LA‐MC‐ICP‐MS Pb isotope data and the age model developed for
Core 085_004 (Josso et al., 2019). Circled numbers (1–10) represent the various layers identified visually for their unique Pb isotope trends and highlighting
the stratigraphy. The black areas represent hiatuses in the age model for Core 085_004 for which no complementary record was identified in adjacent samples.
Electron backscatter images, acquired with an FEI Quanta 600 SEM with a 20% surface overlap, were mosaicked to produce a continuous stratigraphic transect
of each thin section, using Image Composite Editor©. Similar correlated stratigraphy for other Pb isotope ratios and textures are presented in supporting
information Figures S3–S6, while Figure S6 presents a detailed view of the textures.

10.1029/2020PA003928Paleoceanography and Paleoclimatology

JOSSO ET AL. 8 of 20



3.3. Nd Isotope Time Series

The Nd isotope data obtained from the Fe‐Mn crust samples are available in the supporting information
(Table S3; https://doi.org/10.5285/ce4cd06e‐ada2‐4c2b‐89cf‐2f0f81884396). The Nd data for Samples
085_004 and 078_019 are distinctive in the Late Cretaceous (Figure 78). Both initiate at −11 ƐNd, but the
deeper water sample increases to more radiogenic values (−10.3 ƐNd), which remain constant until the
end of the Paleocene. This trend is similar to that of the Tethys, albeit it 1.5 ƐNd unit less radiogenic than
Tethys values (Pucéat et al., 2005; Figure 7). In contrast, the shallower water sample presents a major radio-
genic excursion, reaching up to −9.3 ƐNd at about 61 Ma. This excursion corresponds to an average increase
of 0.3 ƐNd per Ma between 67 and 61 Ma and indicates a vertically stratified water column, separating inter-
mediate and surface water from a deeper Tethys‐influenced water mass. Both samples have similar values
for the Early Eocene, decreasing to a minima of −10.5 to −10 ƐNd at 54 Ma. In the late Eocene and
Oligocene the data from all three water depths converge toward less radiogenic values. This trend begins
about 36 Ma for the deeper sample, while it initiates 32 Ma ago in the other two. Given the absence of depth
change in relation to subsidence and eustatic variations over this period (supporting information Figure S1),
this indicates it took 3–4 Ma for the upper limit of the deeper water mass to shoal and effect the isotopic
signature of the intermediate and shallow sample. Over the last 17 Ma, the ƐNd time series evolved from
−10.2 to −11.9 ƐNd, although diachronous between the intermediate and shallow water sample from about
7–8 Ma ago. The Nd isotope signatures obtained from the surface of Samples 107_001 (−11.35 ± 0.26 ƐNd)
and 078_019 (−11.9 ± 0.3 ƐNd) are consistent with current seawater values reported for this region (Jenkins
et al., 2015; Rickli et al., 2009; Schlitzer et al., 2018).

Figure 4. LA‐MC‐ICP‐MS Pb isotope data plotted against a linear timescale.
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Figure 5. (a) Time series of the composite Pb isotope record from Tropic Seamount, color coded linearly for age to aid representation in Figure 6. (b) Global
deep‐sea oxygen and carbon isotope records based on data from Zachos et al. (2008). Major events of the Cenozoic (Zachos et al., 2001) are highlighted: K‐Pg:
Cretaceous‐Paleogene meteor Impact and Deccan Trap Volcanism; PETM: Paleocene‐Eocene Thermal Maximum; ETM2: Eocene Thermal Maximum 2; EECO
and MECO: Early and Mid‐Eocene Climatic Optimum; AIS: Antarctic Ice Sheets; Oi‐1: Oligocene glaciation; Mi‐1: Miocene glaciation; MMCO: Mid‐Miocene
Climatic Optimum; E‐WAIS: East and West Antarctic Ice Sheets development; PSC: Panama Seaway Closure; NHG: Northern Hemisphere Glaciation. Data from
the NE Atlantic basin from Muiños et al. (2008), NW Atlantic data on sample BM1969.05 from Reynolds et al. (1999), RFZ: Romanche Fracture Zone from
Frank et al. (2003), and previously published data on sample 121DK from Tropic Seamount from Abouchami et al. (1999).
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Figure 6. 207Pb/204Pb versus 206Pb/204Pb and 208Pb/204Pb versus 206Pb/204Pb diagram of laser ablation data for the composite record for the 75–58 Ma (a and b),
56–25 Ma (c and d), and 17–0 Ma (e and f) periods using similar color coding to Figure 5. In each panel, the major trends form by the data are highlighted
with a colored line representative of the period. Panels (g) and (h) present the complete composite records and trends with potential source end‐member
signatures from Sun et al. (1980), Christensen et al. (1997), Abouchami et al. (1999), Frank et al. (2003), Millot et al. (2004), Muiños et al. (2008),
Abouchami et al. (2013), Kumar et al. (2014), and Kumar et al. (2018).
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4. Discussion
4.1. Correlated Stratigraphy

The development and optimization of LA‐MC‐ICP‐MS measurements, in a continuous transect across the
stratigraphy of Fe‐Mn crust samples, allows for the rapid production of high‐resolution Pb isotopic profiles.
With a laser scan speed of 10 μm/s, a 15 cm traverse can be completely analyzed in just over 4 hr. This
method allows for the rapid production of large isotope data sets, opening up new approaches to isotope stu-
dies on Fe‐Mn crusts. Development of a high‐resolution correlated stratigraphy, spanning a complete water
depth transect and varied depositional environments on Tropic Seamount (Lusty et al., 2018), permits a
robust comparison of the stratigraphy and allows to quantify the influence of environmental factors affecting
crust distribution and their mineral textures.
4.1.1. Growth Rate Variability
It is possible to quantify with confidence the variability in growth rate of the Fe‐Mn crusts at Tropic
Seamount (Figure 3 and Table 3). The most significant difference is observed in the 0–3 and 52–55 Ma

Figure 7. Nd isotope time series for Tropic Seamount samples. Color coding for Nd data from the literature for Fe‐Mn
crusts and sedimentary records matches Figure 1.

Table 3
Thickness (in mm) of Layers 1–10 of Fe‐Mn Crust Samples From Tropic Seamount Based on the Correlated Stratigraphy (Figure 3)

Layer
Samples

Age Growth rate
# 083_001 083_007 078_019 078_023 107_001 107_005 085_001 089_010 (Ma) (mm/Ma)

1 8 12 4 3* 9 5 2* 2* 0–3 1.3–4.0
2 8 8* 2* 9 14 13 4* 17 3–5 4.5–8.5
3 13 — — 21 15 14* 22 16 5–10 2.6–4.4
4 31 — — 31 20 22 20 10–16 3.3–5.2
5 6* 16 8 17 12 14 4* 25–35 0.8–1.7
6 4* 11 14 20 16* 26 35–42 1.6–3.7
7 56 13* 41 6* 21 52–56 5.3–14.0
8 15 22 58–65.5 2.0–2.9
9 7 8 65.5–70 1.6–1.8
10 18 14 70–75 3.0–3.6

Note. The new temporal constraints make it possible to evaluate the range of average growth rate for contemporaneous layers from different samples. Note that
thickness measurements marked by an “*” have not been taken into consideration in growth rate calculations due to the effect of the hiatuses or erosive surfaces
present. Layers indicated by a “—” are completely absent from the samples.
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stratigraphic intervals, where no hiatuses are detectable. There, the growth rates can vary by a factor of 3
between samples separated by less than 4 km. Growth rate variation by a factor 2 is common in most other
layers.

The varying growth rates between contemporaneous layers is also reflected in the different textures of each
sample. Textures in Fe‐Mn crusts have been commonly related to current energy and the associated abun-
dance of sediment available to the actively growing Fe‐Mn crust surface (Hein et al., 1992). Notably, lami-
nated textures result from strong currents, which cause the surface on which crusts are accreting to
remain particle free (Josso et al., 2020). Varied columnar textures, ranging from densely packed or joined col-
umns, to columns with obvious intercolumnar space, to completely isolated columns or botryoids in a pela-
gic carbonate matrix, represent decreasing levels of current energy, respectively. Here it is observed that
contemporaneous layers have different textures and establishing a correlated stratigraphy solely based on
textural data is complex.

However, it is observed that all Tropic Seamount samples present a coherent stratigraphy with regard to
changing texture in relation to the energy of the environment of deposition and abundance of detrital par-
ticles. Occasionally, specific horizons with obvious textural features can be tracked across the entire water
depth transect in all samples. This is notably illustrated by two 3–5 mm thick dense horizons in Layers 2
and 3 of the stratigraphy (Figure 3 and supporting information Figure S7).
4.1.2. The Influence of Phosphatization
Paleoceanographic reconstructions based on isotope data obtained from phosphatised Fe‐Mn crust samples
have always been treated with caution. Indeed, based on leaching experiments, Koschinsky et al. (1997) indi-
cated that suboxic impregnation of crusts by carbonate fluorapatite (CFA) and the resulting partial dissolu-
tion and recrystallization of Fe‐Mn oxides may result in alteration of the primary Pb and Nd isotopic signal.
Phosphatization occurs during periods of increased upwelling of nutrient‐rich deep waters along the flanks
of seamounts or continental margins, causing a sudden increase in bioproductivity. This leads to dissolved
oxygen depletion and depth expansion of a P2O5‐rich, oxygen minimum zone (OMZ). These chemical con-
ditions prevent further Fe‐Mn oxide precipitation, and impregnation of the existing substrate (volcanics,
sedimentary rocks, and Fe‐Mn crusts) by CFA, with partial replacement of carbonates. Despite this issue,
many authors have conducted isotope studies on phosphatised Fe‐Mn crust samples, using the justification
that no visible shift in the Nd, Pb, Tl, and Os isotope records is observed at the phosphatized‐unphosphatized
transition (Christensen et al., 1997; Klemm et al., 2005; Ling et al., 1997; Rehkämper et al., 2004).

Recent work on the geochemical partitioning of Pb in Fe‐Mn oxides (Takahashi et al., 2007) and the careful
reexamination of leaching experiments by Mizell, Hein, Koschinsky, et al. (2020), demonstrated that the
conclusions of Koschinsky et al. (1997) were biased by Pb high reactivity and its readsorption onto the resi-
dual phase during the leaching experiment.

The similarity in the contemporaneous (75–38Ma) Pb isotope trends between the phosphatized 085_004 and
unphosphatized 078_019 samples from Tropic Seamount forms a simple demonstration and further evi-
dence of the absence of effect of diagenetic phosphatization on the Pb isotope signature of Fe‐Mn crusts
in support of the conclusions of Mizell, Hein, Koschinsky, et al. (2020).

4.2. Paleoceanographic Interpretation

The Cenozoic has seen the evolution of Earth's climate from the warm conditions dominating since the
Cretaceous and lasting until the mid‐Miocene to the high‐frequency glacial‐interglacial cycles that have
dominated the past 2.7 Ma. This transition was in part the result of long trends in cooling and warming
but also the result of short, abrupt events, both contemporaneous with a dramatic evolution of the ocean
basin configuration (Figure 1) (Thomas & Via, 2006; Wright & Miller, 1996; Zachos et al., 2001).
Elucidating past changes in deep‐ocean circulation, their timing and origin based on a variety of proxy is
therefore essential to reconstruct and improve our understanding of Earth's climate. In this context,
Fe‐Mn crusts deposits from the northeast Atlantic Tropic Seamount are well positioned to record the influ-
ence of Tethyan seawater in the north Atlantic, the onset of NCW, and its circulation between the northwest
and northeast Atlantic basins, the timing and effect of the Miocene cooling on the aridification of North
Africa as well as the Northern Hemisphere Glaciation.
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Most major climatic and geologic events in the Cenozoic evidenced by isotopic δ13C and δ18O excursions are
matched by a sudden changes or inflections in our Pb isotope data followed by a period of stasis or coincide
with the major hiatuses of the Fe‐Mn crust deposits (Figure 5). This is notably remarkable at the K‐Pg transi-
tion, the δ13C and δ18O inflection at 62 Ma, the Paleocene‐Eocene Thermal Maximum (PETM), Early and
Middle Eocene Climate Optimum (EECO and MECO), the apparition of Antarctic ice sheets, Oi‐1, and
the Northern Hemisphere Glaciation (NHG). This highlights the sensitivity of our record to major climatic
variations through the strong feedback of climate on the weathering and transport of Pb from the continen-
tal masses to the ocean. Furthermore, the climate‐oceanography relationship leading to either accumula-
tion, absence of deposition or erosion of Fe‐Mn crusts is well illustrated in this record. Indeed, major
positive δ13C excursions are associated with massive burial of organic carbon caused by enhanced marine
productivity, most notably during the Paleocene Carbon Isotope Maximum (~58 Ma; Figure 5). Such condi-
tions are consistent with no Fe‐Mn oxide deposition and hiatuses in our composite record. Furthermore, the
abrupt Pb isotope variations in the Late Campanian and Maastrichtian could match the high‐amplitude
cooling and warming events recorded in numerous deep‐sea records in the North and South Atlantic,
Pacific, and Indian Oceans (Westerhold et al., 2011).
4.2.1. From an Isolated Basin to Open Ocean Record
Deep water Nd data from Tropic Seamount for the Late Cretaceous diverge significantly from the otherwise
consistent trends from the Walvis Ridge, Rio Grande Rise and Newfoundland (Figures 1 and 7). The con-
trast with geographically proximal sediment records from the Cape Verde Basin and Demerara Rise is even
more pronounced. A clear Nd Tethys Ocean signal is apparent in the trend of the deep Fe‐Mn crusts from
Tropic Seamount in the Late Cretaceous, consistent with longitudinal oceanic circulation dominating this
region of the proto‐North Atlantic basin at this period. However, the disagreement between Tropic
Seamount Nd data and other open‐ocean records suggests that Tropic Seamount was isolated from the
main oceanic circulation occurring at this time at the Walvis Ridge, Rio Grande Rise, and Newfoundland
or that the influence of Tethys seawater was localized. Alternatively, in the proto‐North Atlantic Ocean,
the contact area between the ocean water and its continental margins would have been significant relative
to its volume. Accordingly, the large amplitude of variation observed in the Nd data can be attributed to a
water column that is strongly influenced by boundary exchange at basin continental margins (Batenburg
et al., 2018; Lacan & Jeandel, 2005b). The large spread of Nd values in sediment records from the
Demerara Rise and Cape Verde basin (Figure 7), which are geographically proximal to Tropic Seamount,
support the strong regional influence of continental sediment input from the ancient cratonic terranes of
Africa and South America. These end‐members resulted in nearshore sediments having a strongly less
radiogenic Nd signature that could influence water column chemistry if deep water circulation was slow
and/or the site was located in a small isolated basin (Batenburg et al., 2018). This provides an alternative
solution to explain the less radiogenic Tethys‐like signature and is consistent with the most radiogenic
Pb isotope data observed in Tropic Seamount samples. In addition, the lack of covariation of 206Pb/204Pb
with the flat‐lying 207Pb/204Pb ratio (Figure 6), further designates the proximal western and central
African cratons as the dominant source of Pb to Tropic Seamount for the period 75–58 Ma. The high‐ampli-
tude variations observed in the Pb isotope record of the Late Cretaceous and Paleocene at Tropic Seamount
are consistent with the dramatic shifts of the climate and carbon cycles in a period of elevated greenhouse
gas levels (Figure 5; Westerhold et al., 2011) and the weathering feedback of continental masses delivering
Pb to the ocean.

Given the regional setting, and the warm climatic conditions during the Paleogene, there is much evidence
to suggest that the high southern latitudes were the dominant source region for deep water formation during
this period (SCW; Batenburg et al., 2018; Thomas & Via, 2007). As the subsidence of the Rio Grande Rise and
Walvis ridge continued, and the proto‐North Atlantic opened in the Paleocene, deep water circulation was
enhanced and proportionally reduced the influence of nearshore processes, causing the Tropic Seamount
isotope record to acquire the common water mass signature of the contemporaneous Atlantic. The excursion
in ƐNd observed at 64–58 Ma could represent this convergence toward a Walvis Ridge signature.
Alternatively, it could be caused by increased volcanic activity associated with North Atlantic rifting and
early eruptive stages of the North Atlantic Igneous Province (62–61 Ma), releasing large quantities of radio-
genic Nd into the seawater during the eruptive stages and from weathering of the young basaltic rocks
(Batenburg et al., 2018).
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4.2.2. Transition From South to NADW Masses
Few isotope records from Fe‐Mn crusts are available for the Eocene to Oligocene period, which was a critical
period in ocean basin development. Distinct tectonic and isotopic evidences suggest the onset of NCW pro-
duction either in the Early Oligocene or Early Miocene (Wright et al., 1992). The Oligocene data produced in
this study fall between the range of Nd values reported from the Walvis Ridge, the northwest Atlantic basin,
and the Romanche fracture zone (RFZ; Figures 1 and 7). During this period, the convergence of Nd isotope
data toward less radiogenic values at the Walvis ridge and in the North Atlantic is considered as the marker
for increasing contribution of NCW in the Southern Ocean. This feature is clearly visible in the Nd data from
the deepest sample from Tropic Seamount. In contrast, the shallower samples have a homogenous signature
(−10 to −10.4 ƐNd) during the Late Eocene, indicating the potential influence of shallow water processes or
stratification of the water column. Deep, intermediate, and shallow records converge at about 32 Ma and
trend toward less radiogenic values that are associated with the onset of NCW. The exact timing and
mechanism for this are contentious (Thomas & Via, 2006) with climatic or tectonic driving parameters being
possible causes for the initiation of downwelling water masses in the North Atlantic basin. Climatic condi-
tions in the North Atlantic were not thought to be cold enough to trigger thermohaline downwelling until
the Early Miocene (Thomas & Via, 2006). Equally, the shift to less radiogenic Nd from about 36–34 Ma in
the deepest Fe‐Mn crust from Tropic Seamount, and data fromWalvis Ridge (Figure 7), correlates well with
the deepening of sills between the Norwegian‐Greenland Sea and the rest of the North Atlantic 35 Ma ago
(Davies et al., 2001). This would have released deeper, less radiogenic Arctic waters into the North
Atlantic and this contribution is invoked as the reason for the excursion at Walvis Ridge, highlighting the
presence of NCW in the South Atlantic basin as early as 35Ma (Thomas & Via, 2006). Additionally, this tran-
sition from SCW to NCW in the northeast Atlantic basin about 35 Ma is also marked by an inflection in the
Pb isotope signature of all the Tropic samples toward more radiogenic values (Figure 5). The Nd and Pb data
from Tropic Seamount is therefore in good agreement with an Oligocene onset of NCW production, signifi-
cantly earlier than previously suggested Miocene estimates supported by C and O isotopes (Wright
et al., 1992; Wright & Miller, 1996).

The steep, less radiogenic, Nd excursion in the Oligocene record from Tropic Seamount (34–28 Ma) corre-
sponds with the field of values reported for the Romanche Fracture Zone (−11 ƐNd), which is significantly
less radiogenic than other records from the northwest Atlantic from the same period. It is thought that equa-
torial fracture zones, such as the Romanche or Vema fracture zone (RFZ and VFZ, respectively; Figure 1),
were the main locations for the mixing of deep waters from the southern and northwest Atlantic Ocean,
upon entering the northeast Atlantic basin. However, the relatively constant Pb and Nd isotope records of
deep waters in the fracture zones over the last 33 Ma do not support this simple model of the mixing of
NCW and SCW in these locations (Figures 5–7; Frank et al., 2003). In contrast, this signature suggests the
nearby Orinoco and Amazon rivers (or their precursors) were the primary sources of Pb and Nd, overprint-
ing any contribution fromNCW and/or SCW, and explaining the divergence with Fe‐Mn crust records in the
northwest Atlantic. The clearly different slope in the 207Pb/204Pb ratio at Tropic Seamount for the period
56–25 Ma (Figure 6c) is consistent with an increased contribution of Amazon and Orinoco Pb to the East
Atlantic compared to the other periods of the record (Figure 6g). Given that the Orinoco has an ƐNd of
−14 and the Amazon has an ƐNd range of −9.2 to −11.4 (Frank et al., 2003), the mixing of these two com-
ponents could result in the −12 to −10.5 ƐNd signature observed in the RFZ over the last 33 Ma. This signa-
ture would be a matching end‐member for the influx of Amazon influenced NCW in the eastern Atlantic
basin to explain the Nd isotope evolution at Tropic Seamount. An absence of Fe‐Mn crusts or sedimentary
Nd data from the northeast Atlantic basin over the period 30–15 Ma prevents evaluation of the potential pre-
sence of NCW influx into the eastern Atlantic basin via a northern route.

During the Neogene (from 17 Ma to present), Nd records from the NWAtlantic basin present similar trends,
with a relatively constant signature until 3 Ma where a strong excursion to less radiogenic values is initiated
(Figure 7). This sudden change has been attributed to a new influence on theNCW fromLSW, redefining it as
the modern NADW. It has been suggested that this period marks the onset of deep water production in the
Labrador Sea, bringing less radiogenic (−16 to−14.1 ƐNd) in theNCW from the Canadian Shield, in response
to the closure of the Panama gateway (Blaser et al., 2020; Lacan & Jeandel, 2005b; Lambelet et al., 2016;
Reynolds et al., 1999). Evidences from Fe‐Mn crust records in the NE Atlantic basin highlight a decoupled
unradiogenic Nd and radiogenic Pb signature from the NW Atlantic basin up to 12 Ma (Abouchami
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et al., 1999; Muiños et al., 2008). Our data confirm these trends and extend them back to 15–16 Ma, confirm-
ing a decoupled source of NCW in the eastern basin, or at least a different interplay of water masses. These
distinct trends between western and eastern north Atlantic basins suggest either (i) contribution from
LSW to the eastern basin through a northern route, probably the Charlie‐Gibbs Fracture Zone, as proposed
byMuiños et al. (2008), or (ii) that the composition of overflowingwaters from the ISOWand/or DSOW flow-
ing into the NE basin (Figure 1) were different at this period, probably influenced by old Scandinavian shield
lithologies (Abouchami et al., 1999). In both scenarios, the NEAtlantic was ventilated byNCWentering from
the north rather than through equatorial fracture zones aswas the case for the period 56–25Ma.While deeper
records from the Madeira‐Tore Rise (4,600 mbsl) demonstrate limited amplitude of variation for the same
period, it is suggested these were influence by SCW admixed with overlying NCW (Muiños et al., 2008).
For comparison, the contemporaneous Nd signature of Fe‐Mn crusts recovered from the Iberian margins
at similar depth show a clear NCW signature, which suggests the restrictions of SCW to the central abyssal
part of the northeast Atlantic and confirms the validity of our NCW record at Tropic Seamount.
4.2.3. Influence and Timing of the North African Aridification Event
Previous work by Abouchami et al. (1999) on Fe‐Mn crusts at Tropic Seamount dismissed the influence of
Saharan dust on the Pb and Nd signature of the region. This was supported by the long held view that riv-
erine discharge is so large relative to the volume of aerosols entering the ocean, and poor‐dissolution rate
of air‐borne particles, that contributions of aerosols to the total ocean budget is negligible, illustrated by
the absence ofmeasurable impact of the Asian dust plume on the PacificOceanNd budget (Jones et al., 1994).
However, it has also been shown that up to 20% of the Nd contained in Saharan dust particles effectively
transfers to surface seawater of the Atlantic Ocean and contributes to the upper water signature, because
of the low riverine input from the adjacent desert region (Tachikawa et al., 1997; Tachikawa, Jeandel,
Vangriesheim, & Dupré, 1999). The divergence in Nd signature in samples from Tropic Seamount collected
at different water depths at about 7–8 Ma, supports this. The less radiogenic Nd signature of Saharan dust
(−14 < ƐNd < −12) represents a suitable end‐member to explain decoupling of the records from the two
water depths. The divergence is also evident in Pb‐Pb space, where a shift toward an end‐member with
higher 207, 208Pb/204Pb ratios for a similar 206Pb/204Pb take place about 7–8 Ma (Figures 6e and 6f). This
matches the known Pb isotope composition of Saharan dust (Abouchami & Zabel, 2003; Kumar et al., 2014;
Kumar et al., 2018) mixed with the African cratonic end‐member and SCW. Although the field of values for
African aerosols is large, representing mixing of highly diverse terranes from various region, the Tropic
Seamount Pb data trends toward the signature of the more proximal source regions of Mali, Chad, Niger,
and Cap Verde. While the Bodele depression is considered the dominant source of dust in Saharan aerosols
(Abouchami et al., 2013), it is possible that progressive sorting and mixing with other dust sources along its
path westward mitigate the influence of this region's signature on the East Atlantic seawater.

A large amount of geomorphological, astronomical, and paleoclimatic evidence suggests that the
Quaternary Ice Age (2.7 Ma ago) was the reason for North Africa desertification and formation of the
Sahara. However, dust flux, vegetation archives, and sea surface temperature indicate a major drying and
cooling occurred in the Late Miocene and that arid and semiarid conditions were present in North Africa
since 8 Ma, albeit no clear excursions in the carbon and oxygen isotope records (Demenocal, 1995;
Feakins et al., 2013; Herbert et al., 2016). Furthermore, despite being strongly contested (Kroepelin, 2006),
eolian deposits in the Chad Basin dated to 7 Ma ago, have been interpreted as the earliest record of desert
conditions in the Sahara (Schuster et al., 2006). Climate modeling of North Africa suggests an even earlier
aridification window 7–11 Ma ago, in response to tectonic forcing of the climate due to shrinkage of the
Tethys seaway and rise of the Arabic Peninsula in the Tortonian (Zhang et al., 2014). Alternatively,
Herbert et al. (2016) suggested a more global origin for this cooling trend based on a coherent drop in sea
surface temperature observed since the Tortonian. Both local tectonic forcing and global cooling would have
drastically weakened the African summer monsoon, causing a decrease in atmospheric moisture and a sig-
nificant reduction in North African precipitation, recorded by major shifts in vegetation types in the tropics
and subtropics (Herbert et al., 2016; Zhang et al., 2014).

The data presented here suggests that the aridification of North Africa to an environment capable of deliver-
ing a volume of aerosols sufficient to influence the Pb and Nd isotopic signature of the adjacent Atlantic
Ocean basin happened about 7–8 Ma. This supports the findings of Schuster et al. (2006) and Zhang
et al. (2014) that a major step in the aridification of North Africa occurred 7–11 Ma.
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4.2.4. Northern Hemisphere Glaciation
The emergence of the Panama Strait initiated 7–4 Ma ago and completed by 3–2.5 Ma ago interrupted the
equatorial influx of Pacific waters into the North Atlantic. This resulted in increased transport of salt and
heat toward the poles, further enhancing density‐driven production of deep waters in the Arctic region,
primarily in the Labrador Sea, and formation of the composite NADW circulation pattern with a
well‐defined Nd radiogenic signature (Blanckenburg & Nägler, 2001).

The onset of northern hemisphere glaciation about 2.7 Ma (von Blanckenburg & Nägler, 2001) delivered a
large amount of detrital material derived from the Canadian Shield to the Labrador basin and resulted in
the less radiogenic Nd and radiogenic Pb excursion of NADW through mixing of LSW with ISOW and
DSOW (Blanckenburg & Nägler, 2001; Reynolds et al., 1999). This change in inputs and signature of the
main water mass bathing the deep Atlantic is clearly evident in Fe‐Mn crusts from the northwest Atlantic,
and at Tropic Seamount. This more vigorous flux of less radiogenic Nd into the Atlantic, at 3 Ma, could be
invoked to explain the sudden excursion in Sample 107_001 from−11 to−12 ƐNd between 3 and 0Ma, while
its ƐNd signature was relatively constant between 7 and 3 Ma. Furthermore, all LA profiles from Tropic
Seamount demonstrate an abrupt excursion to more radiogenic 206, 208Pb/204Pb values (0.7% and 0.3%
change, respectively) over the last 3 Ma (Figure 5). In the context of Northern Hemisphere glaciation, the
influence of Saharan dust on the surficial water column could have been enhanced over this more recent
period. However, the Pb isotope array over 3–0 Ma is clearly trending away from the Saharan dust field
toward the signature of NADW (Figure 6). This suggests minor, if not negligible, influence of North
African aerosols on the Pb isotope signature of modern NADW.

5. Conclusions

This study presents new time series data for the Pb and Nd isotope evolution of water masses in the northeast
Atlantic over the Late Cretaceous and Cenozoic. The use of LA‐MC‐ICP‐MS for Pb isotope analysis of Fe‐Mn
crust stratigraphy enables large data sets to be rapidly generated with a much higher spatial resolution than
microdrilled subsamples. A 15 cm transect can be analyzed in 4 hr, at a vertical spatial resolution of 15 μm,
which provides new opportunities for exploiting isotopic data, notably for developing accurate correlated
stratigraphies in Fe‐Mn crusts. This, in turn, enables comparison of contemporaneous layers in different
samples of Fe‐Mn crust. This study highlights the significant growth rate variability between samples, the
development of similar Fe‐Mn textures across a depth range of 1,000–3,800 mbsl, and the absence of influ-
ence of phosphatization on the Pb isotope signature of Fe‐Mn crusts. This approach also addresses the defi-
ciencies inherent with using a single sample for establishing the paleoceanographic record at a given
location when hiatuses are abundant.

The new isotope data demonstrates how the water masses around Tropic Seamount have evolved. The
early environment was an isolated basin that was strongly influenced by input of radiogenic Pb and
less radiogenic Nd from continental sediments of the West African shelf. This subsequently evolved to
a more open ocean environment with progressive change of the Pb‐Nd isotopes in the Paleocene from
a Tethys to a SCW signature with stronger inputs from the Amazon through circulation via equatorial
fracture zones.

A continuously decreasing ƐNd isotope composition suggests LSW or a modified ISOW was influencing
the northeast Atlantic basin as early as 15–17 Ma ago at shallow and intermediate water depths. This
supports previous interpretations that a northern route for the entry of NCW into the eastern Atlantic
existed, rather than being controlled by equatorial fracture zones (Frank et al., 2003; Muiños
et al., 2008).

Both Pb and Nd isotopes data record the influence of a new end‐member about 7–8 Ma. Its signature
matches that of Saharan aerosols providing further support that a major stage of aridification of North
African occurred in the Tortonian‐Messinian. However, the characteristic signature of Saharan dust is over-
printed from 3 Ma to the present by a strong NADW signature related to the onset of Northern Hemisphere
glaciation, which introduced greater amounts of less radiogenic Nd and radiogenic 206, 208Pb/204Pb from
Canadian cratonic terranes.
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Data Availability Statement

All relevant data to this publication can be access through the British Geological Survey National Geoscience
Data Centre (NGDC): Composite Pb isotope record for Tropic Seamount https://doi.org/10.5285/ce4cd06e‐
ada2‐4c2b‐89cf‐2f0f81884396).
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