
1.  Introduction
Aluminum (Al) is the third most abundant element in Earth's crust (8.15% by weight, Rudnick & Gao, 2014) 
and is widely used as a tracer for lithogenic materials to the oceans, particularly the delivery of atmospheric 
dust to the open ocean (Han et al., 2008; Measures & Vink, 2000; Measures et al., 2005). Knowledge of the 
distribution and concentration of Al therefore helps us to constrain the oceanic cycle of other crustal-de-
rived elements, including those directly involved in primary production (e.g., iron). The cycling of Al in the 
marine environment has been hotly debated throughout the years (Measures et al., 2015). Initially, fluvial 
inputs had been considered as the major source of dissolved Al (dAl) to the surface ocean (Stoffyn & Mac-
kenzie, 1982). It has been since shown that dAl is heavily scavenged in estuarine and coastal environments, 
and therefore, fluvial inputs constitute a negligible flux of dAl to the remote open ocean (Brown et al., 2010; 
Hydes & Liss, 1977; Mackin & Aller, 1984; Orians & Bruland, 1986). The dissolution of atmospheric aerosols 
is now considered to be the major source of dAl to open ocean surface waters (Jickells et al., 1994; Maring 
& Duce, 1987; Measures et al., 2005, 2010; Tria et al., 2007). At the sea floor, sediment resuspension also 
acts as a source of dAl, especially in regions with strong boundary currents and nepheloid layers (Middag 
et al., 2009, 2012; Middag, van Hulten, et al., 2015; Moran & Moore, 1991; van Hulten et al., 2013). Finally, 
hydrothermal vents can provide significant dAl inputs that could be transported over local to basin scales 
in the abyssal ocean (Hydes et al., 1986; Lupton et al., 1993; Measures et al., 2015; Resing et al., 2015). Dis-
solved Al is removed from the water column by particle scavenging, that is, surface adsorption and particle 
settling (Hydes, 1979; Orians & Bruland, 1986; Stoffyn & Mackenzie, 1982), and can be removed by incor-
poration into diatomaceous material in some ocean regions (Gehlen et al., 2002; Hydes et al., 1988; Middag 
et al., 2009; Middag, van Hulten, et al., 2015). Model results suggested that during sinking, desorption and 
dissolution of particulate Al (pAl) constitute a source of dAl to the water column (van Hulten et al., 2013).
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ARTIGUE ET AL.

© 2021. American Geophysical Union. 
All Rights Reserved.

The Importance of Water Mass Transport and Dissolved-
Particle Interactions on the Aluminum Cycle in the 
Subtropical North Atlantic
Lise Artigue1 , Neil J. Wyatt2 , François Lacan1 , Claire Mahaffey3 , and 
Maeve C. Lohan2 

1LEGOS, University of Toulouse, CNRS, CNES, IRD, UPS, Toulouse, France, 2Ocean and Earth Science, University 
of Southampton, National Oceanographic Center, Southampton, UK, 3Department of Earth, Ocean and Ecological 
Sciences, University of Liverpool, Liverpool, UK

Key Points:
•	 �Advection and dust deposition 

are the main processes driving 
the surface gradient of dissolved 
aluminum in the subtropical North 
Atlantic

•	 �Lesser Antilles erosion products 
are a possible source of dissolved 
aluminum to the western subtropical 
North Atlantic

•	 �Dissolved-particle interactions 
play a major role in the dissolved 
aluminum distribution in the 
subtropical North Atlantic

Supporting Information:
Supporting Information may be found 
in the online version of this article.

Correspondence to:
L. Artigue,
lise.artigue@gmail.com

Citation:
Artigue, L., Wyatt, N. J., Lacan, F., 
Mahaffey, C., & Lohan, M. C. (2021). 
The importance of water mass transport 
and dissolved-particle interactions on 
the aluminum cycle in the subtropical 
North Atlantic. Global Biogeochemical 
Cycles, 35, e2020GB006569. https://doi.
org/10.1029/2020GB006569

Received 5 FEB 2020
Accepted 29 MAR 2021

Author Contributions:
Conceptualization: Lise Artigue, 
Neil J. Wyatt, François Lacan, Claire 
Mahaffey, Maeve C. Lohan
Data curation: Lise Artigue, Neil J. 
Wyatt
Formal analysis: Lise Artigue, 
François Lacan
Funding acquisition: Lise Artigue, 
François Lacan, Claire Mahaffey, Maeve 
C. Lohan
Investigation: Lise Artigue, Neil J. 
Wyatt, François Lacan, Claire Mahaffey, 
Maeve C. Lohan
Methodology: Lise Artigue, Neil J. 
Wyatt, François Lacan, Maeve C. Lohan
Project Administration: François 
Lacan, Claire Mahaffey, Maeve C. 
Lohan

10.1029/2020GB006569
RESEARCH ARTICLE

1 of 17

https://orcid.org/0000-0002-7389-4258
https://orcid.org/0000-0002-1080-7778
https://orcid.org/0000-0001-6794-2279
https://orcid.org/0000-0002-4215-7271
https://orcid.org/0000-0002-5340-3108
https://doi.org/10.1029/2020GB006569
https://doi.org/10.1029/2020GB006569
https://doi.org/10.1029/2020GB006569
https://doi.org/10.1029/2020GB006569
https://doi.org/10.1029/2020GB006569
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GB006569&domain=pdf&date_stamp=2021-05-27


Global Biogeochemical Cycles

The present work provides a detailed study of the factors driving the distribution and concentration of dAl 
in the subtropical North Atlantic. To constrain the processes driving the observed east to west gradient in 
surface dAl, we utilized a 1D model that included both dust and advection as sources of dAl, and both ad-
vection and scavenging as sinks of dAl. In deeper waters, an extended optimum multi-parameter analysis 
(eOMPA, Artigue et al., 2020) is used to estimate how water mass transport and biogeochemical cycling 
(i.e., external inputs, dissolved/particulate interactions) impact the dAl distribution at the basin scale. In 
this study, the application of the surface model and the eOMPA provides new insights on the processes 
controlling the dAl distribution in the subtropical North Atlantic.

2.  Materials and Methods
2.1.  Sampling and Processing

Seawater samples were collected during the GEOTRACES process cruise (GApr08, Figure 1) in the sub-trop-
ical North Atlantic along ∼22°N, ∼58°–31°W on-board the R.R.S. James Cook. This cruise departed Point-
à-Pitre, Guadeloupe, on June 27, 2017, and ended in Santa Cruz, Tenerife, on August 12, 2017. Seawater 
samples were collected from seven full depth stations using 24 trace metal clean 10 L Teflon-coated Ocean 
Test Equipment (OTE) externally closing bottles and mounted on a titanium CTD rosette deployed on a 
Kevlar coated conducting wire. At each station a shallow (<700 m) and deep (>600 m) CTD cast was sam-
pled resulting in seven high resolution, full depth vertical dAl profiles. Upon recovery, the OTE bottles were 
transferred into a class ISO 6 clean air container and pressurized with compressed air (1.7 bar) filtered 
in-line through a 0.2 µm PTFE filter capsule (Millex-FG 50, Millipore). All samples for trace metals were 
filtered through 0.2 µm membrane cartridge filters (Sartobran-300, Sartorious) into 125 mL low density 
polyethylene bottles (LDPE, Nalgene). Each sub-sample was acidified to pH 1.7 (0.024 M) with ultra-pure 
hydrochloric acid (HCl, UPA, Romil). In total, 201 samples were analyzed for dAl from the vertical profiles. 
Surface seawater samples (130 total) were collected underway using a towed fish positioned at approximate-
ly 5 m depth. Seawater was pumped from the fish into the trace metal clean container through acid–cleaned, 
braided PVC tubing connected to a Teflon diaphragm pump (Almatec A-15). Sub-samples were filtered in-
line through a 0.8/0.2 µm polyethersulfone membrane filter capsule (Sartobran, Sartorius).

2.2.  Dissolved Al Analysis

Samples were analyzed for dAl at the University of Southampton Wa-
terfront Campus, National Oceanography Centre using the flow injec-
tion analysis (FIA) with fluorescence detection (Figure  S1) based on 
the protocol of Resing and Measures (1994) and modified by Brown and 
Bruland (2008).

Briefly, the cation exchange resin Toyopeal-AF-Chelate 650 M (Tosohass) 
was preconditioned with a 0.1  M ammonium acetate solution (Romil, 
SpA) for 15 s. Seawater samples were buffered in-line to pH 5.75 using a 
0.3 M ammonium acetate solution before dAl was preconcentrated onto 
the resin for 60 s at a flow rate of 1.5 ml/min. Dissolved Al was eluted from 
the resin using 0.1 M HCl (Romil, SpA) for 2.5 min, entering the reaction 
stream where it mixed with a lumogallion/ammonium acetate buffer 
solution. The resulting fluorescent lumogallion-Al complex formed as 
the reaction stream passed through a water bath set to 50 °C. The stream 
was then mixed with the nonionic surfactant 5% Brij-35 solution (Merck) 
to enhance the fluorescence quantum yield (Resing & Measures, 1994). 
Fluorescence was detected using a Shimadzu RF20Axs fluorometer with 
excitation and emission wavelengths set to 489 and 559 nm, respective-
ly. Dissolved Al concentration was quantified by the method of standard 
addition (TraceCERT, Fluka Analytical, Al concentration of 0.037 mol/
kg) on column cleaned (Chelex-100, Sigma-Aldrich) seawaters with a 
dAl concentration ranging from 0.893 nmol/kg to 2.891 nmol/kg. Except 
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Figure 1.  Cruise track of the GApr08 North Atlantic transect. Also shown 
are the locations where the extended optimum multiparameter analysis 
end-members of Artigue et al. (2020) were defined: West North Atlantic 
Central Water (WNACW), Antarctic Intermediate Water (AAIW), Upper 
Circumpolar Deep Water (UCDW), Labrador Sea Water (LSW), North 
East Atlantic Deep Water (NEADW), North West Atlantic Bottom Water 
(NWABW), Antarctic Bottom Water (AABW).
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when explicitly mentioned, all uncertainties presented in this paper will be expressed at a confidence level 
of 95% (e.g., two standard deviation of repeated measurement). Accuracy was quantified through repeated 
measurement of the SAFe S reference seawater yielding an average concentration of 1.75 ± 0.33 nmol/kg 
(n = 9), in good agreement with the consensus value of 1.67 ± 0.20 nmol/kg (www.geotraces.org). Meas-
urements of the GSP and GSC reference seawater yielded concentrations of 1.32 ± 0.14 nmol/kg (n = 13) 
and 0.61 ± 0.16 nmol/kg (n = 13), respectively. Consensus values for the GSP and GSC dAl concentration 
are yet to be published. However, the GSP and GSC data confirmed the measurement precision. Surface 
water collected from the towed fish was used as an internal standard (fish sample 130) as its concentration 
was representative of that in most of our samples. Its repeated measurement yielded a dAl concentration 
of 15.29 ± 0.38 nmol/kg (n = 8). This corresponds to a relative precision of 2.5%, similar to the precision 
determined from triplicate analysis of each sample (<5%). The limit of detection (3x the standard deviation 
of the lowest standard) was 0.15 ± 0.22 nmol/kg (n = 60).

Possible dAl contamination due to batch-to-batch variability in the polypropylene (PP) caps of LDPE bottles 
has been previously reported (Brown & Bruland, 2008). This was investigated during this study following 
the protocol described by Brown and Bruland (2008). Ten acid-cleaned 125 mL LDPE bottles with PP caps 
were filled with 90 ml of column-cleaned and acidified (0.024 M HCl) seawater. Five bottles were placed 
upright and five inverted on their caps. All samples were measured before and after 1 week. We observed no 
significant increase in dAl in the upright bottles (0.22 ± 0.30 nmol/kg) but an increase in dAl in the invert-
ed bottles (0.43 ± 0.39 nmol/kg). Although caps may be an important source of contamination in low dAl 
waters, the contamination represented only ∼2% of the lowest concentration measured during this study.

3.  Results
Along the section GApr08, dAl concentration ranged from 10 to 50 nmol/kg (Figures 2a and 2b). This is 
in good agreement with the range of dAl values previously reported for the North Atlantic (∼5–50 nmol/
kg, Barrett et al., 2015; Hydes, 1979; Measures et al., 1986, 2015; Menzel Barraqueta, Schlosser, et al., 2018; 
Middag, van Hulten, et al., 2015; Moran & Moore, 1991; Orians & Bruland, 1986).

Specifically, four main features are notable in the GApr08 dAl distributions (Figure 2). First, dAl in the 
upper 100 m displays a strong concentration gradient with values increasing westward from 13 to 49 nmol/
kg between 31° and 58°W. This concentration gradient correlates well with that of the dissolved iron from 
the same study (Kunde et al., 2019). Second, a marked dAl minimum (<15 nmol/kg) was observed across 
the entire GApr08 zonal section between 700 and 1,500 m depth. Third, below this dAl minimum, dAl con-
centrations increase and stabilize at around 20 nmol/kg. Finally, elevated dAl concentrations to a maximum 
33 nmol/kg were observed at station 4 at depths below 3,340 m associated with the Snakepit hydrothermal 
site.

Figure 3 compares the GApr08 dAl data with that of other North Atlantic section cruises. At 50 m (Fig-
ure 3a), the gradient from low dAl concentrations in the east to higher concentrations in the west during 
GApr08 is consistent with the basin scale distribution of dAl. West of the mid-Atlantic ridge (MAR), the 
GA03 section (Measures et al., 2015) displays higher dAl values than the GApr08. These discrepancies may 
be attributed to temporal variation (variable flows and/or dust deposition), and/or to the fact that the GA03 
is located north of the GApr08. East of the MAR, where the GA03 crosses the GApr08, the dAl data are in 
good agreement. At 1,000 m depth (Figure 3b), the dAl minimum was visible across the subtropical North 
Atlantic with concentrations lower than ∼15 nmol/kg. At 4,000 m depth (Figure 3c), elevated dAl concen-
trations (>20 nmol/kg) compared with intermediate depths were visible across the North Atlantic.

Figure 4 compares dAl profiles from the GApr08 stations 1, 6, and 7 with profiles from closely located sta-
tions previously occupied; the GApr08 station 1 with the GA02 station 29 (∼234 km distance, Figure 4a), 
the GApr08 station 6 with the GA03 station 20 (crossover station, Figure 4b), and the GApr08 station 7 with 
the A16N station 90 (∼288 km away, Figure 4c). In the west Atlantic (Figure 4a), there is an excellent agree-
ment in the dAl profiles below 800 m (except for one data point at 1,000 m). In the upper 1,000 m, the dAl 
concentrations during both cruises are within the same range with differences likely due to a temporal var-
iation in dAl supply. In the east Atlantic, the dAl profiles of the GApr08 and GA03 (Figure 4b) are offset in 
waters deeper than 1,000 m. Here, the GA03 dAl concentrations are higher than that of the GApr08 with the 
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difference increasing with depth (i.e., 28% at 1,000 m to 42% at 5,800 m). A similar dAl concentration offset 
for waters deeper than 1,000 m was observed at the GA02/GA03 crossover station in the western Atlantic, 
the reason for which remains unresolved (Measures et al., 2015; Middag, Seferian, et al., 2015; Middag, van 
Hulten, et al., 2015), while the GApr08 and GA02 data are in close agreement for the western North Atlan-
tic. At the easternmost stations (Figure 4c), the dAl profiles are similar in the upper 1,000 m (no A16 N data 
are available deeper than 1,000 m). Overall, in addition to the good agreement we obtained with the SAFe 
S reference standard, this inter-comparison provides great confidence in the data presented in this work.

4.  Discussion
To interpret our results, the following discussion is organized in two main parts. First, we discuss the west-
ward increase in surface dAl concentration using a model of advective transport, atmospheric sources, and 
scavenging. Second, we investigate the distribution of dAl in intermediate and deep waters using an eOMPA 
(Artigue et al., 2020) in order to determine if the dAl distribution is driven by water mass transport and/or 
biogeochemical processes.

4.1.  dAl in Surface Waters

4.1.1.  Modeling of the Westward Transport and Dust Deposition in Surface Waters

Surface dAl concentration in the upper 100  m increases westward along the GApr08. At 22°N, surface 
waters are transported westwards within the North Equatorial current (NEC; Arnault, 1987; Fieux, 2010; 
Richardson & Walsh, 1986), which likely impacts the surface dAl distributions. In addition, large quantities 
of dust, mainly derived from the North African deserts, are transported all year long across the subtropical 
North Atlantic (Prospero, 1996; Prospero & Carlson, 1972; Prospero et al., 2014). The dissolution of dust is 
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Figure 2.  Dissolved aluminum concentrations presented (a) as color contour plots along the GApr08 section, including both bottle and towed fish data, and (b) 
by vertical profile for each of the seven stations. The upper figures show zooms on the upper 1,000 m, while the lower figures show the full depth range.
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considered to be the major source of dAl to open ocean surface waters 
(Maring & Duce, 1987). Along 22°N, the maximum winter mixed layer 
depth is estimated to be ∼100 m, and therefore, the effect of dust disso-
lution is expected to impact this depth layer (de Boyer Montégut, 2004).

A simple model inspired from Roy-Barman and Jeandel  (2016) is con-
structed below to simulate the evolution of the dAl concentration west-
ward in the upper 100 m (x coordinate oriented west), considering the 
two processes of advection, and atmospheric deposition (Figure 5). Con-
sequently, the model neglects in a first approximation all other processes, 
notably dAl removal onto particles (e.g., scavenging) or additional exter-
nal sources. This will be discussed below.

Mass conservation implies that, within a volume (V), the dAl concentra-
tion (C) variation with time equals the net dAl flux into the volume:

d CV

dt
F x dydz F x dx dydz

F F

 
      adv

inadvection

adv

out

  
aadvection

dust

in dust

     
   F x dxdy

F

� (1)

The volume V does not change with time, so we can divide Equation 1 by 
dV = dxdydz. After a first order Taylor expansion of the Fout advection term, 
this leads to the following net flux equation:

   
  


adv dustF x F xdC

dt x dz
� (2)

Despite recent studies indicating that advection can be important for 
dAl distribution in the subtropical North Atlantic (Middag, van Hulten, 
et al., 2015), this process has been largely neglected and to our knowl-
edge, not quantified while estimating the dust fluxes based on surface 
dAl measurement (Measures & Brown, 1996; Measures et al., 2005; Men-
zel Barraqueta, Klar, et al.,  2018). However, in the case of strong hori-
zontal gradients, such as dAl surface concentration along the GApr08, 
advection cannot be neglected. The quantity of dAl (dq) flowing through 
a surface (dydz) at a velocity (u), and during a time (dt) is as follows:

    dq C u dy dz dt� (3)

As the advected flux is the quantity of dAl (dq, refer to Equation 3) by unit of time (dt) and surface (dydz), 
this leads to the following advected flux:

     
adv
/dq dtF x C x u

dy dz� (4)

where u is the NEC velocity. The NEC velocity is modeled here as a constant (in time and space). The 
NEC velocity was established through a literature review (Arnault,  1987; Fieux,  2010; Richardson & 
Walsh, 1986), the results from a Lagrangian particle tracking experiment carried out along the GApr08 (Ar-
tigue et al., 2020), and finally, extracted from the global reanalysis GLORYS12V1 of the Copernicus Marine 
Environment Monitoring Service (CMEMS, Global_Reanalysis_Phy_001_030, http://marine.copernicus.
eu/). We calculate a value of 2.8 cm/s as the mean current velocity for the upper 100 m, over the 3 years 
prior to the GApr08 for the latitude range 21°–24°N.

The total dust flux values used in this model were extracted from the Modern-Era Retrospective Analysis 
for Research and Applications version 2 (MERRA-2, Gelaro et al., 2017), using the database provided by 
the Global Modeling and Assimilation Office (GMAO, 2015, https://doi.org/10.5067/RZIK2TV7PP38). This 
atmospheric reanalysis data set developed by NASA includes both satellite data and conventional weather 
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Figure 3.  Depth horizon maps of dissolved aluminum (dAl) in the North 
Atlantic at (a) 50 m, (b) 1,000 m, and (c) 4,000 m. The data originate 
from several cruises: GApr08 (July 2017, this study); GA02 (May–July 
2010, Middag, van Hulten, et al., 2015); GA03 (November–December 
2011, Measures et al., 2015); A16 N (August–September 2013, Barrett 
et al., 2015); GA06 (March 2011, J. K. Klar, IDP 2017). Dissolved Al data 
was extracted from the GEOTRACES IDP 2017 (Schlitzer et al., 2018). 
Empty symbols indicate no dAl data were available.

http://marine.copernicus.eu/
http://marine.copernicus.eu/
https://doi.org/10.5067/RZIK2TV7PP38
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observations (Gelaro et al., 2017). For the model, we determined the mean total (wet + dry) dust deposition 
for the 3 years prior to the GApr08 over the latitude range 21°–24°N, as for the NEC velocity. Modeled 
deposition to surface waters along the GApr08 (Figure 6) were consistent with the previous estimates for 
the subtropical North Atlantic (Jickells et al., 2005). A strong negative relationship was found between the 
dust flux and distance between station 7 and 1 that we modeled by linear regression (ax + b in Equation 5).

The dust derived dAl flux, dustF  (mol m−2 day−1), was obtained by multiplying the total dust flux (ax + b) with 
the Al concentration in the upper continental crust (DAl) and the solubility of Al in aerosols (SAl):

     dust Al AlF x D S ax b� (5)

with a = −2.33 E−12 kg m−3 day−1, b = 1.07 E−5 kg m−2 day−1, DAl = 3.02 mol kg−1 (Rudnick & Gao, 2014), 
and SAl = 6.8% (Baker et al., 2013).

Replacing the advF  and dustF  terms defined in Equations 4 and 5, respectively, in Equation 2, leads to the net 
flux equation:
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Figure 4.  Dissolved aluminum profiles for three stations pairs in the subtropical North Atlantic Ocean: (a) GApr08 
station 1 versus GA02 station 29 (Middag, van Hulten, et al., 2015); (b) GApr08 station 6 versus GA03 station 20 
(Measures et al., 2015); (c) GApr08 station 7 versus A16N station 90 (Barrett et al., 2015).

Figure 5.  Schematic representation of how modeled advection, and dust deposition fluxes have been applied to the 
upper 100 m dissolved aluminum (dAl) data for GApr08. Input/output fluxes are designated by black arrows. The 
GApr08 upper 100 m dAl section as well as the towed fish dAl data are displayed on the map.
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   
   Al AldC x D S ax bdC u

dt dx dz
� (6)

We assumed that the dAl concentration was in a steady state, and that the 
height of the box was fixed at dz = h = 100 m. Using these assumptions 
and after integration of Equation 6, we obtained the following polynomi-
al function modeling dAl concentration modelC  in surface water along the 
transect from station 7 (31°W, x = 0 m) to station 1 (58°W, x = 2.82 E6 m):

    Al Al Al Al2
model 2

a D S b D S
C x x x c

hu hu
� (7)

where c is the dAl concentration at x = 0 m, that is, at station 7.

modelC  with the parameters set above is shown in Figure 7 (red line) and is 
compared with the measured GApr08 dAl data. At each station, the aver-
age dAl bottle value was calculated by integration over the upper 100 m 
 bottleC . Towed fish surface data ( fishC ) are also shown for comparison 
with the modeled dAl distribution. As shown in Figure  7a, the model 
re-constructed the measured dAl distribution between the stations 7 and 
2 reasonably well. Between the stations 2 and 1, the modeled concentra-
tions are lower than both the bottle and towed fish data. The following 
discussion will address the model/data comparison, first between the sta-
tions 7 and 2 and then between the stations 2 and 1.

Despite a good fit between the modeled and measured dAl distribution 
between the stations 7 and 2, the absence of dAl removal associated with 
particle settling is inconsistent with our knowledge of the Al cycle, dAl 
being known to be removed from the water column by particle scaveng-
ing (Hydes, 1979; Orians & Bruland, 1986; Stoffyn & Mackenzie, 1982). 
Before discussing this scavenging flux, we first discuss the robustness of 
the different parameters in the present simplified model.

4.1.2.  Assumptions and Limitation of the Model

Several assumptions were made for the dAl distribution model. Here we 
describe these and discuss how they could affect our results.

We assumed that the concentration of dAl was in a steady state (refer to 
Equation 6). This assumption was made because there was no dAl con-
centration time series data along 22°N. This type of assumption is very 
common in the context of projects based on a single cruise. There is excel-
lent agreement in dAl concentrations over the upper 100 m between the 
three inter-comparison stations discussed above (GA02 2010, GA03 2011, 
and A16N 2013, refer to Figure 4) and the GApr08, which supports the as-
sumption of a steady state in this layer in the subtropical North Atlantic.

NEC velocity was estimated from the global reanalysis GLORYS12V1 
(1/12° horizontal resolution, 50 vertical levels), a product of the CMEMS 
that provides current velocities based on altimeter and other observed 
satellite data (temperature, salinity, etc.). The NEC velocity is highly de-
pendent on the season with higher values in boreal summer (July/Au-
gust) than in spring and fall (Arnault, 1987). This seasonality was visible 
within the GLORYS12V1 extracted NEC velocity values with higher ve-
locity during the time of the cruise (June–August 2017, ∼6 cm s−1), com-
pared with a 1-, 2-, or 3-year mean (∼3 cm s−1). To estimate the time the 
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Figure 6.  Mean total (wet + dry) dust deposition (white diamonds) for 
the latitude range 21°–24°N over 3 years prior to GApr08 (July 1, 2014–
June 30, 2017) extracted from the Modern-Era Retrospective Analysis 
for Research and Applications version 2 (MERRA-2, Gelaro et al., 2017). 
The x-axis denotes the distance between station 7 (x = 0 m) and station 1 
(x = 2.82 E  6 m). The linear regression line (black line), its equation and 
regression number are displayed.

Figure 7.  Measured versus modeled dissolved aluminum (dAl) 
distribution in the upper 100 m along GApr08. (a and b) Modeled dAl 
distribution from advection and dust deposition ( model,C  red line) compared 
with measured dAl from the bottles (average dAl bottle value calculated by 
integration over the upper 100 m, bottlesC , orange diamonds) and from the 
towed fish ( fishC , white squares). The bottle and towed fish data are plotted 
with their respective uncertainties: 2 standard deviation of triplicate 
peaks for fish values and an estimate of the 95% error interval for the 
average bottle values. Different parameter settings for modelC  were tested 
by variation of (a) North Equatorial current velocity and dust flux (blue 
solid and dashed lines, respectively), and (b) aluminum solubility (green 
solid and dashed lines) and the aluminum content of dust (black solid and 
dotted lines).
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water took to travel from the GApr08 station 7 to station 1, we used results from Lagrangian particle track-
ing experiments carried out in a previous study along the GApr08 (Artigue et al., 2020). These experiments 
tracked the origin of the water sampled during the GApr08 backward in time and indicated a transit time 
of ∼2 years from the stations 7 to 1 at a 100 m depth. Therefore, it seems more realistic to extract a 2-year 
NEC velocity rather than a value for the time period of the cruise (June–August 2017). Moreover, this choice 
removed any seasonality in the current velocity estimate. The extracted mean NEC velocity over the upper 
100 m, over the latitude range 21°–24°N, and over a 2-year period was 3.0 cm/s. However, given the distance 
between the stations 7 and 1 (2.82 E6 m), this results in a transit time of 3 years. Over a 3-year period, the 
mean NEC velocity was 2.8 cm/s. The difference in the average NEC velocity value over a 2-, or a 3-year 
period is not significant; for consistency, we chose a NEC velocity of 2.8 cm/s obtained over a 3-year period 
(August 16, 2014–August 16, 2017). Figure 7a presents how the NEC velocity impacts modelC . By applying the 
NEC velocity estimated for the period of our cruise (July 2017, blue solid line in Figure 7a), we find much 
lower dAl concentrations along the GApr08 compared with the modelC  applying a 3-year mean NEC velocity 
(red line in Figure 7a). This supports our NEC velocity choice.

Similar to the NEC velocity, we chose an average dust deposition flux over a 3-year period (July 1, 2014–June 
30, 2017) as this was the estimated time for the water to travel from station 7 to station 1. Dust transport 
and deposition is also seasonally dependent (Prospero et al., 2014). In summer, dust transport occurs at 
higher altitudes leading to relatively low dust deposition in the eastern tropical Atlantic, but maximum dust 
deposition in the western tropical Atlantic (Jickells et al., 2016; Kunde et al., 2019; Powell et al., 2015; Pros-
pero et al., 2014). The MERRA-2 model also showed a higher dust deposition flux to surface waters of the 
western Atlantic compared with the east for July 2017 (Figure S2), while over 3 years, the trend is reversed 
(Figure 6). Figure 7a presents how the dust deposition impacts modelC . While applying the July 2017 dust 
flux to modelC  (blue dashed line), we find lower dAl concentrations along the GApr08 compared with modelC  
using a 3-year mean dust flux (red line). This supports our choice of a 3-year mean dust flux for our model.

In the model, the Al content in dust was assumed to be that of the upper continental crust (Al = 8.2 ± 0.8% 
by mass, Rudnick & Gao, 2014). This is a common assumption (Han et al., 2008; Measures & Vink, 2000). 
The uncertainty of this estimate (±0.8%) results in negligible variations in modelC  (Figure 7b, black solid and 
dotted lines).

Another assumption in the model was the solubility of Al from aerosols, which can vary depending on the 
nature of the deposition (wet or dry) or on the source region (Saharan dust, North American dust, etc.), 
which will further depend upon the season of collection (Baker et al., 2006, 2013; Shelley et al., 2018). In 
the above simulations, we used the Al solubility value of 6.8% from Baker et al. (2013) who report Al solu-
bility variability across several oceanographic regions in the Atlantic. Their calculations account for both 
wet and dry deposition from ten large-scale research cruises and include the contribution from different 
aerosol sources over two three-month periods. This led to an estimated range of Al solubility from 6.1% to 
18% for the Atlantic with a median value of 8.0%, and a value of ∼6.8% for the eastern and subtropical North 
Atlantic regions, including most of the GApr08 section. Figure 7b presents how the variability in aerosol Al 
solubility could impact modelC  (green solid and dashed lines).

From the above discussion, it appears that the largest uncertainty results from the Al solubility in dust. This 
will be extensively discussed in the following section.

4.1.3.  Al Removal by Scavenging

The simple mass conservation equation defined in Equation 1 considered only advection and dust deposi-
tion. Here, we include a third term: the removal of dAl by scavenging. At the steady state, mass conservation 
implies that the removal of dAl from scavenging and advection must balance the input from dust deposi-
tion. Therefore, we estimated the dAl scavenging flux as the difference between dAl input from dust and 
advection, and dAl removal by advection. Given the uncertainties on the processes involved at station 1 (see 
Section 4.1.4), the mass balance calculation was performed on a single large box extending from the stations 
7 to 2. The dAl scavenging flux was calculated as an average value (hereafter, scav _ avgF ) over the length of the 
box, which leads to the following equation:
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      scav _ avg Al Al dust_avgstation 7 station 2 .
Δ
uhF C C D S F

x
� (8)

where Δx = 2.37 E6 (distance between station 7 and 2), h = 100 m, C(station 7) = 1.39 E−5 mol m−3, and 
C(station 2) = 3.19 E−5 mol m−3. With an average dust flux value dust_avg(F ) between the stations 7 and 2 
(8 E−3 g m−2 d−1), and unchanged AlD  and u values (3.02 mol kg−1 and 2.8 cm/s), this leads to the following 
equation: 
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Be aware that Equation 9 does not imply a mechanistic link between scavenging flux and solubility. It is 
a simple expression of a mass balance that states that removal of dAl from scavenging must equal the net 
inputs from advection and dust deposition over the box.

As stated above (Section 4.1.2), Equation 9 parameters u, AlD , and dust_avgF  are well constrained, but Al sol-
ubility is more uncertain. The following discussion concentrates on the influence of aerosol dAl solubility 
on the mass balance.

If advection perfectly balances dust fluxes, that is, scav_avg 0F , this requires a dAl solubility of ∼7.7%. A 
lower solubility would imply a negative scav_avgF  value, which is impossible. In other words, our model sug-
gests that S is ≥7.7%. Baker et al. (2013) report Al solubility from 6.1% to 18% for the Atlantic, with a median 
value of 8%. Our results are in excellent agreement with Baker et al. (2013).

Figure 8a displays the dAl input output fluxes for the GApr08 obtained with solubility ranging between 
8% and 18%. With the median solubility of 8%, scav_avgF  is 7.7 E−8 mol m−2 d−1 , which is only 4% of the 
1.9 E−6 mol m−2 d−1 dust flux; the remaining 96% dAl was removed from the box by advection. This illus-
trates the major role advection plays incontrolling dAl concentrations in the upper 100 m of the subtropical 
North Atlantic, compared to scavenging.

Processes that control the Al cycle are often discussed in terms of their residence times (τ). Residence time 
is defined, assuming a steady state, as follows:

  
 in out

Q Q
F F� (10)

where Q, inF , and outF , are the content and the fluxes in and out of a given reservoir, respectively.

This leads, here, to the following equation:
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Figure 8.  Dissolved Al fluxes (a) and partial residence times (b) obtained with solubilities varying from 8% to 18% in Equation 9. Note the log10 y-axis scale in 
(b).



Global Biogeochemical Cycles
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Here AlQ  is expressed as the dAl concentration mean in our box in mol m−2, while the fluxes are in units of 
mol m−2 d−1.

As there are several sources and sinks in our box model, we can also define partial residence time relative to 
each source and sink. Figure 8b displays the partial residence time (e.g., τ in dust avg, τ out scavenging avg) 
and the total residence time ( total) obtained with aerosol Al solubility ranging from 8% to 18%. It shows that 
the total residence time ranged between 2 and 1 years for S between 8% and 18%, respectively. This is con-
sistent with previous estimates of dAl residence time between 1 and 8 years for the ∼22°N in the Atlantic 
while including dust, advection, and mixing as dAl inputs (Han et al., 2008). The partial residence times for 
advection input (4.5 years) and output (2 years) stay constant irrespective of solubility. However, the partial 
residence times for dust input (3.3–1.5 years), and particularly for scavenging (82.4–2.6 years), vary with 
solubility (8%–18%). The partial residence time variation is larger for scavenging since the scavenging flux 
at a solubility of 8% is close to zero (Figure 8a). Again, these results highlight the major control advection 
has on the dAl distribution when compared to scavenging.

Overall, these results suggest that advection and dust deposition are the two main processes driving the 
increase in dAl from the stations 7 to 2, scavenging playing a secondary role. For a median and realistic 
Al solubility of 8%, dAl removal by scavenging is insignificant in this study area. In the unlikely case of an 
extreme 18% solubility, the scavenging flux should be included in the model (Figure 8).

We recognize that assuming a constant scavenging rate across the transect is a crude approximation. Scav-
enging fluxes are usually parameterized as a function of dissolved trace metal concentrations and/or par-
ticle concentrations and/or export (e.g., van Hulten et al.,  2013), and therefore, are likely to be variable 
across the transect. However, this simplified approach allows an estimation of its order of magnitude and 
therefore, of its importance relative to the other processes involved in the Al cycle in this area.

4.1.4.  Origin of the dAl Enrichment in the Western Subtropical North Atlantic

For a realistic North Atlantic solubility range, the model reproduces the progressive dAl concentration in-
crease from the stations 7 to 2, but did not capture the steep increase in dAl concentration between the 
stations 2 and 1. For modelC  with a solubility of 8% (Figure 7b, green dashed line), there was up to a ∼4 nmol/
kg difference between the modeled and measured dAl values. Considering that these dAl observations are 
representative of a 3° meridional band between 21°N and 24°N (Δy = 3.33 E5 m distance), where dust dep-
osition and the NEC are relatively homogeneous, this offset corresponds to an additional flux of 3 E5 mol/d 
at station 1 calculated as follows: 

F C u C u
additional source bottle model scav

stn. stn.      1 1. . yy h. � (12)

This missing input flux implies a source of dAl that is either not included or not correctly parametrized in 
our model. In the following discussion, we will refer to this difference of 3 E5 mol/day as the “additional 
source” of dAl needed to explain the dAl distribution in the western subtropical North Atlantic along the 
GApr08.

The MERRA-2 includes most species of aerosol from both natural and anthropogenic sources (dust, sea 
salt, black carbon, organic carbon, and sulfate, Gelaro et al., 2017). The increase in dAl between the stations 
2 and 1 could reflect the impact of another aerosol type, not included in the MERRA-2, with a higher sol-
ubility and/or with an Al concentration in an excess of typical crustal material. With increased aerosol Al 
solubility and/or concentration, the modeled concentrations along the GApr08 would gradually increase 
between the stations 2 and 1, as the westward advection term should provide a continuous increase in the 
model, which does not correspond to the observations, that is, a sharp increase in dAl concentration west 
of station 2. This dAl increase rather suggests a disturbance in the westward advection flux, most probably 
current branches joining the NEC from the west or the south, as shown in Figure S3.
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A tongue of lower salinity surface water was observed at the western edge of the GApr08 section (salinity 
<35 for the westernmost towed fish samples and salinity <37 shallower than 27 m at the stations 1 and 
2, Figure S4). Surface salinity maps allowed us to attribute this low salinity to the Amazon River plume 
(Artigue et al., 2020). With a dAl concentration of 3 E–4 mol/m3 and a mean flow rate estimated at 2 
E10 m3/day (Gaillardet et al., 2003), the Amazon River delivers approximately 5 E6 mol/day of dAl to 
the Atlantic. In order to explain the additional source of dAl to the upper 100 m of the western sub-
tropical North Atlantic (Figure 7), 5% of this flux would have to pass through estuaries and reach the 
western part of the GApr08 transect some 2,500 km away. This seems unrealistic as much of the riverine 
dAl inputs is known to be quickly scavenged in estuaries and is considered to not represent a significant 
source of dAl to the open ocean (Brown et al., 2010; Hydes & Liss, 1977; Mackin & Aller, 1984; Orians 
& Bruland, 1986). Moreover, no increase in dAl concentration was recorded within the Amazon River 
plume during the GA02 (Middag, van Hulten, et  al.,  2015), during the same time of the year as the 
GApr08, contrary to observations of elevated dissolved iron (Rijkenberg et al., 2014), and contrary to 
elevated dissolved iron and dissolved 232 thorium ∼1,900 km from the river's mouth (AE1410, Hayes 
et al., 2017). Therefore, it seems unrealistic that the Amazon River explains the dAl enrichment in the 
west of our section.

The Amazon suspended sediment discharge is estimated at 8 E8 tons/year (Martinez et al., 2009). Assuming 
a concentration of Al in the upper continental crust of 0.003 mol/g (Rudnick & Gao, 2014), the Amazon riv-
er delivers 7 E9 mol/day of pAl to the western North Atlantic. The dissolution of terrigenous particle mate-
rial delivered by rivers to the ocean can have a large impact on the global cycling of some elements (Jeandel 
& Oelkers, 2015; Radic et al., 2011). Much of these particles settle onto continental margins, but for several 
elements, a small but nonzero fraction dissolves and can be transported over long distances, for instance 
3%–5% for neodymium (Arsouze et al., 2009; Jeandel et al., 2011; Lacan & Jeandel, 2005). pAl dissolution in 
the range of 1%–5% has been assumed by Brown and Bruland (2009) to estimate the dAl flux delivered by 
the Columbia River to coastal waters. In this study, the dissolution and transport of only ∼0.004% of the 7 
E9 mol/day pAl delivered to the continental margin by the Amazon River would be sufficient to explain the 
dAl enrichment in the west of our section.

The Lesser Antilles, a group of mostly volcanic islands in the Caribbean Sea, are also a potential source of 
dAl that is close to the western part of the GApr08 cruise (less than 400 km between Guadeloupe and the 
GApr08 surface transect, Figure 1). Velocity fields over the upper 100 m indeed suggest that waters impact-
ed by the Lesser Antilles may reach the western end of the GApr08 (Figure S3). This led us to investigate 
erosion and chemical weathering in the Lesser Antilles as possible sources of dAl to our section, particularly 
as the rates for these processes are high due to the Lesser Antilles' easily weathered volcanic material, pro-
nounced relief, and high runoff rates (Gaillardet et al., 2011; Rad et al., 2013).

The mechanical erosion rate for Guadeloupe is estimated between 800 and 4,000  t/km2/year (Rad 
et al., 2006). Assuming an Al concentration in the Guadeloupe bulk regolith of 0.006 mol/g (i.e., 15.25% by 
weight, mean value, Buss et al., 2010), the Lesser Antilles could deliver between 6 E7 and 3 E8 mol/day of 
pAl to the surrounding oceans. The dissolution and transport of only 0.1%–0.5% of this pAl could explain 
the dAl enrichment observed west of our section.

Due to the very low content of organic matter in the rivers of the lesser Antilles, uncomplexed dAl is con-
sidered to be rapidly removed from the solution by particle scavenging (Mackin & Aller, 1984). Moreover, 
the ratio of pAl fluxes delivered by rivers to the corresponding dAl being estimated at 1,000, a direct dAl 
flux from the lesser Antilles would be lower than the 3 E5 mol/day needed to explain the additional source 
(Gaillardet et al., 2003; Jeandel & Oelkers, 2015; Viers et al., 2009). Therefore, it seems unrealistic that a 
direct dAl source from the Lesser Antilles (which does not include the dAl from the dissolution of pAl from 
the river) could explain the dAl enrichment in the west of our section.

In addition, Lambelet et al. (2016) measured a shift toward higher neodymium concentrations and radio-
genic neodymium isotopic compositions along the GA02 between 19° and 25°N, compared to northern 
stations. They suggested this isotopic signature reflected lithogenic inputs from the Lesser Antilles rather 
than from the Amazon or Orinoco rivers, or from volcanic ash.
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Overall, this suggests that dissolution of continental pAl eroded form the Lesser Antilles, or less likely, de-
livered by the Amazon River, could explain our observations of elevated dAl in surface waters of the western 
subtropical Atlantic. As described below, a dAl enrichment found along the western edge of the GApr08 
between 400 and 500 m reinforces this conclusion.

4.2.  Intermediate and Deep dAl Distributions

Along most of the section, dAl concentrations decrease from the surface to a minimum (10–15 nmol/kg) at 
depths between 700 and 1,500 m (Figures 2a and 2b). Concentrations then increase to ∼20 nM by 4,000 m, 
and stabilize around this value down to the seafloor. Two local features differ from this homogeneity, (a) a 
clear enrichment above the Snakepit hydrothermal site (station 4, at the MAR), and (b) an enrichment at 
∼400 m at the westernmost station 1.

To investigate if the dAl distribution was driven by water mass transport and/or biogeochemical processes, 
we used the results of the eOMPA specifically carried out for this cruise, for data deeper than ∼200–300 m 
(Artigue et  al.,  2020). This eOMPA identified the mixing fractions of the major water masses along the 
GApr08. These water masses were defined at specific locations and called end-members. All the end-mem-
bers of this eOMPA were defined from the GEOTRACES section cruises where dAl concentrations were 
available. End-member locations and dAl concentrations are shown in Figure 1 and Table S1, respectively. 
This allowed us to calculate a dAl “conservative” GApr08 section, that is, where the dAl distribution results 
from water mass transport and physical mixing (Figure 9a).

The dominant water masses found along the GApr08 are indicated in Figure 9a. The “conservative” dAl 
section reflected the main features of the measured dAl section (Figure  2a). Notably, between 100 and 
500 m, the high surface dAl carried by the West North Atlantic Central Water (WNACW). Between 800 
and 1,750 m, the low dAl tongue carried by Antarctic Intermediate Water, Upper Circumpolar Deep Water 
and Labrador Sea Water. Between 2,000 and 4,000 m, the higher dAl concentrations carried by North East 
Atlantic Deep Water and North West Atlantic Bottom Water. Finally, at bottom depths, the lower dAl con-
centrations carried by Antarctic Bottom Water. These conservative dAl properties, transported within water 
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Figure 9.  (a) GApr08 “conservative” dissolved aluminum (dAl) section indicating the dominant water masses found along GApr08: West North Atlantic 
Central Water (WNACW), Antarctic Intermediate Water (AAIW), Upper Circumpolar Deep Water (UCDW), Labrador Sea Water (LSW), North East Atlantic 
Deep Water (NEADW), North West Atlantic Bottom Water (NWABW), Antarctic Bottom Water (AABW). For the exact distribution of these water masses, see 
Artigue et al. (2020). (b) GApr08 “biogeochemical” ΔdAl section. Data points are represented by black dots, top panels are a zoom in the upper 1,000 m.
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masses, seem to dominate the dAl distribution (Figures 2a and 9a) with 
the exception of some local features.

The subtraction of the GApr08 measured dAl section data (Figure  2a) 
from the “conservative” section (Figure 9a) allowed us to calculate a re-
sidual “biogeochemical” ΔdAl section (Figure 9b). This biogeochemical 
ΔdAl section, represents the part of the dAl signal that does not result 
from water mass transport and therefore, results from biogeochem-
ical processes occurring between the end-member locations and the 
measured GApr08 section (Figure 1). These biogeochemical processes in-
clude dissolved-particulate exchange and sedimentary or hydrothermal 
inputs. Positive and negative ΔdAl values reveal dAl input and removal, 
respectively, due to biogeochemical processes.

Two local features are clearly visible in the biogeochemical ΔdAl section 
at the stations 1 and 4 (Figure 9b).

At station 1, a ΔdAl maximum between 400 and 500  m implies that 
10  nmol/kg of dAl was added to the dAl transported by water masses 
(contribution of ∼66% WNACW, ∼20% 13°C-ESACW, and ∼13% MW, Ar-
tigue et al., 2020). As suggested for surface waters, this subsurface ΔdAl 
enrichment could reflect the dissolution of erosion products delivered 
from nearby margins (e.g., Lesser Antilles and/or less likely the Amazon 
River).

Station 4 targeted the Snakepit hydrothermal site (23,367°N, 44,95°W, 3,500 m depth, Beaulieu & Szafran-
ski, 2019, and references therein). Deeper than 3,300 m, a positive anomaly in the beam attenuation profile 
was observed at this station (Figure S5), indicative of an increased suspended particle content associated 
with the neutrally buoyant hydrothermal plume. Deeper than 3,340 m, that is, ∼170 m above the sea floor, 
ΔdAl reached values between 8 and 16 nmol/kg (Figure 9b), enriching dAl to a maximum of 32.5 nmol/kg 
at 3,500 m (Figure 2a). This would suggest that up to 50% of the measured dAl concentration at Snakepit 
can be attributed to the hydrothermal vent. Note that a dissolved iron concentration maximum at 3,300 m 
at station 4 has also been attributed to hydrothermal venting (Kunde et al., 2019). Hydrothermally derived 
dAl has been previously reported for the MAR (up to 53 nmol/kg at the TAG vent site, Lunel et al., 1990; 
Measures et al., 2015). In the Southeast Pacific Rise, hydrothermalism may explain dAl plumes extending 
over several thousand kilometers (Lupton et al., 1993; Resing et al., 2015). Note that we did not observe any 
lateral transport of high dAl concentration at the GApr08 stations 3 and 5 (located ∼500 km away from the 
MAR).

Except from the two specific features discussed above, the rest of the ΔdAl section is mostly zonally homo-
geneous. Figure 10 shows the ΔdAl profile calculated as a zonal mean of the 7 stations (excluding the 2 local 
features discussed above).

Negative ΔdAl values between 225 and 800 m (from −6 nmol/kg to 0 nmol/kg) revealed a clear and sig-
nificant removal of dAl in this layer. The calculated ΔdAl values were well above uncertainties associated 
to our data and the prescribed end-member dAl concentrations (∼0.3  nmol/kg for both). This result is 
particularly surprising, because this layer is associated with high dAl values (>20 nmol/kg), and is usually 
interpreted as reflecting the effect of local dust dissolution (Gehlen et al., 2003; Han et al., 2008; Maring & 
Duce, 1987; Measures et al., 2010; van Hulten et al., 2013). However, we argue that the high values reflect 
the advection of remotely enriched waters, with significant removal along their flow path. This 225–800 m 
layer is composed mainly of WNACW and a small fraction of 13°C-ESACW that, within the eOMPA, have 
their end-members located in the Sargasso Sea and Cape Basin, respectively (Figure 1). We therefore argue 
that between these locations and the GApr08 section, the net effect of biogeochemical processes was to 
remove dAl, rather than to add dAl as usually assumed. Most studies attribute dAl removal to, (a) passive 
adsorption onto particle surfaces followed by sinking (Bruland & Lohan, 2006; Orians & Bruland, 1986) or, 
(b) active diatom uptake (Al is incorporated during opal formation as a replacement of silicium, Gehlen 
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Figure 10.  Mean “biogeochemical” ΔdAl profile (white dots) and mean 
measured dissolved aluminum (dAl) profiles (blue dots) of the seven 
stations of GApr08 with their respective standard errors. Note that the two 
local dAl inputs were removed from the analysis (i.e., 400–500 m at station 
1, and deeper than 2,500 m at station 4). The profiles were calculated 
by including samples over a 100 m range for samples between 200 and 
1,100 m depth, and over 200 m range between 4,000 and 5,000 m.
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et al., 2002; Mackenzie et al., 1978; Stoffyn, 1979). Between 225 and 800 m, diatom opal formation is not 
expected (below the euphotic zone). Therefore, scavenging onto particles, notably mineral dust particles 
(following partial dissolution of dust in surface waters, described in Section 4.1.3 in the upper 100 m), seems 
a more likely cause. Scavenging of dAl was further supported by the fact that the negative ΔdAl values were 
well correlated with particle abundances as indicated by the beam attenuation profiles (Figure S5). This is 
not the first time that dust has been postulated to act as a sink rather than a source of an element. This was 
observed for dissolved iron during a mesocosm experiment in the Mediterranean Sea where the addition of 
dust lead to a decrease of dissolved iron concentration attributed to scavenging (Wagener et al., 2010; Wuttig 
et al., 2013; Ye et al., 2011).

Below 800 m, ΔdAl was positive with consistent values of ∼2.5 nmol/kg down to the seafloor, except be-
tween 1,750 and 3,000 m where ΔdAl nears zero. This latter feature was the result of negative values in 
the east (−2.5) and positive values in the west (+2.5), which cancel out (Figure 9b). In fact, if the seven 
data points (out of 81 points below 800 m) with negatives ΔdAl were not included in our calculation of the 
mean ΔdAl profile, we would observe a homogeneous ΔdAl profile at ∼2.5 nmol/kg between 800 m and 
the seafloor. Overall, these data reveal that over this depth range, the dAl distribution is mostly dominated 
by addition. Internal sources of dAl due to desorption from particles (reversible scavenging) has been sug-
gested in recent studies (Middag, van Hulten, et al., 2015; van Hulten et al., 2013). This process, initially 
proposed for thorium (Bacon & Anderson, 1982; Nozaki et al., 1981), has also been proposed as a significant 
process, notably at depth, in the internal cycles of rare earth elements (Nozaki & Alibo, 2003), copper (Little 
et al., 2013), iron (Abadie et al., 2017), and zinc (Weber et al., 2018).

Sediment resuspension processes can also act as a source of dAl at depth (Middag et  al.,  2009,  2012; 
Middag, van Hulten, et al., 2015; Moran & Moore, 1991; van Hulten et al., 2013). The beam attenuation 
profiles measured during the GApr08 (Figure S5) show particle increases from about 4,000 m down to 
the seafloor, consistent with sediment resuspensions. The ΔdAl results do suggest a dAl source at those 
depths. However, this source is not larger below 4,000  m than elsewhere in the water column below 
1,000 m. Therefore, our results do not point to any specific dAl source associated to particle resuspension 
above the bottom.

5.  Conclusions
Surface dAl concentrations, measured along the GApr08 section in the subtropical North Atlantic, dis-
played a marked westwards increasing gradient. Using a mass balance model that included advection, dust 
deposition, and scavenging terms, we showed that this increase was not just due to dust deposition, but that 
advection is essential in driving this gradient in the subtropical North Atlantic and therefore, needs to be 
incorporated into future dAl studies. In this surface layer (100 m), scavenging of dAl onto particles appears 
to play a much smaller role than advection in driving dAl distribution.

In the westernmost part of the GApr08 section surface layer, an additional dAl flux of ∼3 E5 mol/day was 
required to explain the dAl concentrations. We suggest that the most likely source is the dissolution of erod-
ed continental particles delivered to the margins from the Lesser Antilles and/or, less likely, the Amazon 
River.

By utilizing the results from an eOMPA for the GApr08 cruise (Artigue et  al.,  2020), we estimated and 
separated the “biogeochemical” from the “conservative” component of the dAl section. The conservative 
component dominated the dAl distribution. However, it was insufficient to explain all the features that 
were observed. The biogeochemical ΔdAl section highlighted two local features: a dAl enrichment between 
400 and 500 m at the westernmost station and a hydrothermal enrichment from the Snakepit hydrothermal 
site that doubled the local dAl concentrations. Except from these two features, the ΔdAl section is mostly 
zonally homogeneous. Despite high dust deposition fluxes in the subtropical North Atlantic, the ΔdAl pro-
file suggests that, between 200 and 800 m, removal by scavenging exceeds inputs from dust deposition and 
dissolution at the basin scale. From 800 m to the seafloor, the ΔdAl profile showed an addition of dAl, likely 
due to reversible scavenging. Just above the bottom, this profile does not provide evidence for dAl addition 
linked to sediment resuspension.
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Overall, this study highlights the importance of quantitatively considering water mass transport processes 
to interpret dAl distributions throughout the water column at the local to basin scale. First, in regions of 
significant horizontal gradients and significant flows (particularly in the surface layers), the process of ad-
vection is significant and should not be neglected. Second, by removing the portion of the dAl signal due 
to water mass transport, we have gained new insights into the Al biogeochemical cycle of the subtropical 
North Atlantic.

Data Availability Statement
The data of this study are publicly available from the British Oceanographic Data Centre under doi:10/f9gg. 
The data have also been submitted to the GEOTRACES Intermediate Data Product 2021.
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