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High-resolution sampling in the
eastern tropical North Atlantic
reveals episodic Saharan dust
deposition: implications for the
marine carbon sink
Blanda A. Matzenbacher1*, Geert-Jan A. Brummer1,
Maarten A. Prins2 and Jan-Berend W. Stuut1,2*

1Department of Ocean Sciences, Royal Netherlands Institute for Sea Research, Texel, Netherlands,
2Department of Earth Sciences, Faculty of Science, Vrije Universiteit, Amsterdam, Netherlands
In this study we present data collected between August 2017 and December

2018 from submarine sediment trap M1 located in the eastern tropical North

Atlantic and determine lithogenic and biogenic fluxes, and grain-size

distributions of aerosol dust. An unprecedented high sampling resolution of

four days in combination with satellite imagery allowed the identification of

thirteen major dust events of two types within the 468-day series. Seven dust

events were classified as high-flux events identified by a deposition of >=25 mg

m-2 d-1. The average dust deposition rate increased by 461.3% during these types

of events. The remaining six events were characterized by a high composition of

giant particles (>7.3 vol%). Seasonal variations of dust flux were recorded, with

highest fluxes observed in spring at an average deposition rate of 14.8mgm-2 d-1,

and lowest fluxes in fall with an average rate of 8.6 mg m-2 d-1. The estimated

total dust flux in the tropical North Atlantic was 4040.02 mg m-2 y-1. We suggest

that most of the summer dust was likely transported over the sampling site at

high altitudes while winter transport occurred closer to the sea surface, resulting

in generally higher background fluxes. Grain-size distributions exhibited seasonal

variations with increased occurrences of giant particles (>62.5 mm) in fall 2017

and spring, and less occurrences in winter and fall 2018. Grain-size sorting was

high in spring and most variable in summer. Precipitation did not affect

depositional fluxes or grain-size distributions of the aeolian dust significantly.

Organic matter was deposited continuously at the sampling site with a deposition

rate ranging from 14.4–862.25 mg m-2 d-1. Organic matter fluxes increased by

199.5% during high-flux dust events but decreased by 13.6% during anomalous

grain-size events. Spring experienced the highest number of dust events (n=5).

This unprecedented high-resolution dataset of dust deposition in marine

sediment-traps enabled the distinction of dust events and their relation to

organic matter flux. This suggests the possibility of a dust fertilization or

mineral ballasting effect.
KEYWORDS

mineral dust flux, Saharan dust events, seasonal dust deposition, mineral ballasting, dust
fertilization, marine carbon sink
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1 Introduction

The study of the many relationships between desert dust and

Earth’s climate leads to a better quantification of its role in the

global climate and thus in predicting future climate scenarios.

Aerosol dust has been studied for its abilities to reflect and absorb

incoming solar radiation (Lafon et al., 2006; Ryder et al., 2013), its

effects on cloud nucleation (Atkinson et al., 2013), fertilization of

the oceans (Mahowald et al., 2009), atmospheric carbon

sequestration (e.g., Fischer and Karakas, 2009; Pabortsava et al.,

2017), and removal of atmospheric methane (CH4; Van Herpen

et al., 2023), all of which directly affect the climate. Furthermore,

understanding the annual dust cycle provides insights into changing

dust patterns in paleoclimate scenarios (Stuut et al., 2001). With this

knowledge, past shifts of the Intertropical Convergence Zone

(ITCZ) can be determined, thus advancing the understanding of

past climate changes in North Africa (Tjallingii et al., 2008).

Around 585–759 Tg of aerosol dust is emitted from the Sahara

Desert yearly (Laurent et al., 2008), of which 136–222 Tg are

estimated to land in the tropical Atlantic Ocean (Yu et al., 2019).

Trade winds are responsible for the transport and deposition of dust

particles across the Atlantic throughout the year (Carlson and

Prospero, 1972; Engelstaedter et al., 2006; Fiedler et al., 2015).

Due to the seasonally shifting position of the ITCZ (Nicholson et al.,

2018), and therefore also the concentration and latitudinal position

of the trade winds, a change in precipitation and wind patterns

occurs over the North African continent and the tropical North

Atlantic (Nicholson, 2000). These highly variable meteorological

conditions result in complicated dust emission-transport-

deposition patterns, on both temporal and spatial scales,

including wet and dry dust deposition, differences in dust fluxes,

grain-size distributions, and sorting heterogeneities (Friese et al.,

2016; van der Does et al., 2016, 2020; van der Does et al., 2016, 2020,

2021a, 2021b).
1.1 ITCZ seasonality and effects on
seasonal dust deposition

The Sahara Air Layer (SAL) is the dominant air mass above

North Africa during summer months (June-August). It travels at 3–

7km above sea level (Carlson and Prospero, 1972; Tsamalis et al.,

2013) and is known to transport aerosol dust particles at these high

altitudes over long distances (van der Does et al., 2016). Because of

the high altitude transport, dust deposition in the Atlantic close to

the African continent is generally low compared to other seasons

(Schepanski et al., 2009; van der Does et al., 2021a). However, the

summer monsoon is characterized by a northward shift of the ITCZ

and leads to increased wet deposition of dust over the tropical

North Atlantic as the atmosphere is flushed out of dust particles (Yu

et al., 2019). Thus, summer dust deposition is mainly controlled by

precipitation (van der Does et al., 2021a). Additionally, high

temperatures over North Africa in summer can lead to

convection of air masses in the Sahara Desert which facilitates the

emission of coarse dust particles (Heinold et al., 2013). Grains as

large as 450 mm have been found 3500 km west of the African west
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coast as a result of interplaying forces (van der Does et al., 2018;

Adebiyi et al., 2023). Therefore, less sorted grain-size distributions

have been found in summer-deposited samples (Friese et al., 2016).

Wind patterns shift from the high-altitude SAL layer in summer

to the low-lying Harmattan winds traveling below 500m AMSL

(above mean sea level) in winter (Fiedler et al., 2015). Because

these low-altitude winds transport dust particles closer to the ocean

surface, dust deposition offshore northwest Africa increases in winter

months. Precipitation over the tropical North Atlantic mainly ceases

in winter due to a southward shift of the ITCZ, and dry deposition of

dust particles controlled by gravitation prevails (van der Does et al.,

2020). Reduced precipitation and a lack of convection over North

Africa lead to a reduction of deposited coarse grains. As a result,

grain-size distributions of dust deposited in winter are generally

better sorted than in summer (van der Does et al., 2021a).
1.2 Dust fertilization and mineral ballasting

Aerosol dust particles are known to be an important source of

nutrients in oligotrophic regions of the Atlantic Ocean where

upwelling and riverine input are low (Pabortsava et al., 2017;

Korte et al., 2018). Nutrient availability increases when aerosol

mineral dust undergoes atmospheric acidic dissolution such as

precipitation (Nenes et al., 2011) but can also supply nutrients

without rain input (Korte et al., 2018). This fertilization by dust

particles can cause phytoplankton blooms in the surface oceans

which take up carbon dioxide (CO2) from the atmosphere (Jickells

et al., 2005; Guerreiro et al., 2017). The CO2 uptake of the biota and

subsequent sinking of this organic matter to the deep sea is called

the marine biological carbon pump. Dust deposition in remote

ocean regions has been attributed to enhancing this process via

nutrient supply and (bio)mineral ballasting (Bressac et al., 2014;

Pabortsava et al., 2017). The marine biological carbon pump is

affected by mineral ballasting through the process of lithogenic

particles forming aggregates with particulate organic matter in the

upper water column. These aggregates, called Marine Snow,

enhance particle sinking velocities (van der Jagt et al., 2018).

Additionally, the formation of carbonate and opal shells of

calcifying and silicifying organisms contributes to biomineral

ballast, thereby accelerating organic matter deposition in the deep

sea (Le Moigne et al., 2012; Wilson et al., 2012). Dust fertilization

and (bio)mineral ballasting play an intricate role in the marine

carbon pump and are both influenced in the tropical Atlantic Ocean

by Saharan dust activity. The quantification of Saharan dust

deposition and event occurrences provides better understanding

of their roles in centennial to millennial climate changes and

future ramifications.
1.3 Saharan dust events and
research outline

Land-based dust monitoring stations have observed an increase in

dust storm activity since the 1950s (Goudie and Middleton, 2001;

Mulitza et al., 2010). Dust storms form when cool, high latitude winds
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https://doi.org/10.3389/fmars.2024.1367786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Matzenbacher et al. 10.3389/fmars.2024.1367786
clash with hot Saharan air masses, leading to strong cold fronts

(Knippertz, 2014). These can lead to an anomalous increase in dust

flux (Nowald et al., 2015) and/or an increase in coarse-grain uplift and

deposition when strong winds are coupled with convective systems

over the Sahara (Friese et al., 2016). Here we report modern seasonal

deposition patterns of aerosol dust and organic matter of

unprecedented high-resolution in the tropical North Atlantic Ocean.

We aim to detect dust fluxes of short time periods in which single dust

events can be identified. Fluxes help to understand the overall transport

of lithogenic particles to the North Atlantic and geophysical

components such as grain size play an important role in determining

e.g. seasonal shifts in deposition. The variations of dust flux and

geophysical properties between seasons and dust events provide

detailed insights into the depositional patterns of aerosol dust. As

such, we expect fluctuations of geophysical properties of dust particles

between periods of low and high dust activity which could have varying

effects on carbon export. We suspect that Saharan dust outbreaks are

linked to an increase in the organic matter sink in the Atlantic Ocean

off the North African coast possibly due to fertilization and mineral

ballasting effects. With higher resolution sampling we aim to reveal

further details on the correlations between lithogenic and organic

fluxes. By monitoring this interplay, factors can be determined that

impact primary productivity in the surface ocean and that lead to the

deposition of organic matter on the sea floor.
2 Methods

Here, a time series of unprecedented high-resolution dust

monitoring in the tropical North Atlantic is presented. Sampling

intervals consisted of four days for a time span of 468 days from

summer 2017 to fall 2018. Submarine sediment traps were utilized for

uninterrupted dust and organic matter collection. An automated

surface buoy was used to collect atmospheric (dry) dust

simultaneously but at longer time intervals (12–24 days) (see section

2.2). The atmospheric dust collection served as a medium to compare

geophysical properties of marine-deposited dust to air-collected dust.
2.1 Description of sample site and
sediment traps

Mooring M1 was located at 12°N, 23°W in the tropical North

Atlantic Ocean (Supplementary Figure 1). It was kept in place by a

1200kg steel anchor at 5064m depth. Three funnel-shaped KUM

sediment traps were mounted to a 7mm steel rope and have a

collection area of 0.5m2 each. They were deployed approximately

100m apart at depths 1074m, 1165m, and 1275m, referred to as traps

U (upper), M (middle), and L (lower), respectively (Kucera et al.,

2019; Zonneveld et al., 2019). The traps sampled at different time

periods in order to span the collection period; L from August 2017-

January 2018, M from February-June 2018, and U from July-

November 2018 (Supplementary Table 1). In the 2017/18 time

series, the traps were equipped with rotating carrousels each
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carrying 39 bottles in which the collected material was kept

(Supplementary Figure 2A). The bottles contained densified and

filtered seawater, mercury chloride (HgCl2) as a biocide, and borax

(Na2B4O7*10H2O) as a pH-buffer. The carrousels were programmed

to rotate every four days between August 27th, 2017 (starting at

12:00h) until December 8th, 2018 (Kucera et al., 2019; Zonneveld et

al., 2019). The sampling location was in an oligotrophic part of the

ocean where upwelling does not occur (Korte et al., 2017). Previous

measurements of current velocities at the depths of the sediment

traps yielded an average of <10 cm s-1 and never exceeded 12 cm s-1.

This ensured that collected particles settled locally (vertically) and

were less likely transported to the sampling site from elsewhere. In

addition, the sediment traps were located far enough from the

African continent that riverine input was highly unlikely (van der

Does et al., 2016). Lithogenic material was therefore expected to

originate solely from aerosol dust sources. Additionally, the lowest

sediment trap was located 3789m above the seafloor, high enough to

exclude deposition of resuspended material from below (van der

Does et al., 2016).
2.2 Surface-buoy set-up

The dust-collecting subsurface buoy (BL), constructed by the

Royal Netherlands Institute of Sea Research, was moored at 11°

25’N, 22°56’W in close proximity to sediment-trap mooring M1

(Supplementary Figure 1) and was programmed to collect dust

during the same time period. The buoy was equipped with (n=24)

47 mm polycarbonate filters of 0.2 mm pore size and sampled dust

in situ directly from the atmosphere by pumping air through the

filters for four hours per day if the meteorological conditions were

right. The buoy was set-up to collect solely dry dust, therefore, dust

collection only took place when there was no precipitation.

Additionally, to avoid sampling salt from sea spray, air was

filtered only when wind speeds did not exceed 20 m s-1.

Precipitation was monitored by a rain sensor, while wind speed

was monitored by a meteorological sensor, which were both

installed on the buoy (Supplementary Figure 2B). For winter

samples (Dec 1 – Mar 19) a sampling period of 12 days was

chosen since the dust load was expected to be high. For the

remaining period, filters sampled for 24 days each (Kucera et al.,

2019; Zonneveld et al., 2019).
2.3 Lithogenic fraction isolation and
flux measurements

The collected material in the sampling bottles of the three

sediments traps (n=3x39) were pre-treated at the Royal

Netherlands Institute for Sea Research (NIOZ) on Texel. The

material was washed to remove mercury chloride, borax, and salt.

Not all samples contained the same amount of material. For those

with an estimated volume larger than 0.5 g (n=28) were split into five

subsamples (Supplementary Table 1). All (sub)samples were filtered
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on pre-weighed 47 mm polycarbonate filters of 0.2 mm pore size and

refrigerated. Two of the sediment-trap samples went missing (L37,

M28) and two contained too little material to be considered for this

study (U38, U39). Sample details are listed in Supplementary Table 1.

The dried samples were subsequently dry-oxidized at 90°C in a

Low Temperature Asher (LTA) from TRACERlab to combust soft

organic tissue and polycarbonate filters. To eliminate any residual

organic matter, including carbonate shells and remnants of the

polycarbonate filter, and to chemically isolate the terrigenous

sediment fraction, we followed the procedure outlined by

McGregor et al. (2009) which is shortly described here. The

samples were suspended in 20 ml Milli-Q water together with

2 ml 10% hydrochloric acid (HCl). The mixture was brought to a

boil for exactly 1 minute to remove calcium carbonates, then diluted

in reversed osmosis (R/O) water and left to settle overnight. The

solution water was then reduced to approximately 20 ml by

decanting. Subsequently, 20 mg sodium hydroxide pellets were

added to the suspended material and brought to a boil for exactly

10 minutes to remove biogenic silica and neutralize the mixture.

The beakers were again filled with R/O water to wash the samples

and left to settle overnight. Surface-buoy samples skipped the steps

to remove marine organic matter since the filters only contained

lithogenic material collected from the atmosphere.

The samples were freeze-dried and weighed which yielded the

dust weight, hereafter referred to as dust flux. The organic matter

weight was calculated by subtracting dust flux and filter weight from

bulk weight obtained after oven-drying, resulting in the organic

flux. For missing samples L37 andM28 dust and organic fluxes were

estimated by taking the average flux of neighboring samples.

Samples containing >=50 mg lithogenic material in a sample

bottle were considered dust events. The daily fluxes per square

meter were then calculated by dividing the dust and organic fluxes

by 4 (4-day sampling period), and multiplying by 2 (sediment-trap

collection area is 0.5m2).
2.4 Grain-size analysis

Grain-size measurements were conducted on a Beckman

Coulter Laser Diffraction Particle Size Analyzer LS13320 (LDA) at

NIOZ. The micro liquid module (MLM) was used to detect fine

grains ranging from 0.400 mm to 2,000 mm (van der Does et al.,

2016). A magnetic stirrer kept the particles in suspension.

Immediately before grain-size measurements, two drops sodium

pyrophosphate (Na4P2O7*10H2O) were added to the samples to

facilitate complete disintegration of aggregates. The particles were

kept in suspension in degassed water to avoid bubbles interfering

with the size measurements. The resulting grain-size distributions

were given as vol% versus 90 size bins. Giant particles were defined

as >62.5 mm as proposed by Adebiyi et al. (2023). The LS13320

software provides the meta data of the analysis and includes the

parameters mean, modal, and median grain size, and standard

deviation (SD). The grain-size sorting of a sample can be inferred by

its SD (Friese et al., 2016). The lower the SD value, the more

homogeneous the sample. A limitation of the LDA is that particles

smaller than 0.4 mm and larger than 100 mm are likely to remain
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undetected due to their limited presence. Samples containing an

anomalous amount of giant particles (>7.3%, >62.5 mm) in addition

to coinciding with concurrent dust plumes on satellite imagery are

referred to as potential dust events.
2.5 Satellite data

For both types of dust events, identified by anomalous grain-size

composition and increased dust flux, satellite images from the EOSDIS

Worldview database (NASA: Earth Science Data, RRID: SCR_005078)

were scanned for dust plumes above the sampling site on the days prior

to the deposits. Dust particle settling rates were calculated using the

number of days of lag between dust plume appearance and the

deposition dates in the sediment traps considering their different

depths (Brust et al., 2011; Bressac et al., 2014). Since each sampling

bottle collected for four days, the mid-date was chosen to calculate the

particle settling rate with error bars displaying the remaining possible

deposition days (Supplementary Figure 5).

Area-averaged aerosol optical depth (AOD) data from MODIS-

Terra at 550 nm wavelength (dark target) in daily resolution of the

area 11–13°N, 19–21°W for the sampling period were obtained

from the Giovanni online data system which is a product of the

NASA GES DISC (NASA: Earth Science Data, RRID: SCR_005078).

AOD is a unitless value. It was averaged at a location 2–4 degrees

east of the sediment traps because of an assumed lag in deposition

time. A limitation of satellite derived AOD data relates to other

types of aerosols such as water vapor, black carbon, sulfates, and sea

spray that can deter the signal and are included in AOD

measurements (Nabat et al., 2012). It is therefore difficult to

isolate solely aerosol dust from AOD.

Area-averaged precipitation data provided by the Tropical

Rainfall Measurement Mission (TRMM) were retrieved from the

Giovanni online data system (NASA: Earth Science Data, RRID:

SCR_005078) in mm d-1 for the period of sampling and the area

over the sampling site (11–13°N, 22–24°W). It should be kept in

mind that precipitation is not always accurately measured by

satellites as light rain events are often not recorded (Behrangi

et al., 2014) but potentially also deposit dust.

Area-averaged chlorophyll-a concentration in mg m-3 from

MODIS-Aqua was retrieved from the Giovanni online data system

(NASA: Earth Science Data, RRID: SCR_005078) in 8-day resolution

with a spatial resolution of 4 km of the area 11.5–12.5°N, 23.5–22.5°

W. Chlorophyll-a data does not exist for large intervals of the

sampling period possibly due to cloud coverage preventing satellites

from gathering data. Therefore, chlorophyll-a is used solely for visual

interpretation to validate our organic flux measurements.

3 Results

3.1 Dust fluxes

The dust fluxes ranged from 0–90.0 mg m-2 d-1. Highest dust

deposition occurred in the months September 2017 (609.6 mg m-2)

and April 2018 (916 mg m-2) (Figure 1; Supplementary Table 1).

Least dust deposition occurred in the months November 2017
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(132.4 mg m-2) and August 2018 (144.8 mg m-2). The average daily

dust deposition during the sampling period (n=468 days) was 11.1

mg m-2. High-flux dust events referred to as E1-E7 in Figure 1 were

defined by dust fluxes >=25 mg m-2 d-1 and were observed in

samples L04 (E1, fall 2017), L35 (E2), M01 (E3), M05 (E4, winter),

M22-M23 (E5, spring), M39 (E6, summer), and U37 (E7, fall 2018).

Anomalous grain-size events were marked as G1-G6 in Figure 1 and

will be discussed in sections 3.3 and 3.5. During high-flux events the

average deposition rate of dust particles was 47.2 mg m-2 d-1, 10.7

mg m-2 d-1 during anomalous grain-size events, and 8.4 mg m-2 d-1

on normal dusty days. Satellite-derived AOD ranged from 0.05–

2.41 for the entire sampling period, with an average daily AOD

value of 0.48 in winter and fall 2017, 0.6 in spring, 0.62 in summer,

and 0.44 in fall 2018 (Figure 1).
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3.2 Organic matter fluxes

Organic matter fluxes ranged from 28.8–1724.5 mg per sample

which translates to 14.4–862.25 mg m-2 d-1 (Figure 1;

Supplementary Table 1). The organic matter flux was thus

approximately ten times higher than the dust flux. The largest

deposition of organic matter was found in sample M22 (1724.5 mg)

collected in April 2018, which also correlates to event E5. Lowest

deposition was found in sample U12 (28.8 mg) collected in August

2018. Highest monthly organic matter fluxes occurred in April 2018

(7806.8 mg m-2), and lowest in August 2018 (928.32 mg m-2). The

organic matter flux during high-flux dust events was 306.5 mg m-2

d-1, 88.4 mg m-2 d-1 during anomalous grain-size events, and 102.3

mg m-2 d-1 on normal dusty days. Area-averaged chlorophyll-a
A

B

D

E

C

FIGURE 1

The time series is displayed in dust flux (orange bars) and organic matter flux (green bars) in mg m-2 day-1 (A). High-flux (E1-7) and anomalous grain
size dust events (G1-6) are indicated. Note that OM flux is an order of magnitude higher than the dust flux. The data set is compared to AOD
(orange bars) and chlorophyll-a data (green bars) (NASA Earth Science Data, RRID: SCR_005078) (B), as well as precipitation (C). Modal grain-size is
displayed together with giant-particle fractions (D). The standard deviation of grain-size distributions indicates particle sorting (E).
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peaks occurred in the months of April and May 2018 (Figure 1).

Since twenty out of fifty-seven satellite-derived chlorophyll-a data

points were missing possibly due to cloud coverage, it made it

difficult to compare the dataset with organic matter fluxes from this

study. However, especially event E5 shows a correspondence

between chlorophyll-a and organic matter deposition.
3.3 Grain-size distributions

Grain-size distributions of the sediment-trap dust samples

ranged from 0.4–140.1 mm (Figure 2; Supplementary Table 1).
Frontiers in Marine Science 06
Finer and coarser grains below and above this range may have been

present but were possibly left undetected by the LDA. An average of

36.9 vol% of grains of all samples exhibited grain-sizes below 10 mm,

while an average of 63.1 vol% exhibited sizes between 10–100 mm.

Only a tiny fraction (0.05 vol%) showed diameters larger than 100

mm. The giant-particle fraction (>62.5 mm) of samples ranged from

0–20.5 vol% (Figure 1; Supplementary Table 1). Samples L01

(summer 2017), L03, L15, L16 (fall 2017), L30, M08 (winter),

M10, M19, M25 (spring), M32, and M33 (summer 2018)

contained >7.3 vol% giant particles. These samples were initially

considered as potential dust events (see section 3.5). Four filters

from the surface-buoy (BL) contained sufficient material to conduct
FIGURE 3

Grain-size distributions of the surface-buoy samples (BL) and simultaneous sediment-trap samples (M1).
A B

FIGURE 2

Grain-size distributions of individual samples colored by season collectively (A) and separated (B).
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grain-size analysis. Grain-size distributions ranged from 0.393–

390.95 mm (Figure 3; Supplementary Table 1). Giant-particle

fractions ranged from 9.9–68.2 vol%, three times higher than the

sediment-trap samples.

Modal grain size demonstrates the geometric diameter range

that occurs most frequently in a sample. Modal grain sizes of all

sediment-trap samples ranged from 12.40–60.52 mm (Figure 2). The

seasonal (average) mode of fall 2017 samples (n=23) was 19.8

(24.9 ± 9.4, 1s) mm. Winter and summer samples (n=22 and 24,

respectively) exhibited seasonal (average) modes of 18.0 (18.8 ± 6.6,

21.9 ± 8, 1s, respectively) mm. Spring and fall 2018 samples (n=23

each) exhibited seasonal (average) modes of 16.4 (21.6 ± 11.9, 16.0 ±

1.1, 1s, respectively) mm (Figure 2B). The seasonal means of fall

2017, winter, spring, summer, and fall 2018 samples were 14.8 ± 4.5,

12.0 ± 3.5, 12.5 ± 4.0, 13.5 ± 4.3, and 9.0 ± 0.9 (1s), respectively. The
occurrence of giant particles (>62.5 mm) amounted to 3.15%, 1.22%,

2.12%, 2.2%, and 0.05% in the above-mentioned seasons,

respectively (Table 1). The modal grain sizes of the buoy samples

ranged from 29.63–150.29 mm (Supplementary Table 1). Sample

BL-03 (fall 2017) exhibited an anomalously high grain-size mode

(150.29 mm), followed by sample BL-06 (41.8 mm), BL-12 (32.06

mm), and BL-09 (winter) with the smallest mode (29.63 mm).

The standard deviation (SD) of the sediment-trap samples ranged

from 2.46–3.12 with the exception of one outlier (U04, summer) with

a standard deviation of 12.26 (Figure 1).We suspected contamination

of this sample although its modal grain-size value was in line with

others (16.4 mm). Summer samples displayed the widest range of

sorting (i.e. poorly sorted), followed by winter, spring, and fall

samples with the narrowest range (i.e. well sorted) (Figure 4).
3.4 Meteorological data

At the start of sampling in August 2017, precipitation at the

site ranged from 0–36.1 mm d-1 with an average of 2.8 mm d-1

until mid-November 2017 (Supplementary Table 1). Precipitation
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almost ceased completely from winter until early summer

(December 2017 – June 2018) (Figure 1). From July to October

2018 an average of 4.9 mm of precipitation fell per day marking

the heaviest rainfall during the sampling period. Precipitation

peaked at 85.6 mm d-1 on September 8th, 2018. The rainiest

months were August and September 2018 (235.6 mm,

222.17 mm, respectively), while the driest months were May and

March 2018 (0.05 mm, 0.08 mm, respectively).
3.5 Satellite imagery of dust events and
particle settling rates

Seven dust events were identified by increased dust flux [>=25

mg m-2 d-1, L04 (fall 2017), L35, M01, M05 (winter), M22-M23

(spring), M39 (summer), U37 (fall 2018)] and the occurrence of

dust plumes on satellite imagery (referred to as E1-E7; see Figure 5).

Additionally, of the eleven samples containing an anomalous

occurrence of giant particles [L01 (summer 2017), L03, L15-L16

(fall 2017), L30, M08 (winter), M10, M19, M25 (spring), M32-M33

(summer 2018)], eight were preceded by dust plumes spotted on the

satellite imagery (L15–16, L30, M10, M19, M25, M32–33, Figure 6).

It is therefore suggested that at least six anomalous grain-size events

occurred in the time series (referred to as G1-G6; see Figure 6) as

consecutive samples L15–16 and M32–33 were most likely

deposited by the same event, adding up to at least thirteen dust

events captured by the sediment traps during the 468-day time

series (Table 2). On the days preceding the depositions of samples

L01 (summer 2017), L03, and M08 (fall 2017), poor satellite image

quality or cloud cover obscured the sky making it challenging to

identify dust plumes (Supplementary Figure 3). Consequently, these

deposits were not attributed to dust events although we

acknowledge the possibility that they occurred during such

events. Dust plumes were also spotted on satellite images on dates

which showed no significant dust deposition in the sediment traps

(Supplementary Figure 4). Dust plumes occurred 3–8 days prior to

event deposition. Dust particle settling rates into the sediment traps

ranged from 145.6–425.0 m d-1 (Supplementary Figure 5). The

settling rates of samples containing giant particles were 1.4 times

higher than those of high-flux events (Figure 7; Table 2).
4 Discussion

4.1 Seasonal variations in Saharan
dust deposition

The dust fluxes of this study exceed most of previous data,

ranging from 0–90 mg m-2 d-1 [Ratmeyer et al., 1999 (0.7–56.1 mg

m-2 d-1); Brust et al., 2011 (<43 mg m-2 d-1); van der Does

et al., 2020 (0–30 mg m-2 d-1)]. The high-resolution 4-day

sampling enables the estimation of dust fluxes within this short

time interval, contributing to the observed outcome. Neuer

et al. (2004) found dust deposition reaching up to 160 mg m-2

d-1 when rain occurred in summer months leading to wet
TABLE 1 Total and average dust fluxes, modal and mean grain size (GS),
and giant particle occurrences per season.

Dust Flux
Fall
‘17 Winter Spring Summer

Fall
‘18

Total (mg m-2

yr-1) 1015.6 1184.4 1365.6 942.5 572.8

Average (mg m-2

day-1) 11.0 13.5 14.8 9.8 6.2

n= 23 22 23 24 23

Seasonal
GS Mode 19.8 18 16.4 18 16.4

Average GS Mode
(± 1s)

24.9
± 9.4

18.8
± 6.6

21.6
± 11.9 21.9 ± 8.0

16.0
± 1.1

Seasonal GS Mean
(± 1s)

14.8
± 4.5

12.0
± 3.5

12.5
± 4.0 13.5 ± 4.3

9.0
± 0.9

Giant particles 3.15% 1.22% 2.12% 2.20% 0.05%
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deposition of dust particles (van der Does et al., 2020).

Precipitation was limited in this time series and cannot be

associated with high deposition rates of lithogenic material

(Figure 1) indicating that in 2017/18 dry dust deposition may

have been the main mode of deposition at the sampling site. The

highest fluxes occur in spring with an average of 14.8 mg m-2 d-1.

This can be explained by stronger Harmattan surges in spring

being responsible for about one third of total dust emissions from

the Sahara Desert (Fiedler et al., 2015). Additionally, the

dominating Harmattan winds operate closer to the ocean

surface, thus facilitating dry deposition by gravitational forces,

winds, and sea spray (Adams et al., 2012) leading to increased dust

fluxes in winter and spring (van der Does et al., 2016). Summer

and fall months experience lower deposition rates with lowest

fluxes occurring in fall with an average of 8.6 mg m-2 d-1. This

phenomenon was previously explained by van der Does et al.

(2016) conveying that dust particles travel at high altitudes within

the SAL layer in summer months and therefore mainly fly over the

sampling site instead of being deposited. In addition, the summer

dust plume is located north of the sampling site (Figure 5),

therefore deposition is reduced not only by the seasonal change

from low- to high-altitude winds, but also by the seasonal shift of

the location of the major dust plume away from the sampling site.

We estimate the total dust flux at our sampling site in the tropical

North Atlantic at 4040.02 mg m-2 y-1 which is in line with previous

data from the same site (4877.96 mg m-2 y-1, van der Does

et al., 2020).
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The various statistical methods provide insights into grain-size

distribution variations between seasons (Table 1). While seasonal

modes seem to vary minimally between seasons (16.4–19.8 mm),

differences in grain-size averages (9.0 ± 0.9 – 14.8 ± 4.5) and the

occurrence of giant particles in percentages can be observed within

seasons. The results show that fall 2017 and summer deposits

contained coarser dust grains than the winter, spring, and fall

2018 samples (Table 1). Summer deposits are also slightly less-

well sorted than winter deposits (Figures 1, 5). These variations

occur due to the seasonal differences in altitudes of the dominating

winds. Convection over North Africa during summer allows the

uplift and transportation of coarser-grained particles in the SAL at

high altitudes (Schepanski et al., 2017). Finer grain sizes in winter

corroborate with the lack of convection in source regions, and the

low altitude transport in the Harmattan winds (Fiedler et al., 2015).

This is supported by the larger and less well-sorted grain-size

distributions in summer, while winter distributions are more

homogeneous (Figure 4) (Friese et al., 2016; van der Does et al.,

2018). Grain-size differences between seasons do not vary largely in

this study. This can result from detection errors of the LDA that

prevent the machine from detecting single coarse-sized grains when

the signal is overpowered by fine grains. Furthermore, the SAL

travels at high altitudes leading the dust plume to fly over the

sampling site, thus reducing the deposition of dust particles. Lastly,

seasonal effects may vary annually depending on wind patterns,

precipitation, and dust source conditions. Seasonal grain-size

variations for air-collected samples could not be determined
A B

D E

C

FIGURE 4

Modal grain size as a function of sorting displayed per season collectively (A) and separately (B–E). The lower the standard deviation, the better
sorted the sample. Diamond shapes demonstrate dust events. Sample U04 was excluded due to an anomalously high SD (12.3).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1367786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Matzenbacher et al. 10.3389/fmars.2024.1367786
because all filters that contained enough material to analyze their

size distributions were obtained in winter.
4.2 Dust event characterization

Thirteen dust events were captured by the sediment traps, with

seven identified by increased dust fluxes (>=25 mg m-2 d-1) (E1-E7,

Figure 5) and six by an anomalous occurrence of giant particles (G1-

G6, >62.5 mm) (Figure 6; Table 2). Dust events occurred throughout

the sampling period with spring containing the highest number of dust

events (n=5), followed by winter and fall (n=4). Only 3 events occurred

in summer (Figure 1). The period between July and November 2018

lacks any dust events which corroborates decreased dust load in fall.

The average deposition rate of dust particles during high-flux events

increases by 461.3%, or 5.6 times higher than on normal dusty days,

highlighting the sheer intensity and importance of such events for the

transport of dust particles across the Atlantic. Modal grain sizes exhibit
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little variation among high-flux events (E1-E7), ranging from 13.6 to

21.7 mm, but show a broader range during anomalous grain-size events

(G1-G6) (34.6 to 60.5 mm). Particle sorting (SD) does not vary between

dust events and normal dusty days (SD=2.8, 2.85, respectively), and

only varies minimally between high-flux events, and anomalous grain-

size events (SD=2.77, 2.84, respectively). These combined

characteristics indicate that atmospheric processes related to wind

strength are the main drivers responsible for particle uplift during

high-flux events (E1-E7) rather than convection and turbulence which

are most likely the drivers for anomalous grain-size events (G1-G6)

(Engelstaedter et al., 2006). The two phenomena could potentially

impact different source regions, causing either an increased uplift of

dust particles or variations in grain sizes. To confirm this hypothesis, a

provenance study should be conducted to analyze the origins of dust

particles from various events e.g. using radiogenic isotopes (Barkley

et al., 2022; Guinoiseau et al., 2022).

The anomalous grain-size events are not accompanied by

significant dust fluxes (10.7 mg m-2 d-1) suggesting that dust
FIGURE 5

Satellite snapshots of dust plumes of identified high-flux events E1-E7.
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events can pass over the sampling site without impacting dust flux,

leaving only a trace of coarse grains due to gravitational forces. This

is supported by the observation of large dust plumes in satellite

images that do not align with any anomalies in the sediment-trap
Frontiers in Marine Science 10
depositions (Supplementary Figure 4). This indicates also that dust

events can leave no discernible trace in the sediment traps.

Consequently, sediment traps may not equally capture the

occurrence and intensity of all dust events.
FIGURE 6

Satellite snapshots of dust plumes of identified anomalous grain-size events G1-G6.
TABLE 2 Dust event table displaying sample ID, event ID, submarine sediment-trap depth, mid-date of the 4-day sampling period, dust event date at
which the dust plume appeared on satellite imagery, total flux dust deposition captured in the 4-day time window, modal grain size, settling rate, and
minimum and maximum settling rates as potential error derived from the 4-day sampling period during which the particles could have settled.

Sample
ID

Event Depth
(m)

Mid
Date

Dust
Event

Total
Flux (mg)

Modal Grain
Size (µm)

Settle rate
(m/day)

Min settle rate
(m/day)

Max settle rate
(m/day)

17M1-L04 E1 1275 10.09.17 05.09.17 180.0 19.8 255.0 182.1 425.0

17M1-L15 G1a 1275 24.10.17 17.10.17 16.8 38.0 182.1 141.7 255.0

17M1-L16 G1b 1275 28.10.17 22.10.17 15.2 45.8 212.5 159.4 318.8

17M1-L30 G2 1275 23.12.17 20.12.17 6.0 38.0 425.0 255.0 1275.0

17M1-L35 E2 1275 12.01.18 06.01.18 58.4 13.6 212.5 159.4 318.8

17M1-M01 E3 1165 01.02.18 26.01.18 58.0 13.6 194.2 145.6 291.3

17M1-M05 E4 1165 17.02.18 12.02.18 90.0 21.7 233.0 166.4 388.3

17M1-M10 G3 1165 09.03.18 05.03.18 25.2 38.0 291.3 194.2 582.5

17M1-M19 G4 1165 14.04.18 11.04.18 50.0 38.0 388.3 233.0 1165.0

17M1-M22 E5a 1165 26.04.18 19.04.18 106.0 18.0 166.4 129.4 233.0

17M1-M23 E5b 1165 30.04.18 22.04.18 120.0 16.4 145.6 116.5 194.2

17M1-M25 G5 1165 08.05.18 03.05.18 14.0 60.5 233.0 166.4 388.3

17M1-M32 G6a 1165 05.06.18 01.06.18 17.6 34.6 291.3 194.2 582.5

17M1-M33 G6b 1165 09.06.18 03.06.18 26.4 38.0 194.2 145.6 291.3

17M1-M39 E6 1165 03.07.18 25.06.18 58.4 18.0 145.6 116.5 194.2

17M1-U37 E7 1074 28.11.18 21.11.18 84.0 16.4 179.0 119.3 214.8
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4.3 Precipitation effects on dust deposition

Precipitation at the sampling site occurred mainly in summer

and fall months during the summer monsoon season (Figure 1).

The rain events in this time series did not affect depositional fluxes

unlike previous studies have shown (van der Does et al., 2020).

Precipitation can flush out the atmosphere (Yu et al., 2019) as

demonstrated by less well-sorted grain-size distributions (van der

Does et al., 2016) and therefore lead to increased dust deposition

(van der Does et al., 2020). Increased dust fluxes in this study do not

relate to precipitation events (Figure 1), instead, lower dust fluxes

are found in the summer and fall deposits although satellite derived

AOD exhibits high values in summer (37.6). The high AOD values

can, however, be derived from cloud coverage. Fall 2017 and 2018

show the lowest AOD values (27.7 and 23.5, respectively) inferring

that a lack of dust in the atmosphere may be the reason for low dust

deposition during precipitation events. Additionally, grain-size

distributions do not vary with precipitation (Figure 1) indicating

either low or homogeneous dust activity from August to

October 2018.
4.4 Link between dust and organic
matter flux

The 4-day high-resolution sampling enables close examination

of the interaction between organic matter and dust fluxes, with both

fluxes typically exhibiting similar trends. Marine organic matter

mainly consisting of phytoplankton detritus and zooplankton fecal

material is deposited continuously at the sampling site with a

minimum deposition rate of 14.4 mg m-2 d-1. The period of

increased dust activity from January to April 2018 results in a

total dust load of 1188.4 mg captured by the sediment traps,

constituting 46% of the total dust load during the entire sampling

period (Supplementary Table 1). Simultaneously, 11063.9 mg

organic matter deposited which comprise 42% of the total flux

(Figure 1). In contrast, periods of low dust activity such as
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November to December 2017 and August to September 2018

both exhibit low organic matter fluxes (60.1 mg m-2 d-1 and 60.0

mg m-2 d-1, respectively). During high-flux dust events, the average

deposition rate of organic matter increases by 199.5%. This

represents 3 times more deposition than during normal dusty

days. During anomalous grain-size events, however, organic

matter deposition decreases by 13.6%. While our data show that

the occurrence of high-flux events positively affects organic matter

deposition, dust fertilization effects and fertilization by organic

material transported through the atmosphere cannot be ruled out.

For instance, studies show that African biomass burning can supply

nutrients across the Atlantic Ocean potentially influencing primary

productivity at our sampling site in winter and spring (Barkley et al.,

2019). Additionally, increased primary productivity is partially

attributed to blooming calcifying and silicifying organisms in

response to nutrient addition which can have an impact on the

accelerated sinking of organic matter through biomineral ballasting

(Le Moigne et al., 2012; Wilson et al., 2012). While our results agree

with published studies demonstrating a positive relation between

dust particle and organic matter fluxes (Brust et al., 2011; Bressac

et al., 2014), here we add the observation that fine-grained particles

seem to have a larger effect on the carbon export than coarse grains.

It is suspected that either finer dust particles are a more effective

nutrient supply thus enhancing primary growth in the surface

ocean, or finer particles serve as a better binding agent to the

formation of marine snow (van der Jagt et al., 2018), or both. The

size and increased settling rates of giant particles may be less

effective in aggregate formation.

Precipitation plays an important role in the release of

bioavailable nutrients of dust particles during aerial transport and

hence directly affects primary productivity in the surface ocean

(Korte et al., 2018, 2020; van der Does et al., 2020). The

precipitation events in this time series most likely impacted

biological activity in the surface ocean as seen by increased

chlorophyll-a peaks during heavy rain events (Figure 1).

However, chlorophyll-a peaks and increased organic matter flux

also occur independently of precipitation events indicating that
FIGURE 7

Relationship between modal grain size and settling rates of event samples. The dashed line displays the linear trendline (R2 = 0.175).
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primary productivity is also impacted by other factors. These could

include fertilization by dry dust (Korte et al., 2018) or by African

biomass burning as mentioned previously (Barkley et al., 2019).

Nutrient supply from deeper depths by upwelling in this

oligotrophic region is very unlikely (Monger et al, 1997; Korte

et al., 2017).
4.5 Atmospheric vs. marine-deposited dust

Dust particles sampled in the atmosphere are a measure of dust

transport while particles collected in the sub-marine sediment traps

register dust deposition (van der Does et al., 2021a). The modal grain

size of the surface-buoy samples is in all cases coarser than the average

modal grain size of dust deposited in the sediment traps (Figure 3).

The modal grain-size differences between the two sampling methods

range from 3.1–121.1 mm (9.7–80.1%). The large volume percentages

of giant-particle fractions in the buoy samples are also up to 3 times

higher than those of the sediment-trap samples. These large

differences make it difficult to differentiate systematic errors from a

trend observed between the two sampling methods. If a trend exists,

the results suggest that either the buoy-sampling method is more

efficient in catching coarse grains, or the sediment traps more efficient

in catching fine grains. It is possible that a coarse-grain signal remains

unseen during grain-size analysis of the sediment-trap samples if the

signal is ‘overpowered’ by finer grains. The discrepancy can also result

from the differing samplingmethods as the sediment traps collect dust

from a wider catchment area and continuous sampling time, while

atmospheric dust collection is limited to the right conditions. The four

air samples that were usable for this experiment are, however,

insufficient to form clear conclusions.
5 Conclusion

During the M1 sediment-trap time series of 2017/18 located at

12°N, 23°W in the tropical North Atlantic, the following results

were found:
Fron
1. The highest dust fluxes occurred in spring with an average of

14.8 mg m-2 d-1. Fall months experienced the lowest flux

with an average deposition rate of 8.6 mg m-2 d-1. The

estimated total dust flux at the study site in the tropical

North Atlantic is 4040.02 mg m-2 y-1.

2. Grain-size distributions exhibited seasonal variations with

mean grain-sizes increasing in fall 2017 and summer, and

decreasing in winter and fall 2018. Grain-size distributions

in summer were generally less well-sorted while spring

deposits were more homogeneous.

3. Rain events in this time series did not affect depositional

fluxes nor grain-size distributions of the dust. This could

have occurred due to low dust activity in the atmosphere.

4. Thirteen dust events were recorded during the sampling

period of which seven were high dust flux events and six

were anomalous grain-size events. Dust flux increased 5.6
tiers in Marine Science 12
times during high-flux events. Sediment traps may not

equally capture the occurrence and intensity of all dust

events as some dust plume appearances on satellite images

left no trace in the sediment traps.

5. Organic matter was deposited continuously at the sampling

site with a deposition rate ranging from 14.4–862.25 mg

m-2 d-1. Organic matter fluxes increased 3 times during

high-flux events but decreased 1.2 times during anomalous

grain-size events.

6. The occurrence of high-flux events positively affected

organic matter deposition by 199.5%.
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