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Abstract

Molybdenum (Mo) is an essential trace metal that plays a central role in biological nitrogen
fixation (BNF) as the cofactor in the conventional form of the nitrogenase enzyme. The low
availability of Mo in soils often constrains BNF in many terrestrial ecosystems. Atmospheric
sources may supply a critical source of exogenous Mo to regions with highly weathered soils
likely low in Mo, particularly in tropical forests where BNF is thought to be high. Here, we
present results of a global model of Mo deposition that considers the principal natural sources of
atmospheric Mo—windborne mineral dust, sea-salt aerosols, and volcanic sources—which

operate over geologic time. The largest source of mineral dust globally is from North Africa. We
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quantified Mo concentrations in dust and sediments from the Bodéle Depression, a large source
within North Africa, to constrain our model. Because the Mo concentration of seawater is
relatively high for a trace element, we also hypothesized that sea-salt aerosols would contribute
atmospheric Mo. Our model predicts higher Mo deposition to terrestrial ecosystems along coasts
downstream in trade winds, near active volcanoes, and in areas that receive dust deposition from
North Africa, such as the northern Amazon Basin, the Caribbean, and Central America. Regions
with higher Mo deposition tend to be areas where BNF has previously been measured. The
lowest Mo deposition occurs in the high latitudes, northern parts of North America, Western
Australia, Southern Africa, and much of central South America. Atmospheric transport of Mo
likely plays an important role in supplying Mo to ecosystems across geologic time, particularly

in regions with highly weathered soils.

Introduction

The distribution of molybdenum (Mo) deposition to terrestrial ecosystems from the atmosphere
is important because Mo plays a critical role in biological nitrogen fixation (BNF), the reaction
that transforms atmospheric nitrogen (N) into plant-available forms. Molybdenum is the most
prevalent and efficient co-factor of the nitrogenase enzyme (Robson et al. 1986; Chi et al. 2009;
Seefeldt et al. 2013; Mus et al. 2018), which catalyzes the reduction of dinitrogen (N2) to
ammonia (NHz) and can be synthesized by all N-fixing organisms (Eady 1996). Mo limitation on
BNF has been found in temperate, tropical, and boreal ecosystems (Barron et al. 2009;
Wurzburger et al. 2012; Rousk et al. 2016; Perakis et al. 2017) and is considered to be the most

common constraint on BNF across terrestrial ecosystems (Dynarski and Houlton 2018). Despite
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the key biological role of Mo, it is rare in most soils, with an average crustal abundance of 1-2
ug gt (Taylor and McLennan 1995). Molybdenum availability is likely even lower across many
acidic and highly weathered tropical soils remote from atmospheric inputs, where leaching over
geologic time removes Mo and other soluble elements. Recent evidence has demonstrated that
under extreme Mo deficiency, certain N-fixing organisms can synthesize “alternative” vanadium
(V), and iron (Fe)-only nitrogenase isoforms can be utilized instead, with V or Fe in place of Mo
as the co-factor (Zhang et al. 2016; McRose et al. 2017; Darnajoux et al. 2019). These non-Mo
nitrogenases have a lower specific activity in laboratory experiments (Eady 1996) and may be
less efficient for BNF, depending on constraints by metal availability under field conditions. As
such, their significance in ecosystem-scale N inputs from BNF is not yet clear, particularly in the
tropics where there has been no study of alternative nitrogenase activity. While there has been
little study on Mo availability in tropical regions, Mo availability may be particularly low in
remote regions such as the interior Amazon, where BNF has not yet been quantified, but rates are
thought to be high (e.g. Wang and Houlton 2009) due to high rates of primary production and a
high abundance trees that can form a symbiotic relationship with bacteria. Our current
understanding of tropical BNF is geographically-limited, particularly for areas remote from the
mineral dust, sea-salt aerosol, or volcanic inputs that provide the dominant natural sources for
Mo deposition.

While weathering of parent material is the major contributor of rock-derived elements to
soils, atmospheric deposition can be an important source of new nutrients to highly weathered
soils (Chadwick et al. 1999). Sea-salt aerosols are carried inland varying distances by prevailing
winds, and the largest rates of deposition occur in coastal regions. Because of sea-salt aerosol

deposition, sodium (Na) concentrations in rainfall can drop up to 700-fold from coastal to inland
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regions across 3000 km (Stallard and Edmond 1981). Molybdenum eventually leaches from soils
into rivers and accumulates in the ocean owing to its high solubility when oxidized in the form of
molybdate (MoO4%). Because Mo is relatively unreactive in oxygenated, aqueous solution and is
only very slowly removed from seawater by organisms or by most common mineral phases (Helz
and Vorlicek 2019), Mo is the most abundant transition metal in the oceans. Since Mo is a
conservative element in seawater (Manheim and Landergren 1978; Collier 1985; Nakagawa et al.
2012), Mo deposition from sea-salt aerosols follows the deposition pattern of Na and Cl, with
highest deposition in coastal regions.

Away from coastal regions, mineral dust is the major source of aerosols globally, and
annual estimates of dust production range from 1000-2150 Tg yr* (Zender et al. 2004). Dust
aerosols are produced by wind erosion in arid and semi-arid regions, and the main source regions
globally include the edges of the Sahara desert and Sahel region in North Africa (50-70% of
global dust sources), the Arabian Peninsula, the Gobi and Taklamakan deserts in Asia (10-25%),
and the Australian and South American deserts (Tegen and Schepanski 2009). The westward
movement of North African dust across the Atlantic Ocean, and the presence of this dust in the
Caribbean and the Amazon Basin are well-known (e.g. Artaxo et al. 1990). Dust from North
Africa is thought to maintain long-term productivity of vegetation in the Amazon Basin (Swap et
al. 1992; Okin et al. 2004; Yu et al. 2015) by supplying phosphorus (P). Although dust transport
is highly variable from year to year, these dust emissions have likely occurred over tens of
thousands of years (Albani et al. 2015a), and were possibly even higher before the Last Glacial
Maximum (Mahowald et al. 1999) because of high aridity and wind speeds. A major portion of
dust from the Sahara and Sahel regions comes from the Bodélé Depression in Chad (Koren et al.

2006), where the easily-eroded, diatomite-rich sediments are located between two mountain
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chains that direct and accelerate the strong and frequent surface winds (Bristow et al. 2009).
While the annual rates of dust deposition are typically low for most ecosystems when distributed
over large areas, inputs of essential elements from this source can be important on geologic
timescales (Swap et al. 1992; Chadwick et al. 1999). Empirical measurements and models have
demonstrated that dust from North Africa are an important source of P and iron (Fe) in regions
with P and Fe limitation and that North African dust weathers quickly and contributes to
fertilization of the rainforest (Mahowald et al. 2005; Abouchami et al. 2013; Yu et al. 2015).

Volcanoes can also be a source of trace elements to the atmosphere when episodic events
release volcanic ash composed of gases, aerosols, and metal salts. Even when not erupting, small
amounts of sulfur dioxide gas leak from non-erupting degassing volcanoes, which act as carrier
phases for trace elements. In volcanic aerosols from Kilauea volcano in Hawaii, Mo was
relatively enriched compared with other trace elements (Sansone et al. 2002), indicating that
volcanoes could also be a source for atmospheric Mo (King et al. 2016).

While estimates of total global sources of Mo to the atmosphere have been previously
synthesized (Nriagu 1989), Mo deposition has not yet been estimated spatially. Differential
deposition rates could influence ecosystem structure over geologic time. Model-based maps of
deposition of Fe (Mahowald et al. 2005) and P (Mahowald et al. 2008) from different sources
have been constructed, but Mo deposition has not yet been evaluated in a similar manner.

Here, we quantify for the first time Mo concentrations in mineral dust sources, and
present the first model-based global deposition map for Mo. We focused on pre-industrial,
natural source emissions with a particular emphasis on the fate of dust from the Sahara and Sahel
regions and the potential impact of deposition on tropical regions such as the Amazon Basin.

Previous studies based on precipitation concentrations and Mo isotopes indicate an important
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role of atmospheric Mo in contributing to soil Mo (Marks et al. 2015; Siebert et al. 2015; King et
al. 2016). Because anthropogenic activity has increased Mo deposition since the 19" century
(Hong et al. 2004), biogenic particles and biomass burning could also be important modern
sources of the atmospheric Mo cycle, redistributing local sources of Mo. In addition, catalyst
manufacturing for chemical and petrochemical industries (Kulkarni et al. 2006), fossil fuel
combustion (Cao et al. 2011), and traffic (Spada et al. 2012; Bozlaker et al. 2014), have led to
enrichment of Mo in the atmosphere (Boonpeng et al. 2017; Dong et al. 2017). However, natural
sources of sea-salt aerosols, mineral dust, and volcanoes likely dominated the atmospheric cycles
during the past 12,000 years. Our objectives were to quantify Mo in dust, develop a model that
depicts preindustrial atmospheric Mo deposition worldwide, and determine if these naturally
occurring sources of Mo could be an important source of Mo to highly weathered soils of the
world. Very low availability of Mo in such regions may constrain BNF, or favor activity by
alternative nitrogenases. We hypothesized that: (1) dust inputs from North Africa are important
to the northern Amazon, (2) sea-salt deposition is important only near coastal regions, and (3)

that volcanoes could be locally important sources of Mo.

Methods

Sample collection

We obtained dried samples of dust and sediment (collected by E.R.W.) from the Bodélé

Depression in September 2010 along the main trajectory of the wintertime Harmattan wind

system, a dusty West African trade wind that moves westward from North Africa (see
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Abouchami et al 2013 for details). The sediment samples consist of dry lake-bed sediments
collected from eight locations approximately 200 km south of Faya Largeau, a town north of the
Bodelé Depression. These sediments consist of mostly diatomites, the dominant material in the
central lake bed of former Lake Megachad, which now is the Bodélé Depression. The five dust
samples were collected from Chad and Niger from high ledges inside abandoned buildings in
which dust had collected over a period of many decades. Sample locations and collections as
well as data on many elements (but not Mo) are further described in Abouchami et al. (2013);

sample names used in this paper are consistent with those in that reference (Table 1).

Sample analysis

Molybdenum concentrations in the dust and sediment samples were measured at the W.M. Keck
Foundation Laboratory for Environmental Biogeochemistry, School of Earth & Space
Exploration, Arizona State University (ASU). The dust and sediment samples were re-dried at
105°C, sieved at 2 mm and powdered, and ashed at 550°C overnight to remove organic matter.
Samples were digested in HNOs, HF, and HCI depending on sample solubility in a closed
Savillex reactor on a hot plate. After digestion, samples were then diluted in 2% HNOz and Mo
concentrations were determined by quadrupole ICP-MS (ThermoFisher Scientific iCAP Q, with
CCT option). All samples were run in conjunction with SDO-1, a Devonian Ohio shale available
from the USGS, and SCo-1, a grey shale low in Mo concentration available from the USGS, and

yielded values of 142 + 5.4 and 1.12 + 0.2 pg g%, respectively (1s.d.; n = 9).
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Atmospheric modeling

To estimate natural Mo deposition from mineral dust, sea-salt aerosols, and volcanoes, we used
an atmospheric transport model to simulate atmospheric Mo deposition from source areas
through emission processes (Figure 1), transport, and deposition mechanisms using the
parameterizations from Brahney et al. (2015). Because Mo in the atmosphere is present almost
exclusively in the solid aerosol phase, we simulated Mo using an aerosol transport and
deposition scheme within the Community Atmosphere Model, version 4 (CAM4), the
atmospheric component of the Community Earth System Model (CESM) developed at the
National Center for Atmospheric Research (NCAR). We ran the model using climate model-
derived winds with the slab ocean model. Simulations were conducted for 5 years, with the last 4
years used for analysis. The model simulates three-dimensional transport and wet and dry
deposition for gases and aerosols. Model spatial resolution was 1.9° by 2.5°. For each grid box,
we obtained an estimate of deposition fluxes for every day of the year which were summed into
annual estimates.

To model the Mo in sea-salt aerosols, we used a constant ratio of Mo to salinity in
seawater used the sea-salt module (Mahowald et al. 2006) with parameterizations from Gong et
al. (1997). Because Mo, unlike other biologically relevant trace elements, is conservative in
seawater and maintains a constant ratio with salinity, the concentration of Mo in sea-salt aerosols
reflects that of surface seawater (Manheim and Landergren 1978; Collier 1985). We derived the
Mo sea-salt aerosol concentration from an average ocean Mo concentration of 106 nM (Collier
1985; Nakagawa et al. 2012) normalized to average salinity of 35 g salt kg™ seawater, resulting

in a value of 0.29 ug Mo g salt. The source of the sea-salt aerosols was the open ocean under
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high wind speed conditions (Figure 1a). Distribution into each size bin (0.1-1, 1-3, 3-10, and 10-
20 um) was independent of wind speed or relative humidity.

For Mo in dust, we assumed a constant fraction of the dust was Mo, using concentrations
measured in this study (described above). In the model, mineral dust was entrained in
unvegetated dry, arid regions with easily erodible soils during strong wind events. The dominant
source regions of mineral aerosols were the arid regions of North Africa, the Arabian Peninsula,
Central Asia, China, Australia, North America, and South Africa, most of which contain basins
that drain from highlands that collect small particles (Figure 1b). The entrainment process to the
atmosphere was proportional to the wind friction velocity, a measure of wind shear stress on soil
surfaces and a function of planetary boundary layer winds, surface roughness, and atmospheric
stability, further described by Mahowald et al. (2005b). The dust model included four particle
size bins (0.1-1, 1-2.5, 2.5-5, and 5-10 pm) which were transported and deposited separately
using the size fractionation by Albani et al. (2014). The regional source strengths of the mineral
dusts were tuned to best match available aerosol optical depth, concentration and deposition data
as described by Albani et al. (2014).

We used the Mo to sulfur (S) ratio to approximate volcanic Mo deposition, normalized to
estimates of S emissions from volcanoes from gridded global data sets (Spiro et al. 1992) of non-
erupting volcanoes (Figure 1c). Some of the major degassing volcanic regions include Vanuatu,
Italy, Papua New Guinea, Colombia, Japan, Hawaii, Chile, Guatemala, and Nicaragua. Sulfur is
used as a parameter for volcanic activity because of the ability to easily measure S with ground
and satellite-based remote sensing (Carn et al. 2017). We simulated S emission as continuous
release from active volcanoes. While volcanic ash from episodic events can contribute

significant elements, we focused here on average estimated background volcanic activity for the
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steady-state spatial model because of the difficulty in capturing historical episodic events, but
included eruptive events in the total budget. We assumed that volcanic Mo is in fine aerosols
because it is formed at high temperatures, and used a mass-based ratio of 4 x 10 of Mo/S from
Nriagu (1989) to estimate Mo emissions as a fraction of S emissions. VVolcanic aerosols were
simulated in the size same bins as dust and sea salt for this study following Brahney et al. (2015).
Once the aerosols were entrained into the atmosphere, they underwent transport, wet and
turbulent dry depositions and gravitational settling appropriate for their assumed composition

and size.

Sensitivity studies

In this study, we use model estimates of current, natural aerosol sources and deposition as typical
for preindustrial values. Our modeled aerosols have been compared to available observations for
the current climate (Mahowald et al. 2006; Liu et al. 2011; Albani et al. 2014). Preindustrial
observations of aerosols are very limited (Carslaw et al. 2017) and based on ice core
measurements in remote locations, far from the tropical regions. For dust, there are also very
limited preindustrial measurements from marine, lake, and terrestrial sediments (Mahowald et al.
2010; Carslaw et al. 2017), which suggest an increase in current North African dust by about
40% (Mulitza et al. 2010; Mahowald et al. 2010). Because Mo deposition is likely important
over the last 10-50,000 years, glacial, interglacial, and longer term fluctuations are important to
consider. The dust records indicate large (~50%) decreases from North Africa seen in the mid-
Holocene wet period (McGee et al. 2013; Albani et al. 2015b), but largely similar amounts from

North Africa during both glacial and interglacial time periods (Maher et al. 2010; Albani et al.
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2015b). Since desert dust deposition is thought to vary spatially by four to six orders of
magnitude, and are thought to be uncertain to about a about a factor of ten, these factor of two
fluctuations can be considered within the following sensitivity analysis. Sea-salt sources and
deposition also vary by several orders of magnitude spatially and temporally (Mahowald et al.,
2006) and have been measured in the ice cores, but these fluctuations are thought to be
associated with sea ice formation, not necessarily sea-salt amounts (Wolff et al. 2003; Mahowald
et al. 2006). Although it is possible that sea-salt fluxes change with temperature or winds,
modeling studies suggest that these changes tend to be smaller than a factor of ten percent
(Mahowald et al. 2006; Struthers et al. 2013), so again, the sensitivity analysis will include these
bounds. There is no information about how non-explosive volcanoes might vary in the
paleorecord.

We conducted a sensitivity analysis of deposition rates by increasing and decreasing rates
uniformly by a factor calculated for each source. Using the variance formula to propagate error,
we combined the largest factor of variation in ocean salinity (1.14) (Font et al. 2013) which
causes variation in seawater Mo concentrations (Collier 1985), and largest factor of variation in
dust and sediment Mo estimates (3.1) (this study), respectively, with an uncertainty of ten
(described above) for a combined uncertainty factor of 10.1 for sea salts and 10.5 for dust. For

volcanoes, we assumed an uncertainty value by a factor of ten.

Useq salt = V 1.14%2 + 102 = 10.1
Uqust = +/3.12 4+ 102 =10.5

We found this did not change the results qualitatively (Supplementary Information).
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Observations

Atmospheric Mo is in the form of aerosols, but Mo is rarely measured on a routine basis
due to its low concentrations (<1 ng m®), making detection and accurate quantification difficult.
However, in urban areas near industrial sources, concentrations can range from 20-90 ng m™
(Kuo et al. 2009; Na and Cocker, 2009). In this study, we are interested in long term (>10,000
years) Mo being transported in the atmosphere, so we looked for data where natural sources have
dominated (Siebert et al. 2015). We also averaged measurements collected from Ragged Point,
Barbados (13.165°N, 59.432°W), a source for North African dust deposition, collected between
July and September 2013 and 2014. Methods are described in detail in (Bozlaker et al. 2018).
Briefly, samples were collected on a 17 m scaffold tower with a high-volume system (1 m3
min') on 20 cm x 25 cm Whatman-41 (W-41) cellulose filters, digested using microwave
digestion with combination of acids (HF, HNO3, H3zBOs3, and sometimes also HCI), and analyzed
for Mo using ICP-MS.

There are limited Mo datasets for deposition comparisons, both in general and in
particular that are appropriate for preindustrial levels. We considered preindustrial ice core
datasets, three of which include Mo measurements (Van de Velde et al. 1999; Hong et al. 2009;
Sierra-Hernandez et al. 2018), extracting ice concentration data and scaling up to deposition rates

using ice accumulation rates when available, or best-estimates of precipitation.

Results

Dust Mo concentrations
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The Bodélé Depression sediment Mo concentrations ranged from 0.7 to 3.6 ug g™* and the
Bodélé Depression dust Mo concentrations ranged from 1.0 to 1.3 pg g (Table 1). The dust
samples averaged a total Mo concentration of 1.15 + 0.14 pg g* (1 s.d.) while the sediment
samples averaged 1.42 + 1.04 ug g*. The dust samples exhibited a much smaller range, likely
due to filtering of particles that are entrained in the atmosphere and the downstream mixing that
occurs in the atmosphere. We used the dust concentrations from this study to parameterize the
model because up to half the dust from the Sahara, the main mineral source to the Amazon
Basin, is thought to be emitted from the Bodélé Depression (Koren et al. 2006).

The average sediment and dust concentrations of 1.4 and 1.1 ug g* are within the range
of the crustal abundance estimates of Mo at 1-2 pug g* (Taylor and McLennan 1995). Often
modelers use the concentrations from crustal abundance when dust concentrations are not
available (Chadwick et al. 1999; Okin et al. 2004); crustal abundance tends to give a
conservative estimate for trace elements since dust is typically enriched in these elements
(Lawrence and Neff 2009). Although we did not sample dust from other desert sources, the
average concentration of dust measured from the Bodéle falls within the crustal abundance
range; thus, we assume conservatively that the concentration of 1.1 ug Mo g* represents other

mineral dust sources.

Modeled sea-salt deposition

Our model predicted higher Mo deposition from sea-salt aerosols in coastal regions facing trade

winds (Figure 2a). Because of prevailing wind patterns in the equatorial regions where the
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northeast and southeast trade winds converge, the Caribbean and the northeast coast of South
America received relatively high Mo deposition compared to the islands situated between the
Indian and Pacific Oceans. Deposition rates were higher and extended farther inland to terrestrial
ecosystems in the coastal regions of western North America, Western Europe, southern Asia,
eastern South America, eastern and southern Australia, Hawaiian Islands, and Central America.
The East Indies, eastern North America, western South America, and northwestern Australia,
which do not have onshore trade winds, received less sea-salt-derived Mo deposition. Because of
higher wind speeds in the latitudinal regions, sea-salt sources and subsequent deposition rates
were generally higher across the oceans farther from the equator. In South America, for example,
moving westward, there was a drop-off of sea-salt aerosol deposition rates. Near Maceio, Brazil
at 10.4°S and 35°W, sea-salt deposition rates abruptly declined from 6 pg Mo m™ yr by 58%

across 270 km, by 90% across 820 km, and by 94% across 1400 km (Figure 2a).

Modeled Mo dust deposition

The regions that received the most Mo from mineral dust were proximal to the dust sources with
onshore winds, such as North Africa, the Arabian Peninsula, the Gobi and Taklamakan deserts in
Asia, deserts in central and southern Australia, the Patagonian desert in the southern part of
South America, and the southwestern U.S (Figure 2b). For example, following the westerly
winds, dust moved eastward from the Gobi and Taklamakan deserts in Asia. Exogenous
deposition rates were highest, similar to sea-salt spray, in the direction following trade wind
movement. Globally, the highest rates decreased moving westward from North Africa, as dust

from that source is deposited in the Caribbean, Central America, and the northern Amazon
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Basin. We found a particularly steep gradient in Mo dust deposition from northern South
America to central South America (Figure 2b). For example, moving south from Trindad and
Tobago in the Caribbean, dust deposition rates decreased from a peak at 8.5°N and 60°W from
30 pg Mo m? yrt to 4.2 ug Mo m?2 yrtat 2.38°S and 60°W near Manaus, Brazil in the Amazon.

This pattern held relatively constant from the northern to southern Amazon Basin.

Modeled Mo volcano deposition

The major volcanic sources of Mo were located near the major degassing volcanic regions, such
as active volcanoes in Italy, Papua New Guinea, Colombia, Japan, Hawaii, Chile, Guatemala,
and Nicaragua (Carn et al. 2017). Volcanic Mo deposition decreased with distance from the
source along the trajectory of trade winds. We found the highest deposition rates in Papua New
Guinea at 16 pug Mo m yr't. Within the Hawaiian Islands, the highest deposition rates were 1.5
g Mo m2 yr! near the island of Hawai'i, and values dropped off three-fold to nearby Hawaiian
Islands due to scavenging by precipitation, such as on Kauai, located 500 km away. Deposition
associated with volcanic activity ranged from 0.1 to 10 pg Mo m yrtacross Central America
and the Andean region, and from 0.1 to 5 ug Mo m yr* from central Chile to the southern parts

of South America (Figure 2c).

Total modeled Mo deposition

When combining sea-salt, dust, and volcanic aerosol deposition, we estimate the lowest rates of

preindustrial, natural Mo deposition in the northern parts of North America, the Indian Ocean,
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Western Australia, Southern Africa, and much of central South America and the southern tip of
South America, and the polar regions (Figure 2d). In the central part of South America, for
example, at 65°W and 29.4°S, total deposition rates were 0.46 pug Mo m2 yrt. The total
deposition patterns followed the dust and sea-salt deposition patterns closely, with the highest
deposition rates (up to 1200 pg Mo m yr't) near dust sources and downwind of dust sources,
coastal regions facing trade winds, and near active degassing volcanoes (Figure 2d).

Mineral dust inputs to the atmosphere dominated natural sources of Mo (70%) and sea-
salt aerosols followed (26%), while the smallest sources were degassing and eruptive volcanoes
(4%) (Table 2). Dust deposition had a far-reaching influence on terrestrial land surfaces within
the same continent as the source regions, but also across oceans. Sea-salt aerosols were the
second largest source of natural aerosols, with the highest deposition rates occurring in coastal
regions facing trade winds. VVolcanoes were the smallest source globally, and had predominantly
local influences near active, degassing volcanoes. In tropical regions with low dust and sea-salt
deposition such as Indonesia, volcanic sources dominated. Across most tropical regions, either
dust, sea-salt aerosols, or volcanic activity contributed notable amounts of atmospheric Mo
deposition, except for the central region of South America. For example, Hawaii and Central
America received between 1 and 50 pg Mo m yr?, the northern Amazon received between 1 to
10 pg Mo m2 yr?, and the southern Amazon received between 0.1 to 1 ug Mo m2 yrt, Itis
notable that many of the regions where BNF has been measured in the tropics are located in
areas with higher rates of sea-salt Mo deposition (Figure 2d), such as the Hawaiian Islands,

Central America, and coastal South America.
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Discussion

Our model results suggest that globally, mineral dust inputs dominate the natural atmospheric
cycle (Table 2). Our estimates are some three-fold higher for dust, eight-fold higher for sea-salt
aerosols, and roughly half as much for volcanoes compared to previous estimates (Nriagu 1989).
Nriagu’s sea-salt aerosol and dust estimates were lower because they normalized their sea-salt
production to 0.1-1 x 10'® g of sea-salt spray and their dust production to 0.6 to 5 x 10'* g of dust
derived from Prospero et al. (1983), while our estimates are derived from simulated sea-salt
aerosol and dust entrainment into the atmosphere that were previously tuned to observational
data (Mahowald et al. 2006, 2008). Our modeled estimates for sea-salt aerosol Mo deposition are
relatively robust because the model estimates were previously tuned to empirical measurements
of Na and chloride for sea-salt aerosols (Mahowald et al. 2008), and the highly conservative
nature of Mo leads to a consistent ratio with sea salts. Our mineral dust model is relatively robust
as well, because the dust model has been tuned to observational data from aerosols and satellite
data (Mahowald 2003). Although we parameterized the model with dust samples from the
Bodelé Depression, the concentrations from this region fit within the crustal abundance range
and represents the largest global source relative to its size. The least well-constrained estimates
are the volcano sources because we used a Mo/S ratio, and Mo is rarely measured in volcano
plumes or in volcanic ash (Crowe et al. 1987), and often not together with S (e.g. Mather et al.
2012). Our estimates of volcanic emissions from active, degassing volcanoes are likely on the
higher end, since Mo is much less volatile than S. While trace metals are often thought to be
abundant in degassing volcano plumes because of fractionation processes that concentrate trace

metals (Hinkley et al. 1994), a study conducted in Iceland demonstrated relatively low levels of
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Mo in degassing materials (Arnérsson and Oskarsson 2007). Though volatilization of Mo from
degassing volcanoes still needs to be investigated, eruptive volcanoes are still likely a source of
Mo, as in Hawaii, where Mo in soils was isotopically traced to volcanic emissions (King et al.
2016).

As discussed in the description of the sensitivity studies above, there is a large
uncertainty in the deposition of Mo because 1) natural aerosols in preindustrial and over glacial
and interglacial time scales are poorly constrained by observations, and 2) because of
uncertainties in the Mo composition of these aerosols (Carslaw et al. 2017; Albani et al. 2018).
However, sensitivity studies suggest that these uncertainties do not qualitatively change our
results. While the model cannot be well-validated with current observational data due to the
paucity of field measurements and the potential for anthropogenic influence, we compared model
estimates with three preindustrial ice core measurements of Mo, an empirical estimate of
atmospheric Mo deposition based on precipitation fluxes, and monthly measurements from
Barbados, areas likely less influenced by anthropogenic Mo (Supplementary Table S3) (Siebert
et al. 2015; Bozlaker et al. 2018). Modeled and observed deposition estimates from ice core data
in Mount Everest and Mont Blanc were closely aligned (10.5 ug Mo m2 yr, modeled, vs. 6.9 g
Mo m2 yr!, observed at Mount Everest; and 11.9 ug Mo m2 yr', modeled, vs. 10.8 pug Mo m
yr, observed for Mont Blanc) (Van de Velde et al. 1999; Hong et al. 2009), while the model
over predicted Mo deposition in the northwestern Tibetan Plateau (31.2 Mo pg m yr?, modeled,
vs. a mean of 5.2 and range from 0.5 to 40 pg Mo m yr, observed) (Sierra-Hernandez et al.
2018). In Iceland, where we expect sea-salt deposition to dominate, and Barbados, where we
expect dust deposition to dominate, the modeled and the modern observed estimates were within

the same order of magnitude (Supplementary Table S1), although observed estimates were
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always higher. Measured estimates of Mo were over two-fold higher in Barbados, likely due to a
higher estimate of dust, demonstrated by the two-fold higher estimate of Al, a proxy for dust
(e.g. Bozlaker et al. 2018). Previous model-data comparison studies of dust deposition and
concentrations show the difficulty of correctly simulating the emission, long range transport and
deposition of natural aerosols like desert dust (Huneeus et al. 2011), so an uncertainty by a factor
of ten in dust distributions and deposition is common (Huneeus et al. 2011; Mahowald et al.
2011). Because we expect the sources and deposition of dust and sea salts, the most important
natural sources of Mo, to vary by four to six orders of magnitude spatially on an annual average
(e.g. Albani et al., 2015; Figures 1 and 2), estimates within one order of magnitude still capture
most of the spatial variability.

Across long timescales, atmospheric Mo deposition could support Mo cycling in
ecosystems that receive relatively high Mo atmospheric deposition with low weathering of parent
material. For example, in Iceland where sea-salt aerosol deposition is relatively high, Siebert et
al. (2015) suggested that atmospheric deposition contributed to between 5 and 9% of the soil Mo
pool relative to the basaltic bedrock. They found the strongest sea-salt influence (9%) in the
more weathered soils (Siebert et al. 2015). These results suggest that atmospheric Mo inputs can
be particularly important in older, highly weathered soils in regions of high precipitation, where
soluble Mo has been lost to leaching. Strong evidence that soil age affects rock-derived nutrient
availability also comes from Hawaiian Islands, which vary widely in ecosystem age, ranging
from 300 to 4,100,000 years old. Atmospheric P and calcium (Ca) inputs are particularly
important for the fertility of the older islands, where the basaltic parent material is highly
weathered. On islands older than 20,000 years, atmospheric inputs of Ca are the dominant source

of this element (Chadwick et al. 1999). Hawaii is a region where sea-salt deposition of Mo and
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volcanic deposition of Mo are relatively high, and where BNF rates have also been found to be
high (Vitousek and Walker 1989; Ley and D’ Antonio 1998; Pearson and Vitousek 2002). The
important role of atmospheric Ca suggests that atmospheric Mo may also be important to the
older islands, potentially supplying Mo to sustain BNF and prevent Mo limitation of BNF
(Hobbie and Vitousek 2000).

Although tropical forests are often situated on highly weathered soils, they are thought to
be major global sites of BNF (Cleveland et al. 1999; Wang and Houlton 2009) for a few reasons.
First, tropical forests have a higher abundance of leguminous trees capable of forming symbiotic
relationships with bacteria compared to other biomes. Second, the warm, wet conditions of the
litter layer facilitate higher rates of heterotrophic, free-living BNF catalyzed by bacteria and
archaea. In addition, higher BNF rates in the tropics have been associated with the canopy,
epiphytes, decaying wood, bryophytes, and lichens compared to other ecosystems (Cleveland et
al. 1999; Matzek and Vitousek 2003). However, evidence of Mo limitation on BNF in tropical
forests and other biomes has been increasing (Dynarski and Houlton 2018). Phosphorus was
previously thought to be the dominant nutrient control on BNF, but teasing apart the effects of
Mo and P in previous research is complicated. In many P addition experiments, Mo may have
been present as a contaminant, calling into question the results of historical experiments with P
addition where Mo could have been inadvertently added (Barron et al. 2009). Almost all
previous addition experiments in different biomes have demonstrated Mo limitation on BNF to
some extent. However, much of the previous research on Mo and its control on BNF, measured
through Mo fertilization experiments, has been conducted in regions where atmospheric
deposition of Mo may supply sufficient Mo to support BNF (Figure 3). Even where atmospheric

Mo deposition is relatively high in tropical forests in Panama, previous addition experiments
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have demonstrated an experimental response of free-living BNF to Mo at rates of 39 ug m2 yr?
(Barron et al. 2009). Additionally, canopy BNF, which is highly sensitive to atmospheric inputs,
in Panama has also been found to be influenced by Mo availability (Stanton et al. 2019).
According to our model, Mo could be supplied by atmospheric deposition, depending on the
region, over decades to hundreds of years in some tropical regions (Figure 2d).

Thus, if Mo availability constrains BNF widely across tropical forests, then this
constraint is likely more prominent in N-limited regions of low Mo deposition where parent
material weathering is also low. For example, the eastern, central and southeastern Amazon are
some of the oldest geologic surfaces exposed in South America, with maximum geological ages
ranging from 1500 to 3600 million years (Quesada et al. 2011). In the Amazon, the lack of recent
geologic activity has suggested the link of atmospheric inputs of P with the long-term
productivity of the forests (Swap et al. 1992). OKin et al. (2004) speculated that in the Amazon
and Congo Basins, dust P inputs from the Sahara are large enough relative to soil concentrations
to have replenished the soil P many times since the evolution of these ecosystems. From isotopic
analysis, the lack of strong dust accumulation from the Bodélé in the Amazon Basin suggests
that the dust is consumed, potentially contributing nutrients, including trace elements like Mo, to
stimulate plant growth (Abouchami et al. 2013). While there are not adequate soil Mo
measurements across the Amazon and Congo Basins to make the same conclusion as OKkin et al.
(2004) did for P, their results, along with our modeled deposition rates, suggest that Mo
availability could be relatively low across the lower Amazon and could constrain BNF,
compared to other regions like Hawaii where BNF rates have been measured to be relatively

high, and Mo deposition is also relatively high (Figure 2d). Because interior regions of the
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Amazon with low natural Mo deposition are understudied, BNF may be more limited by Mo in
these regions.

The genes for alternative nitrogenases are sometimes present in free-living N fixers, but
always co-occur with the Mo nitrogenase. In experimental pure culture studies, the absence of
Mo causes alternative nitrogenase activity to increase, suggesting that alternative nitrogenases
can sustain BNF when Mo availability is low. While alternative nitrogenase genes have been
found in many ecosystems (Betancourt et al. 2008; McRose et al. 2017), their activity has only
been measured in two studies (Zhang et al. 2016; Darnajoux et al. 2019), including a boreal
forest where both atmospheric and bedrock inputs of Mo are low (Darnajoux et al. 2019). Thus,
some of the areas we highlight with very low Mo deposition and that also have highly Mo-
depleted soils may also be areas where alternative nitrogenase activity could be important. Thus
we highly encourage more studies of BNF in these regions, because 1) BNF rates may be lower
than modeled estimates and/or 2), these may be areas where alternative nitrogenases may play an
important role.

Here, we demonstrate the large range, up to six orders of magnitude, in deposition rates
of atmospheric Mo globally, which could impact ecosystem structure and function, particularly
in N-limited ecosystems. To better quantify the importance of atmospheric Mo, we need to
further understand the retention and loss of Mo within ecosystems, collect more empirical
observations of Mo in soils and aerosols, and study the impacts of human activity and land-use
change on the atmospheric Mo cycle. This will help elucidate how tightly coupled Mo
availability will likely be to atmospheric Mo transport in the future, and what the ultimate impact

of atmospheric Mo on N cycling is. Finally, to better understand controls on BNF, BNF should
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be measured in more remote tropical forests, many of which receive little to no atmospheric Mo

inputs, and could be limited by Mo.
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Figure legends

Figure 1. Annual sea-salt Mo sources (ug m*2 yr?) (a), Annual dust Mo sources (ug m? yr?) (b),

Annual Mo sources from degassing voleanoes (g m2 yr?) (c).

Figure 2. Annual sea-salt Mo deposition (ug m™ yr?) (a), Annual dust Mo deposition (ug m™
yr'1) with triangles indicating Bodélé dust samples and circles indicating Bodélé sediment
samples (b), Annual Mo deposition from degassing volcanoes (ug m? yr?) (c), and combined
annual sea-salt, dust, and volcano Mo deposition (ug m yr?) with circles indicating where BNF
studies have previously been conducted in the tropics, summarized in Supplementary Tables S2

and S3.

Figure 3. Locations of previous Mo addition experiments to free-living BNF mapped with annual

natural Mo deposition (ug m2 yrt). Blue circles indicate a free-living BNF response to Mo,

© 2020 Springer Nature Switzerland AG.



while red circles indicate no response of free-living BNF to Mo. Studies and locations are

summarized in Supplementary Table S4.
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Table legends

Table 1. Total Mo concentrations and sample locations for Bodélé Depression dust and sediment.

Sample identification parameters correspond to those from Abouchami et al. (2013).

Table 2. Global sources of natural atmospheric Mo (Gg/yr) estimated from our model and by

Ngiaru (1989).
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Table 1. Total Mo concentrations and sample locations for Bodélé Depression dust and sediment.

Sample identification parameters correspond to those from Abouchami et al. (2013).

Sample Sample Description  Latitude Longitude Mo (ug gt)
Bodélé Dust
#1 Faya Largeau (Chad) 17°56.113° N 19°06.743’E 1.1
#1 Harmattan (Niamey, Niger) 13°29.492° N 02°10.189’ E 1.2
#1 Radome (Niamey, Niger) 13°29.492° N 02°10.189’ E 1.2
#2 Mao (rafters, Chad) 14°07.704’ N 15°18.753’ E 1.3
#2 Nguimi (police station, Chad) 14°15.175’ N 13°06.878” E 1.0
Bodélé Sediment
Bodéle soil 43.5 (Chad) gray flakes and 16°06.120° N 18° 33.000’ E 0.9
highly localized red
plates

Bodéle soil 44 (Chad)  mixture of gray and 16 °08.139° N 18 °35.930’ E 1.1
white flakes of
diatomite and
surrounding sand

Bodéle soil 44B (Chad) mixture of gray and 16 °08.139° N 18 °35.930’ E 2.4
white flakes of
diatomite and
surrounding sand

Bodéle soil 44C (Chad) gray flakes and 16 °12.273° N 18°36.397 E 0.7
highly localized red
plates

Bodéle soil 44D (Chad) gray flakes and 16°12.273° N 18 °36.397" E 0.7
highly localized red
plates

Bodéle soil 51 (Chad)  gray flakes and 17°13.777’ N 19°02.149’ E 3.6
highly localized red
plates

Bodéle soil 54A (Chad) gray flakes and 16°09.190° N 18 °35.464’ E 0.7
highly localized red
plates

Bodéle soil 54B (Chad) gray flakes and 16°09.190° N 18 °35.464’ E 1.3
highly localized red
plates
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Figure 1. Annual sea-salt Mo sources (ug m™ yr?) (a), Annual dust Mo sources (ug m yrt) (b), Annual Mo sources from degassing

volcanoes (g m™? yr?) (c).
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Figure 2. Annual sea-salt Mo deposition (ug m yr?) (a), Annual dust Mo deposition (ug m yr) with triangles indicating Bodélé
dust samples and circles indicating Bodélé sediment samples (b), Annual Mo deposition from degassing volcanoes (ug m yr
1y (c), and combined annual sea-salt, dust, and volcano Mo deposition (ug m yr) with circles indicating where BNF studies have

previously been conducted in the tropics, summarized in Supplementary Tables S2 and S3.
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Table 2. Global sources of natural atmospheric Mo (Gg/yr) estimated from our model and by

Ngiaru (1989).
Source Our Model Ngiaru (1989) Relative
Uncertainty
Dust 4.3 1.3 Medium
Sea salts 1.6 0.22 Low
Volcanoes 0.22* 0.4 High

*Includes both degassing and eruptive volcanoes: 0.07 Gg/yr for degassing, and 0.15 Gg/yr for

erupting volcanoes

Latitude
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0.005

0.001

-120 -60 0 60 120
Longitude

Figure 3. Locations of previous Mo addition experiments to free-living BNF mapped with annual
natural Mo deposition (ug m-2 yr-1). Blue circles indicate a free-living BNF response to Mo,
while red circles indicate no response of free-living BNF to Mo. Studies and locations are

summarized in Supplementary Table S4.
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