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Abstract 

Magnesium (Mg2+) deficiency commonly occurs in more than half of the global population based on 
dietary reference intakes set by the United States and Canada.  Atmospheric deposition provides 
provisioning ecosystem service value to society; however, spatial distribution of atmospheric Mg2+ 
deposition varies in the United States.  This study ranked the provisioning ecosystem services value 
of atmospheric Mg2+ deposition in the United States by soil order, state, and region.  The total value 
of provisioning ecosystem services contributed from atmospheric Mg2+ deposition was 47M (i.g., 47 
million U.S. dollars) based on a national average price (2014) of $12.90 per U.S. ton of agricultural 
dolomite (CaMg(CO3)2).  Regions with the highest ranked for total value of Mg2+ deposition were: 1) 
South Central, 2) West, and 3) Southeast, while the highest ranked regions based on area-normalized 
values were: 1) South Central, 2) Southeast, and 3) East.  The highest ranked states for total value of 
Mg2+ deposition were: 1) Texas, 2) Florida, and 3) California, while the highest ranked states based 
on area-normalized values were: 1) Florida, 2) Louisiana, and 3) Texas. The results of this study show 
the importance of assessing atmospherically deposited Mg2+ ions for the ecosystem services 
framework.  The potential impacts on society from this research including adding atmospheric Mg2+ 
deposition to the ecosystem services framework and increasing the betterment of health and well-
being for the global population. 
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1. Introduction 

Magnesium is a life-supporting good, which plays an important role in soils, plants, and 
human nutrition (Cakmak, 2013). As an essential mineral macro-nutrient it is required by 
plants for growth of “sink” organs (e.g., roots, shoot tips, and seeds), which growths can be 
significantly affected by a low supply of magnesium in the soil (Hermans et al., 2005). 
Adequate magnesium nutrition is also important for grazing animals, since a low 
magneisum supply in soils may induce hypomagnesemia or grass tetany, a potentially fatal 
metabolic (Cherney et al., 2002).Magnesium, the fourth most abundant mineral in the body, 
is an essential dietary element for humans since it is involved in several metabolic 
processes (e.g., ATP-dependentbiochemical reactions, synthesis of DNA, RNA expression, 
cell signaling at muscle and nerve levels,and glucose and blood pressure (BP) control etc.) 
(Rosique-Esteban et al., 2018). 

For soils with magnesium deficiencies, dolomite (CaMg(CO3)2)can be used for 
supplementing magnesium especially in acidic soils, but it can be costly (Havlin et al., 
1999). Atmospheric deposition can be a source of magnesium but its contribution to 
provisioning services is currently excluded from the market.Previous research by Goddard 
et al. (2007) quantified continental United States atmospheric wet magnesium deposition 
and related it to the “regulating services” with regards to the potential formation of soil 
inorganic carbon (SIC) stocks, but did not provide a monetary valuation of these goods and 
services (Brown et al., 2007). Mikhailova et al. (2018) proposed to include the atmospheric 
nutrient deposition in the ecosystem services assessment arguing that atmospheric 
deposition is not always a “public good” since it can be deposited in the soils within 
“private boundaries”, and therefore should be considered a “private good” for which 
consumption is “rival” and “excludable” (Heal, 2000). 

The objective of this study was to assess and rank the contribution of atmospheric 
magnesium (Mg2+) deposition to soil provisioning ecosystem services within the contiguous 
United States (U.S.) by state and region. A monetary valuation of total (wet plus dry) 
atmospheric calcium (Mg2+) deposition was calculated based on an average U.S. price of 
$12.90 in the year 2014 per U.S. ton of agricultural dolomite (CaMg(CO3)2)(USGS, 2016). 

2. Materials and methods 

2.1 Total atmospheric Mg2+ deposition 

Maps of annual atmospheric total deposition of Mg2+ (kg ha-1) for the years 2000 
through 2015 were downloaded from the National Atmospheric Deposition Program 
website (NADP, 2018) in Grid format (Table 1).  Details on sample collection, laboratory 
methods, quality control, and calculations for annual atmospheric total deposition of Mg2+ 
at field sites can be found in several open-source publications using the NADP website 
(NADP, 2018). A detailed explanation of the NADP mapping methodology can be found in 
Schwede & Lear (2014). Briefly, estimates of annual atmospheric total deposition of 
Mg2+at field sites are spatially interpolated to a continuous raster (gridded) map layer using 
inverse distance weighting (IDW). 
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Table 1. Data sources and descriptions (adapted from Goddard et al., 2007) 
 
Data layer 

 
Description 

 
Source 

Mg2+ 

deposition 
Inverse Distance 
Weightingmaps in 
ArcGIS® Grid format – 
2500 m resolution 

http://nadp.slh.wisc.edu/NTN/annualmapsByYear.aspx 

Loess  Gridded 0.1° × 0.1° from 
maps from the U.S. 
Geologic Survey  

Lineback et al., 1983; Miller et al., 1988; Holbrook, et 
al., 1990; Gray et al., 1991; Hallberg et al., 1991; 
Denne et al., 1993; Whitfield et al., 1993; Swinehart et 
al., 1994 

 

2.2 Loess distribution 

Loess distribution was mapped using 0.1 × 0.1° gridded map layers derived from U.S. 
Geological Survey (USGS) maps (Lineback et al., 1983; Miller et al., 1988; Holbrook et al., 
1990; Gray et al., 1991; Hallberg et al., 1991; Denne et al., 1993; Whitfield et al., 1993; 
Swinehart et al., 1994) by Kohfeld and Harrison (2001).  This map layer depicts the 
approximate boundaries of loess deposition (Table 1). 

2.3 Data analyses 

A map of the annual mean total atmospheric deposition of Mg2+ (kg ha-1) over the study 
period was computed using the Cell Statistics script in ArcGIS® 10.4 (ESRI, 2016). 
Summary statistics of this map were computed for each of the contiguous United States 
using the Zonal Statistics script in ArcGIS® 10.4 (ESRI, 2016). The annual mean 
atmospheric total deposition of Mg2+ (kg ha-1) over the study period for each state wasthen 
converted to U.S. dollars per area (i.e., hectare) and U.S. dollars in Microsoft Excel using 
the following equations: 
 

𝑕𝑕𝑎𝑎  𝑀𝑀𝑔𝑔 𝑑𝑑𝑒𝑒𝑝𝑝𝑜𝑜𝑠𝑠𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑛𝑛 𝑘𝑘𝑔𝑔 𝑕𝑕𝑎𝑎 𝑘𝑘𝑔𝑔 𝐶𝐶𝑎𝑎𝑀𝑀𝑔𝑔 𝐶𝐶𝑂𝑂
𝑘𝑘𝑔𝑔 𝑀𝑀𝑔𝑔

𝑙𝑙𝑏𝑏𝑚𝑚
𝑘𝑘𝑔𝑔

𝑈𝑈 𝑆𝑆 𝑡𝑡𝑜𝑜𝑛𝑛
𝑙𝑙𝑏𝑏𝑚𝑚

𝑝𝑝𝑟𝑟𝑖𝑖𝑐𝑐𝑒𝑒
𝑈𝑈 𝑆𝑆 𝑡𝑡𝑜𝑜𝑛𝑛 𝐶𝐶𝑎𝑎𝑀𝑀𝑔𝑔 𝐶𝐶𝑂𝑂  (1) 

 
𝑕𝑕𝑎𝑎  𝑝𝑝𝑟𝑟𝑖𝑖𝑐𝑐𝑒𝑒 𝑝𝑝𝑒𝑒𝑟𝑟 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎 𝑓𝑓𝑟𝑟𝑜𝑜𝑚𝑚 𝑒𝑒𝑞𝑞𝑛𝑛   𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎 𝑖𝑖𝑛𝑛 𝑕𝑕𝑎𝑎  (2) 

 
Note that the price values calculated in U.S. dollars and dollars per ha represent the money 
that would be required simply to purchase agricultural dolomite (CaMg(CO3)2) based on an 
average price of $12.90 per U.S. ton of CaMg(CO3)2 in U.S. in 2014(USGS, 2016).  The 
values reported would not cover other important costs, such as the equipment, fuel, and 
labor that would be required to incorporate the magnesium amendments into the soil, nor 
any external costs associated with mining the dolomite etc. (Groshans et al., 2018). The 
reported values also assume that all magnesium being deposited onto the soils by deposition 
remains in the soil and is not subject to losses due to runoff, erosion, groundwater recharge, 
etc. Lastly, it is important to take note that the original sources of magnesium in the 
deposition is not accounted for in our analyses, there likely is some amount of magnesium 
recycling and redistribution that occurs both spatially and temporally across the U.S. 
(Goddard et al., 2007). 
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3. Results and discussion 

Atmospheric Mg2+ deposition provides a substantial monetary value to the U.S. and it 
was evaluated by state and region using an accounting framework adapted from Groshans 
et al. (2018). Atmospheric Mg2+ deposition provides goods (e.g., Mg2+, etc.) and services 
(e.g., provisioning, etc.) for agricultural benefit (e.g., liming, etc.) and therefore can be 
evaluated using commodity prices for agricultural dolomite (CaMg(CO3)2). The total 
provisioning ecosystem value of atmospheric magnesium deposition was $47M (i.e., 47 
million U.S. dollars) based on an average 2014 price of $12.90 per U.S. ton of dolomite 
(CaMg(CO3)2). The value of average annual Mg2+ deposition varies at the country scale by 
state and region. 

3.1 The value of average annual total Mg2+ deposition at the country scale by state and 
region (2000-2015) 

The highest ranked states for value of total Mg2+ deposition were: 1) Texas ($7.37M), 2) 
Florida ($2.53M), and 3) California ($2.31M), where the value shown in parentheses for 
each state are based on the price of agricultural dolomite. The top three states with the 
highest area-normalized total mean annual values were:1) Florida ($0.18 ha-1), 2) Louisiana 
($0.13ha-1), and 3) Texas ($0.11 ha-1) (Fig. 1). The highest ranked regions for value of total 
Mg2+ deposition were: 1) South Central ($10.7M), 2) West ($9.89M), and 3) Southeast 
($8.75M), while the highest ranked regions based on area-normalized total Mg2+ deposition 
values were: 1) South Central ($0.09 ha-1), 2) Southeast ($0.08 ha-1), and 3) East ($0.07 ha-1) 
where again the values in parentheses are based on dolomite. 

 
Fig. 1. Average annual total Mg2+ deposition (kg/ha) for the years 2000 to 2015 in the contiguous United States 
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Atmospheric magnesium deposition can be a significant source of a life-supporting 
nutrient, which is important in achieving one of the 17 United Nations (UN) Sustainable 
Development Goals (Millennium Ecosystem Assessment, 2005): “2. End hunger, achieve 
food security, and improve nutrition and promote sustainable agriculture.” Given a global 
population of 7.6 billion people, and a recommended daily intake of 420 mg per person per 
day of magnesium, it would require at least 3192 metric tons/day of magnesium to ensure 
that every person is able to meet their daily magnesium requirement. 

4. Conclusions 

Soil provisioning ecosystem services are impacted by the atmospheric input of 
magnesium (Mg2+) ions.  Annual atmospheric deposition of Mg2+ ions furthers the liming 
of soil; however, deposition spatially varies in the United States. For example, the South 
Central and West regions have high Mg2+deposition due to proximity to the ocean. Some 
fraction of the deposited Mg2+ will be available for plant uptake. This study ranked the 
provisioning value of soil ecosystem services of atmospheric Mg2+ deposition from 2000 to 
2015 within the contiguous United States by state and region. The total provisioning 
ecosystem value of atmospheric magnesium deposition was $47M (i.e., 47 million U.S. 
dollars) based on an average 2014 price of $12.90 per U.S. ton CaMg(CO3). Calculating 
global terrestrial soil nutrient pools and fluxes requires an understanding of the dynamic 
nature of atmospheric Mg2+ deposition. The atmosphere is traditionally viewed as a “public 
good” outside of market evaluation, but it can be a source of nutrients deposited to the soils 
within privately-owned lands in different geographic regions. 
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