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ABSTRACT 

Impacts of Dry Atmospheric Deposition on Aquatic Systems – Nutrients, Trace 

Metals and Lead Isotopes 

 

Chia-Te Chien 

 

Atmospheric deposition is a source of new N, P and trace metals to the ocean 

and water bodies on land. Nutrient and trace metal inputs from atmospheric 

deposition have been shown to induce phytoplankton growth and impact water 

chemistry. The three chapters presented in this thesis examine dry atmospheric 

deposition impacts on phytoplankton and water chemistry including: (1) How African 

dust impact phytoplankton growth at the low nutrient low chlorophyll (LNLC) ocean 

off Barbados; (2) Evaluate the contribution of Pb from Asian dust to the western 

Philippine Sea, and (3) Evaluate the contributions of nutrients and trace metals from 

aerosol to Lake Tahoe. In the first study, a bioassay incubation experiment conducted 

with nutrients and local atmospheric aerosol amendments indicates that phosphorus 

(P) availability limited phytoplankton growth in the low nutrient low chlorophyll 

(LNLC) ocean off Barbados. The results also suggest that atmospheric deposition 

induces P limitation in this LNLC region by adding more N and iron (Fe) relative to 

P. This favors the growths of Prochlorococcus, a genus characterized by low P 

requirements and highly efficient P acquisition mechanisms. In the second study, the 



	

	
xi	

dissolved lead (Pb) concentrations and isotopic compositions in seawater of the 

western Philippine Sea (WPS) were determined to investigate sources and sinks of 

Pb. The results suggest sedimentary inputs are a major source of dissolved Pb in deep 

water and Asian aerosols in surface water. Differences in Pb concentrations and 

isotopic signatures between water samples collected from the Pacific Deep Water 

water-mass during this study and those collected a decade ago suggest that the 

anthropogenic input of Pb changes even in deep water on decadal scales.  In the third 

study, the trace metal concentrations and Pb isotopic composition in aerosols and in 

lake water were determined.  The results show a seasonal trend of trace metal 

concentrations and solubilities.  Pb isotopes indicate atmospheric deposition is not a 

major source of Pb to the lake, or that the turn-over rate of lake water is faster than 

the Pb residence time. 
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INTRODUCTION 

Atmospheric aerosols are small colloids of fine particles, also referred to as dust, 

smoke and haze. Aerosols can be generated from natural or anthropogenic process. 

Natural sources include wind-blow dust, volcanic eruptions, wildfires and sea-salt 

spray. Human activities such as coal combustion and fossil fuel burning, various 

industrial processes such as mining and smelting or agriculture activities also produce 

aerosols. The broad variety of sources as well as the various transformation (gas 

phase and liquid phase reactions) occurring in the atmospheric during aerosol 

transport result in different chemical compositions of aerosols. Mineral dust contains 

mostly suspended soil materials and has a composition close to upper Earth crust. 

Volcanic emissions contribute materials from Earth interior, including gases (carbon 

dioxide and sulfur dioxide), and particles (ash).  Sea-spray adds salts together with 

other elements and organic compounds from the ocean surface. Anthropogenic 

sources tend to emit particles enriched in heavy metals relative to crustal materials.  

 

Atmospheric deposition is a source of new N, P and trace metals to the ocean (Duce 

et al., 2008; Duce et al., 1991; Jickells et al., 2005; Kanakidou et al., 2012; Prospero 

et al., 1996). Nutrient inputs from atmospheric deposition have been shown to induce 

phytoplankton growth (Boyd et al., 1998; Duarte et al., 2006; Erickson et al., 2003), 

enhance N fixation at some oceanic locations (Mills et al., 2004), impact 

phytoplankton species dynamics (Guo et al., 2012; Jordi et al., 2012; K.R. Mackey et 

al., 2012; Paytan et al., 2009) and intensify carbon sequestration via the biological 
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pump (Bressac et al., 2014; Guieu et al., 2014; Krishnamurthy et al., 2010; Parekh et 

al., 2006). I used bioassay incubation experiments with nutrients and local 

atmospheric aerosol amendments in order to understand how distinct phytoplankton 

species respond to nutrient loading from atmospheric deposition in Barbados. This 

can provide information on the impact of dust deposition on phytoplankton 

communities in other LNLC areas of the ocean. This is critical not only for our 

understanding of the current functioning of LNLC regions and the role these regions 

play in the carbon cycle, but also for the projection of future changes, since 

significant changes in the magnitude of dust distribution (Ginoux et al., 2012; 

Mahowald et al., 2007; Mahowald et al., 2010; Ward et al., 2014) and future 

expansion of LNLC regions are predicted (Henson et al., 2010; Steinacher et al., 

2010). On the other hand, understanding variations in Pb concentrations and isotope 

composition in the ocean can provide information about anthropogenic and lithogenic 

sources, fluxes, and water mass mixing patterns that affect Pb distribution (Alleman 

et al., 1999; von Blanckenburg et al., 1996; Wu et al., 2010). However, there are 

relatively few studies reporting seawater Pb isotopes in the Pacific Ocean (Flegal and 

Patterson, 1983; Flegal et al., 1984; Gallon et al., 2011; Wu et al., 2010), particularly 

in the Northwestern Pacific Ocean, a region that might be impacted by the >20 fold 

increase in coal burning in China over the past three decades (Lee et al., 2014). 

Furthermore, trace metal composition along with other information (for example Pb 

isotopic composition) can be used to identify possible aerosol/dust sources. 

Specifically, the soluble fractions of nutrients and trace metals from aerosols are of 
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importance when considering the impacts of aerosol deposition on water chemistry 

and aquatic ecosystems.   

 

In the first chapter, I carried out bioassay incubations with locally collected aerosols 

and native phytoplankton assemblages collected offshore of Barbados to investigate 

the impact of atmospheric nutrient and trace metal inputs on phytoplankton 

productivity and community structure. We additionally employed a numerical model 

to explore how species-specific differences in phytoplankton cellular elemental ratios 

and regional variation in atmospheric deposition together influence phytoplankton 

community structure. In the second study, I report Pb concentrations and isotopic 

compositions at 7 vertical profiles in the Western Philippine Sea (WPS), collected 

during the Taiwan GEOTRACES process study (March 2014). By comparing Pb 

concentrations and isotopic composition in the WPS to open ocean Pb signatures and 

to signatures of potential Pb sources, we are able to evaluate the impacts of 

atmospheric deposition and island arc inputs on seawater Pb in this region. In the 

third chapter, I present the first long term data set of aerosol nutrients, trace metals 

and Pb isotopes input in Tahoe basin. Five years of aerosol samples collected between 

Winter 2005 – Spring 2010 and water samples collected between Spring 2013 to 

Summer 2016 were analyzed. Our results indicate that aerosol concentrations in the 

air in the Tahoe basin are higher during Oct – April. Trace metal concentrations in 

aerosol samples are also higher in the cold period, however, trace metal solubilities of 

aerosol samples are higher during warm periods, likely due to differences in aerosol 
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sources or different chemical transformation occurring in different seasons. Base on 

the correlation between different elements and Al and calculated element enrichment 

factors we identify that V, Co and Fe are dominated by mineral dust sources, while 

Zn, Cu and Cd are contributed more by anthropogenic inputs. Among major nutrient 

concentrations in aerosols, NO3
- + NO2

- levels are higher during cold periods while 

NH4
+ and soluble phosphate are higher in the warm period. Typically trace metal 

concentrations and Pb isotopic ratios are similar throughout the water column, this 

implies that the water mixing time is shorter than residence time of trace metals 

include Pb. When considering river water and ground water in addition to aerosols as 

sources of Pb in a triple-isotopes plot ground water discharge and riverine input are 

more important Pb sources than aerosols, but aerosol still contributes some Pb to the 

lake.  
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Abstract 

We present the first long term monitoring data set of aerosol nutrients and trace 

metals deposition and Pb isotopes signatures in the Tahoe basin. Five years of aerosol 

samples collected between the winter of 2005 and spring 2010 and lake water 

samples collected between Spring 2013 and Summer 2016 were analyzed. Our results 

indicate that aerosol concentrations in the air in the Tahoe basin are higher during the 

cold months (October – April) than in the warmer months of the year (May-

September). Trace metal concentrations in aerosol samples are also higher in cold 

period; however, trace metal solubilities in aerosol samples are higher during the 

warm period, likely due to differences in aerosol sources or different atmospheric 

chemical transformation occurring during different seasons. Base on the correlation 

between various elements and Al and calculated elements’ enrichment factors, most 

of the elements in the Tahoe basin are dominated by mineral dust sources, while Zn, 

Cu and Cd are contributed primarily by anthropogenic inputs. Among major nutrient 

concentrations NO3
- + NO2

- in aerosols is higher during the cold period while NH4
+ 

and soluble phosphate are higher in the warm period. Typically, the distribution of 

trace metal concentrations and Pb isotopic ratios is homogenous throughout the whole 

lake water column. This implies that the water mixing time is shorter than the 

residence time of trace metals in the lake. A triple-isotopes plot of Pb indicates that 

ground water discharge and riverine inputs are the major Pb sources, but aerosols still 

contribute Pb to the lake.  
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3.1. Introduction 

Atmospheric deposition is an important source of nutrients and trace metal to 

remote water bodies like alpine lakes (Camarero et al., 2009; Mladenov et al., 2012). 

Studying the chemical composition of aerosols in comparison to that of receiving 

waters, can help us understand how aerosols deposition may influence water quality 

by contributing major and minor nutrients for phytoplankton growth and possibly 

affecting the trophic conditions in the lakes (Morales-Baquero et al., 2006). Temporal 

variability in aerosol sources will result in differences in aerosol chemistry and 

solubility and thus the ensuing impacts on water quality may differ seasonally 

(Dolislager et al., 2012; Zhang et al., 2013).  

Lake Tahoe is a remote subalpine lake surrounded by mountains including the 

Carson Range and the Sierra Nevada. The unique characteristics of the watershed, 

including nutrient poor soils, erosion resistant substrate and dense forest, minimize 

terrestrial nutrient inputs to the lake. These watershed properties along with the large 

lake size compared to the size of the watershed make Lake Tahoe oligotrophic, 

resulting in very high water clarity. However, the clarity of Lake Tahoe has declined 

dramatically since the 1960s (TERC 2011). It is believed that increasing population 

and changes in land use and anthropogenic emissions all contribute to the decreasing 

water clarity (Fenn et al., 2008, 2003; Jassby et al., 1994). Specifically, atmospheric 

deposition has been suggested as an important source of nutrients that support 
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phytoplankton growth and affect water quality (Brahney et al., 2014; Morales-

Baquero et al., 2006). 

Because of the role atmospheric deposition may play in Lake Tahoe clarity 

several studies such as the Lake Tahoe Atmospheric Deposition Study (LTADS) by 

the California Air Resources Board (CARB) have been conducted. These studies 

monitored gases (Tarnay et al, 2005; Zhang et al., 2002), atmospheric particulate 

matter (Gertler et al., 2006; Sahoo et al., 2013; Zhang et al., 2002) and wet deposition 

(Jassby et al., 1994) at representative sites throughout the Lake basin and collected 

meteorology data as well. These studies provided important information on total 

particle deposition (Dolislager et al., 2012; Sahoo et al., 2013) as well as on nitrogen 

(Jassby et al., 1994; Tarnay et al., 2001) and phosphorous inputs (Dolislager et al., 

2012; Jassby et al., 1994) and the size distribution of these constituents within 

atmospheric particulate matter (Dolislager et al., 2012; Tarnay et al., 2001). Other 

studies focused on organic compounds in aerosols in the region (Cahill, 2010; Datta 

et al., 1998). Based on data from previous studies (Bytnerowicz et al., 2013; Gertler 

et al, 2006), pollutants which influence water clarity mainly originate from within the 

Tahoe basin (e.g. pollutants from local vehicle, road dust, salts, soil and wood 

burning). However, to our knowledge none of the previous studies have reported long 

term seasonal variations of nutrients and trace metals in dry atmospheric deposition. 

Trace metals composition along with other information (for example Pb isotopic 

composition) can be used to identify possible aerosol sources (Véron and Church, 

1997; Witt et al., 2006). Moreover, the soluble fractions of nutrients and trace metals 
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from aerosols are of particular importance when considering the impacts of aerosol 

deposition on water chemistry and aquatic ecosystems. Recently, an aerosol addition 

bioassay has been carried out to understand how atmospheric deposition may affect 

phytoplankton growth and ecosystem dynamics in Lake Tahoe (Mackey et al., 2013). 

This study showed that atmospheric aerosols provide nutrients with a high ratio of 

N:P and favor the growth of picoplankton thus can increase primary productivity 

without causing a large increase in chlorophyll (chl a) or biomass. The study 

demonstrated the importance of understanding nutrient inputs from aerosol and, more 

importantly, the fate of the aerosols after they are deposited onto the lake surface. 

 

3.2 Materials and Methods 

3.2.1 Aerosol Collection  

Aerosol dry deposition samples were collected between 2005 and 2010. Weekly 

integrated samples were collected on quartz micro filters (10” x 8”, Whatman®) using 

a Total Suspended Particle (TSP) sampler (High Volume Sampler, Graseby 

Anderson) which had an airflow rate of ~85 m3 h-1. Between November 2005 and 

May 2007, the sampler was located near the lake at the Tahoe City Hatchery away 

from any local source of disturbance. After May 2007, the sampler was relocated 

about 300 m south to reduce local impacts due to remodeling at the Hatchery. The 

TSP sampler was placed 3.2 m above the ground and protected from direct road dust 
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inputs by trees. Aerosols were collected at an airflow rate of 85 m3 hr-1. All filters 

were kept frozen until further analyses.  

For bulk composition of aerosols, a 15 mm x 10 mm sub-sample of each filter 

was digested by adding 2 mL concentrated HNO3 and 1 mL HF in Teflon beakers on 

a hotplate at 150° C overnight. The liquid was then dried down and brought up with 

2% HNO3 for trace metal concentration analysis. To extract the soluble fraction of 

nutrients and trace metals in aerosol samples, a 47 mm circular subsample of each 

filter was placed on an acid-washed filter tower, and 100 mL MilliQ water was 

passed through the sample under gentle vacuum pressure exposing the sample for 

about 10 seconds to the water (Buck et al., 2006). 5 mL of the liquid was then added 

with 100 µL concentrated nitric acid for trace metal composition analysis and the rest 

of the sample was kept frozen for nutrient and ion chromatography analysis.  

 

3.2.2 Lake Water Collection  

Water depth profile samples from Lake Tahoe were collected seven times 

between Spring 2013 and Summer 2016. Niskin bottles were used for water 

collection at depths of 50, 100, 200, 250, 300, 350, 400 and 450 m and a one liter 

bottle attached to a 2.5 m long plastic stick was used to collected surface water 

samples. The sampling was done at the Mid-lake Tahoe Profile (MLTP) station. From 

each depth, a 40mL water sample was collected into a 50mL acid washed sample 

rinsed polypropylene centrifuge tube (Falcon™) for nutrient analysis and another 
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sample was collected in a one liter acid-washed sample rinsed LDPE bottle for trace 

metals and Pb isotope analyses. Ground water samples from two wells at Lake Tahoe 

fire station and three wells at the Tahoe Environmental Research Center (TERC) 

Hatchery, as well as river water samples from Third creek, Trout Creek, Upper 

Truckee creek, Ward creek, Incline creek, Blackwood creek and General Creek were 

collected for trace metal concentrations and Pb isotope analyses. All water samples 

were filtered with 0.45µm filters before nutrient, trace metal and Pb isotope analyses. 

Aerosol and water sampling locations are shown in Figure 3.1 and provided in 

Supplemental Material Table 3.1. 

 

3.2.3 Nutrients, Trace Metals and Pb Isotopes Analyses 

Nitrate+nitrite (NO3
- + NO2

-), ammonium (NH4
+) and soluble reactive 

phosphorus (SRP) were analyzed using a nutrient autoanalyzer (QuikChem 8000 

Flow Injection Analyzer). Detection limits of nitrate+nitrite, ammonium and SRP are 

0.29 µmol N L-1, 0.53 µmol N L-1 and 0.1 µmol P L-1, respectively.  

Aerosol total and soluble trace metal concentrations and water trace metal 

concentrations of Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Cd, Pb and U were 

analyzed by Ion coupled Plasma Mass Spectrometry (ICPMS - Element XR); Na, Mg, 

Ca and P were also monitored in bulk aerosol and aerosol soluble fraction samples, 

while total concentration of Ba was determined in bulk aerosols.  Details on trace 

metal analysis are given elsewhere (Chien et al., 2016). Detection limits typically 
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were at least two times smaller than sample concentrations, Cd and U concentrations 

in some samples were close to their detection limits. Lead concentrations in ground 

water and river samples were also determined.  

In order to separate Pb from different sample matrices, samples were dried down 

and re-dissolved in 100µL of concentrated HBr (Optima grade, Fisher Scientific) 

three times. Pb separation was achieved using AG1-X8 resin (adapted from Kamber 

and Gladu, (2009)). Briefly, the matrix of the samples was eluted with 1N HBr and 

the Pb fraction was eluted by 6N double distilled HNO3, this eluent was then dried 

down and brought up with 2% HNO3 to ~2ppb for analyses (Chien et al., 2017).  

To determine Pb isotopic composition, analyses were carried out on a Thermo 

Element XR HR ICP-MS in the Marine Analytical Laboratory at UC Santa Cruz 

following the method developed by (Zurbrick et al., 2013). 204Pb, 206Pb, 207Pb and 

208Pb were analyzed and 200Pb and 202Pb were also monitored for isobaric interference 

correction on 204Pb. Pb isotopes in the samples were corrected by bracketing to NIST 

SRM-981 values; NIST SRM-981 was analyzed between every five samples. 

Typically, a 2ppb Pb solution will result in a signal of about 4x106 counts per second 

on 208Pb, external precision (2s) for 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb are 5.7‰, 

3.7‰ and 2.2‰, respectively (n=33).  

 

3.3 Results and Discussion 
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3.3.1 Temporal Variation of Aerosol Concentrations  

During the period of December 2005 to February 2010, aerosol total suspended 

particles (TSP) concentrations in air at Tahoe basin ranged between 2.7 to 141 µg m-3 

of air, with an average and standard deviation of 26.3 ± 14.2 µg m-3 (Table 3.1 and 

Fig. 3.2). In general, Tahoe basin has higher TSP concentration in the cold period 

during late Fall to early Spring (October to April) and lower TSP in the warm period 

during late Spring to early Fall (May to September), average concentrations are 29.8 

± 16.1 µg m-3 and 20.6 ± 7.6 µg m-3, respectively (Table 3.1). Shallower atmospheric 

mixing layer in cold seasons may cause the seasonal concentration variation.  

The distributions of bulk metal composition within the TSP samples are listed in 

Table 3.1. Aluminum (Al) has the highest mean concentration (1321 ± 902 ng m-3) 

among the trace metals, followed by Fe (771 ± 486 ng m-3) and Ca (669 ± 471 ng m-

3), the metal with the lowest concentration is Cd (0.031± 0.031 ng m-3). As expected 

like in the case of TSP concentrations in air, typically, trace metals also have higher 

concentrations in the cold period (October to April) and lower concentrations in the 

warmer period. For example, average concentrations of Al were 1674± 1023 ng m-3 

and 827± 285 ng m-3 in the cold and warmer periods, respectively. However, some 

metals like Zn and Cd do not follow this seasonal trend, suggesting they have very 

different sources than the other trace metals (Table 3.1 and Fig. 3.3). Possible sources 

of trace metals can be determined by comparing their distribution to that of Al and 

assuming that Al mostly originates from crustal materials (mineral dust). Some of the 
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elements are highly correlated with Al, including V, Mn, Fe and Co (correlation 

coefficient > 0.96), indicating a common source of these elements, likely like for Al 

mineral dust. Cr, Ni and Pb on the other hand are less strongly correlated with Al 

(correlation coefficients are between 0.6 – 0.8), suggesting mixed origin, while Cu, 

Zn and Cd are poorly correlation with Al (correlation coefficient < 0.33) (Fig. 3.4). 

The high correlation between V, Mn, Fe and Co and Al suggests that these elements 

are coming primarily from mineral dust originating from the local soil and upper 

crust. The lower correlation of Al and Cr, Ni, Pb, Cu, Zn and Cd implies these 

elements may be contributed from anthropogenic sources in addition to mineral dust. 

These elements can come from vehicle emission (Cd, Pb, Zn and Cu) (Bilos et al., 

2001) and road dust from non-exhaust activities (Ni, Cr, V, Zn, Ba) (Pant and 

Harrison, 2013), fertilizer (Cd, Cr, Pb, Ni and V)(Mortvedt, 1995) and industry (Pb, 

Ni, Cd, Cr, Cu, and Zn)( Chen et al., 2005). Biomass burning is another source of 

trace metals and can contain Mg, Al, Ca, Cr, Mn, Fe, Ni, Cu, Zn, and Ba. Considering 

the limited industrial and agriculture activities within the basin vehicle emissions, 

road dust and wood burning are the most likely sources, however, further studies need 

to be carried out in order to identify the specific sources within the basin.   

Enrichment factors (EF) can be another index to evaluate the source of various 

elements in the aerosol. EF are described as:  

  !" = 	
%&'(')*

+& ,-./0/1
%&'(')*

+& 2.304
       (1) 

where (Element/Al)aerosol is the mass concentration ratio of the trace element to Al in 
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the collected aerosol samples and (Element/Al)crust is the ratio in upper continental 

crust (Taylor and McLennan, 1985) (Fig. 3.5). EF that are equal to one indicate that 

the specific constituent in the aerosol originated primarily from the upper continental 

crust (e.g. mineral dust, soil). Higher EFs suggest additional sources, specifically 

from anthropogenic activities, biogenic materials or wildfires. We also calculated EF 

of TSP based on metal compositions in California soils and regional volcanic rocks 

(Table 3.2). Among the aerosol samples collected in Tahoe basin, V, Co, and Fe have 

low EFs with average values lower than two, indicative of a major mineral dust 

source, while the enrichment factor of Zn, Cu and Cd is higher than five, implying 

that anthropogenic inputs could have contributed to these elements. Generally, the 

overall metal EF of TSP collected in Tahoe are low typically less than 10 while in 

urban polluted areas EF are much higher (>100) and even in areas dominated by 

mineral dust like the Gulf of Aqaba EF are higher (Chen et al., 2008). The low EF 

suggest that anthropogenic impacts are low in this region.  

 We also applied a principal component analysis (PCA) for metal bulk 

composition in the TSP samples. The results are given in Table 3.3. Overall, the 

majority of the metals have a common source (or combination of sources) base on the 

high first factor loadings among them.  The common source is likely mineral dust 

based on the low EF of the metals and also the high correlations between these metals 

to Al. High factor loading of Cd in factor 2 and Cu and Zn in factor 3 indicate these 

metals are dominated by distinct anthropogenic sources as mentioned previously.  



	
	

47	

  

3.3.2 Aerosol Soluble Fraction 

When considering the nutrients and metals input to lakes the soluble fractions of 

these nutrients and metals is what affects the water chemistry and biology. The 

soluble fractions of the various trace metals are largely controlled by their solubilities. 

For example, although the average bulk concentration of Al is 1321 ng m-3, average 

concentration of its soluble fraction is only 3.3 ng m-3, which is 0.25% of the bulk 

concentration consistent with the low solubility of metals such as Al and Fe in 

mineral dust (Trapp et al., 2010). On the other hand, the average bulk concentration 

of Zn is 7.3 ng m-3, 180 times smaller than Al bulk concentration. However, average 

concentration of soluble Zn (2.4 ng m-3; >30% of the bulk) is only slightly lower than 

that of soluble Al. The soluble fraction of most trace metals in the aerosol is higher 

during the warm period (Table 3.1 and Fig. 3.6). This could be due to changes in the 

dry deposition sources between seasons and source dependent solubility stemming 

from changes in composition., Alternatively it is possible that some chemical 

transformation in the aerosols which is seasonally dependent, like air humidity or 

temperatures affects the solubilities. More work has to be done to determine the 

causes of the seasonal variations in metal solubility in the Tahoe region.  

Concentrations of soluble NO3
- + NO2

-, NH4
+ and SRP are 1.75 ± 0.94 µmol m-3, 

2.97 ± 2.24 µmol m-3 and 0.05 ± 0.03 µmol m-3, with a N to P ratio 117 ± 70 (Table 

3.1).  Major nutrients extracted from the aerosol samples also showed seasonal 
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variations (Fig. 3.6). Overall, NO3
- + NO2

- is higher in cold period (1.93 ± 0.92 µmol 

m-3) than in the warm period (1. 51 ± 0.95 µmol m-3); while NH4
+ and SRP are higher 

during warm period (4.78 ± 1.93 µmol m-3 and 0.08 ± 0.02 µmol m-3) than in the cold 

period (1.68 ± 1.39 µmol m-3 and 0.03 ± 0.02 µmol m-3, respectively). Like for the 

metals the causes for the seasonal variability could be seasonal changes in the aerosol 

sources and/or processes in the atmosphere that impact the solubility of these 

nutrients. The annual average N:P ratio, 117, is higher than the Redfield ratio of 

16N:1P that phytoplankton generally need for growth, this ratio is even higher, 

reaching an average of 141 during the cold period (October to April). This is 

consistent with the report of Mackey et al., (2013). The high N:P ratio could impact 

the N:P ratio in lake water thus influencing growth of phytoplankton in Lake Tahoe. 

Indeed a nutrient addition experiments indicated that phytoplankton tend to be P 

limited during October through April when atmospheric N:P is higher (Goldman et 

al., 1993). Our long-term aerosol nutrient concentration data may be one of the 

reasons that at least seasonally the lake is P limited. 

 

3.3.3 Nutrients and Trace Elements Fluxes from TSP to the Lake   

 Particle counts and size distributions vary at different locations within the 

Tahoe basin, the distributions are also different close to the shoreline and at offshore 

sites (VanCuren et al., 2012). Accordingly, we cannot use a single deposition rate for 

TSP to the lake surface. Deposition of trace metals to the lake in this study was 
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calculated based on previous modeling results of TSP deposition fluxes in 2003. 

(Dolislager et al., 2012). We calculated deposition fluxes of each element to the lake 

by multiplying element ratios in collected TSP sample with the model derived TSP 

deposition. This calculation is based on the over simplified assumption that all 

elements have the same deposition velocity. In order to independently check the 

model derived TSP deposition rates, we also applied a deposition rate of 2 cms-1 for 

TSP (Jacobson, 2005), which has been used for estimating aerosol deposition rate to 

the lake (Mackey et al., 2013) previously as well as a rate that is ten times smaller 0.2 

cms-1 . (Table 3.4). TSP deposition modeled by Dolislager et al. [2012] is much lower 

than the deposition rate obtained using 2 cms-1 and is even lower than the deposition 

calculated with a 0.2 cms-1 deposition rate.      

 

3.3.4 Lake Water Trace Metal Concentrations 

Trace metal concentrations in the lake water did not show seasonal or depth 

variations (Fig. 3.7). Average Lake water concentration of Al, Fe, Co, V, Mn, Ni, Pb, 

Cr, Cu, Zn and Cd are 20.2, 11.4, 0.05, 9.8, 1.4, 0.7, 0.04, 0.59, 1.2, 12.7 and 0.05 

nmolkg-1, respectively. While metal concentrations in the north and south lake water 

collected in 2009 and 2010 (Romero et al., 2013) are typically higher than those 

measured in this study, the middle water concentrations in Romero et al. [2013] are 

similar to those in our study. Trace metal concentrations in Lake Tahoe are listed in 

Table 3.5.  
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The lack of seasonal or depth variation in trace metal concentrations is probably 

because except for the relatively short summer season when lake surface temperatures 

are relatively high, the lake water is well mixed every several years (TERC (Tahoe 

Environmental Research Center), 2016). This mixing of lake water distributes the 

trace metals evenly with depth and the net input or uptake of these metals over the 

summer months is not sufficient to change the distribution and result in any seasonal 

variation. The contribution of atmospheric deposition of trace metals was then 

calculated by dividing TSP annual deposition of dissolved trace metal by the of 

dissolved trace element inventories in the up 50 m of Lake Tahoe. The contributions 

typically are low, ranging from 0.02% in V to 3.6% in Mn and are consistent with the 

lack of surface maxima at this site. Although overall atmospheric deposition 

contribution is 20% for phosphorous, 57% of nitrogen and 16% of fine particles in the 

lake (Sahoo et al., 2013), atmospheric TSP contributions are much smaller for the 

soluble metals.  

 

3.3.5 Pb Isotopic Composition  

 In order to better understand possible sources of trace metal to Lake Tahoe, 

we have analyzed the Pb isotopic composition in aerosol, lake water, river water and 

ground water samples. 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb of 24 aerosol samples 

were determined. Fig. 3.8 shows the variations of these three Pb isotopic ratios. No 

seasonal trends in the Pb isotopic ratios are seen suggesting that the sources of Pb 
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likely do not vary seasonally. The average and standard deviation of 206Pb/204Pb, 

206Pb/207Pb and 208Pb/207Pb are 18.11 ± 0.12, 1.162 ± 0.006 and 2.428 ± 0.006, 

respectively. There is also no seasonal variation in the depth distribution of Pb 

isotopes in lake water, consistent with the distribution of metal concentrations and the 

mixing of lake waters (Fig. 3.9). The average and standard deviation of 206Pb/204Pb, 

206Pb/207Pb and 208Pb/207Pb are 19.13 ± 0.15, 1.199 ± 0.003 and 2.453 ± 0.003, 

respectively. Annual atmospheric Pb input contributes only 2.8% to the upper 50m 

depth Pb inventory. Even when we considered a mixed layer depth of 20m based on 

the thermocline for the stratified period (Coats et al., 2006), we obtain a contribution 

from deposition of up to 3.5% since the stratification didn’t last more than half a year. 

In either case the Pb from aerosols has little effect on the Pb isotopic composition in 

the upper water layer of the lake.  

To assess the relative contribution of different Pb sources to the lake we measured the 

concentration and isotope ratios of several potential sources. 206Pb/204Pb, 206Pb/207Pb 

and 208Pb/207Pb in seven of the major rivers in Tahoe basin are 19.00 ± 0.27, 1.215 ± 

0.016 and 2.474 ± 0.017, and ground water samples 206Pb/204Pb, 206Pb/207Pb and 

208Pb/207Pb ratios are 18.87± 0.27, 1.201 ± 0.012 and 2.459 ± 0.010. We also 

assembled published Pb isotope ratios for additional potential sources in the region 

(Cousens et al., 2008; Cousens et al., 2011). We plotted all Pb isotope data in a 

206Pb/207Pb vs 208Pb/207Pb tri-isotope plot (Fig. 3.10). The Pb isotopic composition in 

lake water are similar to those of ground water and some of the river water samples, 

suggesting that ground water and river water could be the major Pb sources to the 
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lake. In order to estimate the relatively contribution of soluble Pb from ground water, 

river water and atmospheric deposition, we used average ground water and river 

water Pb concentrations (0.133 and 3.43, respectively) and a ground water annual 

discharge 5.65 x 107 m3 per year (Thodal, 1997) and annual river discharge 3.83 x 108 

m3 per year (Truckee River Chronology) to estimate contributions from the different 

sources. The annual Pb loads from rivers, ground water and atmospheric deposition 

were then estimated as 40.1, 10.5 and 5.5 kg, respectively. As a result, atmospheric 

deposition contributes only about 10% of Pb, this is also consistent with our Pb 

concentrations and isotope ratios in the lake.    

 

3.4 Conclusion 

 Our results indicate that the TSP concentrations in the air in the Tahoe basin 

are higher during Oct – April than during the warmer months. Trace metal 

concentrations in aerosol samples are also higher in the cold period, however, trace 

metal solubilities in aerosol samples are higher during warm period. Base on the 

correlation between element and Al, element enrichment factors and PCA analyses, 

we can identify that most of the elements are dominated by mineral dust source, while 

Zn, Cu and Cd are contributed more by anthropogenic inputs.  Overall based on EF 

the trace metals in the TSP in the Tahoe Basin are mostly of natural sources with 

limited anthropogenic contribution.  Among major nutrient soluble concentrations in 

aerosols, NO3
- + NO2

- is higher during cold period while NH4
+ and SRP are higher in 
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warm period. Typically trace metal concentrations and Pb isotopic ratios are similar 

through whole water column, this implies that TSP is not a major source of soluble 

metals to the lake. Based on our estimation using Pb isotope ratios in aerosols, rivers 

and groundwater, TSP only contribute about 10% of soluble Pb assuming rivers and 

groundwater are the only other two sources.  
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Figure 3.1 Sampling locations 
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Figure 3.2 Aerosol concentration (µg m-3) records from 12/12/2015 to 2/2/2010 
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Figure 3.3 Trace metal bulk (solid lines) and soluble fraction (dash lines) 
concentrations in TSP (ng m-3), the concentrations were normalized to air volume. 
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Figure 3.4 Linear relationships of trace metals to Al 
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Figure 3.5 Upper crust enrichment factor values for various trace elements in 
aerosols collected in Tahoe Basin. The bottom and the top of each box are located at 
the 25 and 75 percentiles, central horizontal line is drawn at the sample median. 
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Figure 3.6 NH4+, NO2- +NO3-, SRP and (NH4
+ + NO2

- + NO3
-)/SRP ratio in aerosol 

soluble fraction between 2006 to 2009 
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Figure 3.7 Trace metal concentration depth profiles. Samples were collected at 
MLTP at mid-lake. Mean values and one standard deviations are from seven depth 
profiles collected during Spring 2013 and Summer 2016.  
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Figure 3.8 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb in 24 TSP samples collected 
during Jan 2006 to Sep 2009.  
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Figure 3.9 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb depth profiles.  
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Figure 3.10 Triple-isotope plot of Pb in lake water, river water, ground water, aerosol 
and volcanic rocks (1 and 2 are mean values of Pb isotopes from (B. Cousens et al., 
2008) and (B.L. Cousens et al., 2011), respectively.). Numbers in parentheses are data 
sizes. Note the river water ratio is an average of weighted ratios base on their 
individual annual discharges. 
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Table 3.1 Annual, May to September and October to April of aerosol total suspended 
particles (µg m-3), nutrients (nmol m-3) and trace metals (ng m-3) bulk and and soluble 
fraction concentrations. 
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Table 3.2 Element to Al Ratios in the Upper Continental Crust, California Soil, Lake 
Tahoe–Reno Region Volcanic Rocks and the Calculated Enrichment Factors Based 
on Average Upper Crust (EF upper crust), California Soil (EF soil) and the Volcanic 
Rocks for Trace Elements in Aerosols Collected in This Study. 

  Element/Al ratio   
Calculated Enrichment 

Factors 
 

Reference 

  

Upper crust, 
Taylor and 
McLennan  

1985 

California soil, 
Bradford et al.  

1996 

Lake Tahoe–Reno 
region volcanic rocks,�
Brian Cousens et al. 

 2008   

EF 
upper 

crust 

EF 
California 

soil 

EF 
volcanic 

rocks  		

Gulf of 
Aqaba, Chen 
et al., 2008. 
EF upper crust 

Al 1 1 1 
 

1 1 1 
 

1 
Fe 0.44 0.51 0.42 

 
1.35 1.17 0.72 

 
1.16 

Na 0.36 0.22 0.20 
 

0.97 1.61 1.42 
 

4.13 
Mg 0.17 0.14 0.45 

 
1.07 1.33 0.41 

 
1.57 

Ca 0.37 0.20 0.79 
 

1.41 2.65 0.66 
 

8.86 
Ti 0.04 0.06 0.09 

 
1.20 0.87 0.66 

 
⎯ 

P 8.7 5.6 13.3 
 

2.11 4.42 1.88 
 

10.3 
Mn 7.5 8.8 13.8 

 
1.33 1.13 0.72 

 
1.97 

Ba 6.8 7.0 10.9 
 

2.88 2.79 1.78 
 

⎯ 
Sr 4.4 1.8 8.3 

 
1.98 5.00 1.05 

 
3.1 

Zn 0.88 2.04 ⎯ 
 

7.42 3.20 ⎯ 
 

16.7 
V 0.75 1.53 2.04 

 
1.96 0.96 0.72 

 
6.88 

Cr 0.44 1.67 0.83 
 

1.29 0.34 0.68 
 

6.23 
Cu 0.31 0.39 ⎯ 

 
8.18 6.33 ⎯ 

 
10.5 

Ni 0.25 0.78 0.30 
 

1.30 0.40 1.05 
 

11.2 
Pb 0.25 0.33 0.09 

 
3.87 2.88 10.04 

 
28 

Co 0.12 0.20 ⎯ 
 

1.80 1.06 ⎯ 
 

2.44 
U 0.03 0.06 ⎯ 

 
0.86 0.43 ⎯ 

 
⎯ 

Cd 0.0012 0.0049 ⎯   17.14 4.29 ⎯ 		 97.3 
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Table 3.3 The rotated principal component matrix of annual TSP deposition of metals 
in Lake Tahoe, factor loading larger than 0.5 are highlighted in bold.  

  F1 F2 F3 

Na 0.880 0.273 -0.233 

Mg 0.981 0.079 -0.119 

Al 0.980 -0.107 -0.091 

P 0.858 0.001 -0.038 

Ca 0.987 -0.005 -0.111 

Ti 0.980 -0.129 -0.056 

V 0.982 -0.126 -0.039 

Cr 0.861 -0.018 -0.002 

Mn 0.909 -0.008 0.052 

Fe 0.984 -0.116 -0.037 

Co 0.978 -0.139 -0.058 

Ni 0.906 -0.045 0.163 

Cu 0.656 0.121 0.633 

Zn 0.543 0.408 0.532 

Sr 0.963 -0.139 -0.131 

Cd 0.022 0.918 -0.300 

Ba 0.732 0.021 0.248 

Pb 0.857 -0.041 -0.216 

U 0.939 0.200 -0.024 
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Table 3.4 Calculated fluxes of TSP (kg), nutrients (kmole) and trace metals (kg) in 
Summer/Fall, Winter/Spring and annual periods to Lake Tahoe, base on TSP annual 
deposition from Dolislager et al., 2012 and particle deposition rate 0. 2cms-1 and 
2cms-1. 
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Table 3.5 Trace metal concentrations of Lake Tahoe water. Units are nmol L-1. 

 

This study 

North lake, 
Romero et 
al., 2013 

South lake, 
Romero et 
al., 2013 

Mid lake, 
Romero et 
al., 2013 

Mid lake, 
Chang et 
al., 1992 

Cd 0.05 0.04 0.04 0.08 ⎯ 

Pb 0.04 0.09 0.25 0.01 ⎯ 

Al 20.2 25.8 48.5 5.6 ⎯ 

V 9.8 12.5 10.5 13.0 ⎯ 

Cr 0.59 ⎯ ⎯ ⎯ ⎯ 

Mn 1.4 3.3 9.6 0.8 ⎯ 

Fe 11.4 11.1 135 2.3 22.8 

Co 0.05 0.10 0.11 0.02 ⎯ 

Ni 0.7 1.0 3.5 0.7 ⎯ 

Cu 1.2 4.1 10.9 0.8 8.9 

Zn 12.7 ⎯ ⎯ ⎯ ⎯ 
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Table 3.6 Trace metal inventories per square meter in 0-50m water column, TSP 
trace metal fluxes and flux to inventory ratios. Units of trace metal inventories and 
fluxes are µg 

 

Metal inventory 

 

TSP metal flux 

 

Flux to inventory 

 

 0-50m   Annual     Annual   

Cd 276 

 

1.2 

 

0.4% 

Pb 391 

 

11 

 

2.8% 

Al 27286 

 

171 

 

0.6% 

V 25002 

 

5.2 

 

0.02% 

Cr 1550 

 

3.2 

 

0.2% 

Mn 3968 

 

141 

 

3.6% 

Fe 32053 

 

189 

 

0.6% 

Co 135 

 

1.2 

 

0.9% 

Ni 1991 

 

1.9 

 

0.1% 

Cu 3859 

 

47 

 

1.2% 

Zn 41110   235   0.6% 
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CONCLUSIONS 

 

In this thesis 3 studies were presented that show the diverse and complex impacts of 

dry atmospheric deposition on marine biology and seawater chemistry contributing to 

the increasing scientific body of work that illustrates the importance and close 

interactions between the atmosphere and hydrosphere. These studies also emphasized 

the importance of understanding controls on aerosol chemistry and solubility, as well 

as time series data on dry atmospheric deposition at various regions, as directions for 

future studies.   
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APPENDICES 

 

Chapter 1  

A1 Model supporting information 

In the supporting information, we provide detailed information regarding the calculation 

of the amount of dust added in the dust bioassay treatments and on our modeling of 

aeolian fluxes of phosphate and iron. 

Dust addition in the bioassay incubations 

The amount of dust added to the low dust bioassays (0.03mg in 500ml) was 

calculated based on the annual average dust deposition of 10 g m-2 yr-1 at the study area 

mixed into a 10m water column (mixing depth) over 20 days (residence time). That is 

10g into 10,000 L or 1mg of dust deposited into 1L over 365 days and ~0.055 mg per 

liter over 20 days of deposition. We added 0.03mg of dust into 500ml seawater (0.06 

mg/L) slightly more than the average deposition over 20 days.   

For the high dust additions, we assumed a deposition rate of 150 g m-2 yr-1 (this is 15 

times the average and is seen in extreme dust storm events); hence we added 0.5mg (15 

times 0.03mg). 

 

Modeling of Aeolian Fluxes of P and Fe 

Phosphorus was modeled following Mahowald et al. [2008] with some small 

differences, which we describe here. Dust emissions, concentrations and AOD are tuned 

to match observations following the methodology of Albani et al. [2014].  Preindustrial 
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dust is likely to be lower in most regions, and the deposition ratios from Mahowald et al. 

[2010] are used to tune the emissions in different source areas to represent these changes. 

Industrial combustion sources of P in both the fine and coarse fraction are modeled 

following Mahowald et al. [2008], which uses emission factors and the spatially explicit 

emissions from the Speciated Emission Wizard (SPEW) [T Bond et al., 2007; T C Bond 

et al., 2004; Mahowald et al., 2008].  For preindustrial times we assume 10% of 

industrial emissions in the current climate occur in preindustrial time periods. Biomass 

burning aerosols are assumed to have a phosphorus to black carbon (P/BC) ratio of 

0.0029 and 0.02 in fine and coarse modes respectively, with 20% of the BC occurring in 

the coarse mode, based on observations from the Amazon [Mahowald et al., 2008; 

Mahowald et al., 2005]. Biomass burnings emission from GFEDv3 are used, but tuned to 

better match observations of aerosols using the methods of Ward et al. [2012], as 

described in the main text for N emissions (using exactly the same methodology and 

datasets for P, Fe and N). Biofuel emissions are based on the same emission factors of 

P/BC as for biomass burning, since there is no data, and the biofuels emission map of 

Lamarque et al. [2010] are used. We modeled these emissions with the same mechanism 

as the dust, using 4 size bins. For preindustrial times we assume 10% of emissions of P in 

biofuels as the current climate. P in primary biogenic particles was modeled as a function 

of simulated above ground biomass in Mahowald et al. [2008], while here we wish to use 

more observation-based estimates and thus use the satellite retried leaf area indices [Zhu 

et al., 2013].  LAI and above ground vegetation are roughly linear in relationship (e.g. 

[Madugundu et al., 2008]), although they may not be linear across all ecosystems. We 

adjust the emission rate of primary biogenic particles to match the observation that 



 
 

 
 

77 

approximately 30% of the aerosol mass less than 10 µm over the Amazon is primary 

biogenic particles (similar to Mahowald et al. [2008]), and obtain a similar global 

emission rate as seen in Mahowald et al. [2008], although there is more mass in higher 

latitudes than in that study. This is consistent with P data in high latitudes, so this is likely 

to be an improvement in our simulation compared to Mahowald et al. [2008]. We 

distribute the P throughout the 4 bins, using a similar size distribution as dust. Assuming 

a similar size distribution as dust is a large assumption, but we have no other information. 

We do not include a change in leaf area index between preindustrial and current, as this 

should be a small change, and is not well constrained. Sea salts are a small source of P to 

long range transport [Graham and Duce, 1979; Mahowald et al., 2008], so we make a 

simplifying assumptions that P concentrations in sea water are 8e-8 kgP/kg sea salts and 

use the prognostic sea salt algorithm in the CAM [Mahowald et al., 2006]. Volcanoes 

emit P aerosols as well, and we use the same methodology as in Mahowald et al. [2008], 

based on emissions of sulfur from volcanoes in the fine mode. Following Mahowald et al. 

[2008], dust sources of P are assumed to have a lower solubility than other sources (10% 

vs. 50%). 

 Iron is modeled following Luo et al. [2008] and consistent with N and P, as much 

as possible. Dust is assumed to contain 3.5% iron on average. Biomass burning is 

assumed to have a ratio of 0.2 gFe/gBC in the fine mode, and 1.4 gFe/gBC for the coarse 

mode [Luo et al., 2008]. Industrial sources of Fe are emitted following Luo et al. [2008].  

Changes in dust, biomass burning and industrial sources of Fe are done in the same 

manner as P. Not all Fe is equally soluble [Baker et al., 2006; Mahowald et al., 2009; 

Sedwick et al., 2007; Sholkovitz et al., 2009]. Combustion sources of Fe are thought to be 
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more soluble than dust sources (4% vs 0.4% ) [Luo et al., 2008]. In addition, Fe can be 

processed in the environment by acids (e.g. [Mahowald et al., 2009]). Here we use the 

solubility calculations conducted in Luo et al. [2005] and Mahowald et al. [2009] for 

preindustrial and current conditions, and apply them to simulations of dust from the 

CAM4 model. This will cause a slight inconsistency between the solubility calculations 

of Fe and the distribution, which, due to not having a set of simulations with soluble Fe 

calculated, is currently unavoidable. Because of the uncertainties in the exact processes 

causing solubilization, the inconsistency in model simulations is not likely to be the 

largest uncertainty in our estimates. The simulations of N and P used here are consistent 

with the simulations included in Brahney et al. [2015], and the N and P ratios are 

compared to available observations in that study. 

 
 

 
 



 
 

 
 

79 

Reference 

 
Albani, S., N. Mahowald, A. Perry, R. Scanza, C. Zender, and M. G. Flanner (2014), 
 Improved representation of dust size and optics in the CESM, Journal of 
 Advances in Modeling of Earth Systems, 6, doi:10.1002/2013MS000279. 
 
Baker, A. R., T. D. Jickells, M. Witt, and K. L. Linge (2006), Trends in the solubility of 
 iron, aluminium, manganese and phosphorus in aerosol collected over the Atlantic 
 Ocean, Mar. Chem., 98(1), 43-58. 
 
Bertilsson, S., O. Berglund, D. M. Karl, and S. W. Chisholm (2003), Elemental 
 composition of marine Prochlorococcus and Synechococcus: Implications for the 
 ecological stoichiometry of the sea, Limnol. Oceanogr., 48, 1721–1731. 
 
Bond, T., E. Bhardwaj, R. Dong, R. Jogani, S. Jung, C. Roden, D. Streets, and N. 
 Trautman (2007), Historical emissions of black and organic carbon aerosol from 
 energy-related combustion, 1850-2000, Global biogeochemical cycles, 
 21(GB2018), doi:10.1029/2006GB002840. 
 
Bond, T. C., D. G. Streets, K. F. Yarber, S. M. Nelson, J.-H. Woo, and Z. Klimont 
 (2004), A technology-based global inventory of black and organic carbon 
 emissions from combustion, Journal of Geophysical Research, 109(D14203), 
 doi:10.1029/2003JD003697. 
 
Brahney, J., N. Mahowald, A. Ballantyne, and J. Neff (2015), Is atmospheric 
 phosphorus pollution altering global alpine lake stoichiometry?, Global 
 Biogeochemical Cycles, 29, doi:10.1002/2015GB005137. 
 
Bruland, K. W., E. L. Rue, and G. J. Smith (2001), Iron and macronutrients in California 
 coastal upwelling regimes: Implications for diatom blooms, Limnol. Oceanogr., 
 46(7), 1661-1674, doi:10.4319/lo.2001.46.7.1661 
 
Cuhel, R.L. and J.B. Waterbury (1984), Biochemical composition and short term nutrient 
 incorporation patterns in a unicellular marine cyanobacterium Synechococcus   
  (WH7803), Limnol. Oceanogr., 29, 370–374. 
 
Feng, Y., et al. (2008), Interactive effects of pCO2, temperature and irradiance on the 
 marine coccolithophore Emiliania huxleyi (Prymnesiophyceae), Eur. J. Phycol., 
 43, 87-98, doi:10.1080/09670260701664674 
 
Graham, W. F., and R. A. Duce (1979), Atmospheric pathways of the phosphorus cycle, 
 Geochimica et Cosmochimica Acta, 43, 1195-1208. 
 
Grob, C., et al. (2013), Elemental composition of natural populations of key microbial 
 groups in Atlantic waters, Environ. Microbiol., 15, 3054–3064. 



 
 

 
 

80 

Heldal, M., D. J. Scanlan, S. Norland, F. Thingstad, and N. H. Mann (2003), Elemental 
 composition of single cells of various strains of marine Prochlorococcus and 
 Synechococcus using x-ray microanalysis, Limnol. Oceanogr., 48, 1732–1743. 
 
Kudo, I., and P. J. Harrison (1997), Effect of iron nutrition on the marine cyanobacterium 
 Synechococcus grown on different N sources and irradiances, J. Phycol., 33, 232–
 240. 
 
Kustka, A., S. Sanudo-Wilhelmy, E. J. Carpenter, D. G. Capone, J. Burns, and W. G. 
 Sunda (2003), Iron requirements for nitrogen- and ammo- nium-supported  growth 
 in cultures of Trichodesmium (IMS101): Com- parison with N fixation rates and 
 iron:carbon ratios of field populations, Limnol. Oceanogr., 48, 1869–1884. 
 
Lamarque, J.-F., et al. (2010), Historical (1850-200) gridded anthropogenic and biomass 
 burning emissions of reactive gases and aerosols: methodology and application, 
 Atmospheric Chemistry and Physics, 10(7017), 7017-7039. 
 
Luo, C., N. Mahowald, N. Meskihidze, Y. Chen, R. Siefert, A. Baker, and A. Johansen 
 (2005), Estimation of iron solubility from observations and a global aerosol 
 model, Journal of Geophysical Research, 110, D23307, 
 doi:23310.21029/22005JD006059  
 
Luo, C., N. Mahowald, T. Bond, P. Y. Chuang, P. Artaxo, R. Siefert, Y. Chen, and J. 
 Schauer (2008), Combustion iron distribution and deposition, Global 
 Biogeochemical Cycles, 22(GB1012), doii:10.1029/2007GB002964. 
 
Madugundu, R., V. Nizalapur, and C. Jha (2008), Estimation of LAI and above ground 
 biomass in deciduous forests: Western Ghats of Karnataka Inda, International 
 Journal of Applied Earth Observation and Geoinformation, 10, 211-219. 
 
Mahowald, N., P. Artaxo, A. Baker, T. Jickells, G. Okin, J. Randerson, and A. Townsend 
 (2005), Impact of biomass burning emissions and land use change on Amazonian 
 atmospheric cycling and deposition of phosphorus, Global Biogeochemical 
 Cycles, 19(4), GB4030; 4010.1029/2005GB002541. 
 
Mahowald, N., J.-F. Lamarque, X. Tie, and E. Wolff (2006), Sea salt aerosol response to 
 climate change: last glacial maximum, pre-industrial, and doubled-carbon dioxide 
 climates, Journal of Geophysical Research, 111, D05303, 
 doi:05310.01029/02005JD006459. 
 
Mahowald, N., T. D. Jickells, and P. A. Alex R. Baker, Claudia R.Benitez-Nelson, Gilles 
 Bergametti,Tami C. Bond, Ying Chen, David D. Cohen, Barak Herut, Nilgun 
 Kubilay, Remi Losno, Chao Luo, Willy Maenhaut, Kenneth A. McGee, Gregory 
 S. Okin, Ronald L. Siefert, Seigen Tsukuda (2008), The global distribution of 
 atmospheric phosphorus deposition and anthropogenic impacts, Global 
 Biogeochemical Cycles, 22(GB4026), doi:10.1029/2008GB003240. 



 
 

 
 

81 

Mahowald, N., et al. (2009), Atmospheric Iron deposition: Global distribution, variability 
 and human perturbations, Annual Reviews of Marine Sciences, 1, 245-278, 
 doi:210.1146/annurev/marine.010908.163727. 
 
Mahowald, N., et al. (2010), Observed 20th century desert dust variability: impact on 
 climate and biogeochemistry, Atmospheric Chemistry and Physics, 10, 10875-
 10893, doi:10.5194/acp-10-10875-2010 
 
Pedrotti, M. L., S. Fiorini, M.-E. Kerros, J. J. Middelburg and J.-P. Gattuso (2012), 
 Variable production of transparent exopolymeric particles by haploid and diploid 
 life stages of coccolithophores grown under different CO2 concentrations, 
 J. Plankton Res., 34, 388–398. 
 
Price, N. M. (2005), The elemental stoichiometry and composition of an iron-limited 
 diatom, Limnol. Oceanogr., 50, 1159–71. 
 
Sedwick, P. N., E. R. Sholkovitz, and T. M. Church (2007), Impact of anthropogenic 
 combustion emissions on the fractional solubility of aerosol iron: Evidence from 
 the Sargasso Sea, Geochemistry Geophysics Geosystems, 8, 
 doi:10.1029/2007GC001586 
 
Shi, D., Y. Xu, B. M. Hopkinson, and F. M. M. Morel (2010), Effect of ocean 
 acidification on iron availability to marine phytoplankton, Science, 327, 676–679, 
 doi:10.1126/science.1183517 
 
Sholkovitz, E. R., P. N. Sedwick, and T. M. Church (2009), Influence of anthropogenic 
 combustion emissions on the deposition of soluble aerosol iron to the ocean: 
 Empirical estimates for island sites in the North Atlantic, Geochimica et 
 Cosmochimica Acta, 73(14), 3981-4003. 
 
Sunda, W. G. and S. A. Huntsman, (1995) Iron uptake and growth limitation in oceanic 
 and coastal phytoplankton, Mar. Chem., 50, 189–206. 
 
Ward, D. S., S. Kloster, N. M. Mahowald, B. M. Rogers, J. T. Randerson, and P. G. Hess 
 (2012), The changing radiative forcing of fires: global model estimates for past, 
 present and future, Atmos. Chem. Phys., 12(22), 10857-10886. 
 
Zhu, Z., J. Bi, Y. Pan, S. Ganguly, A. Anav, L. Xu, A. Samanta, S. Piao, R. Nemani, and 
 R. Myneni (2013), Global data sets of vegetation leaf area index (LAI)3g and 
 fraction of photosynthetically active radiation (FPAR)3g derived from global 
 inventory modeling and mapping studies (GIMMS) Normalized difference 
 vegetation index (NDVI3g) for the period 1981 to 2011, Remote Sensing, 5(2), 
 927-948. 
 



 
 

 
 

82 

 
Figure S1.1 (A) Distributions of Prochlorococcus, Synechococcus and picoeukaryote 
based on red fluorescence (692/40nm) and orange fluorescence (572/27nm). (B) Cell 
distribution based on red fluorescence (692/40nm) and forward scatter. 
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Figure S1.2 Phosphate drawdown in the various treatments, calculated by subtracting 
concentrations in day 3 from those of day 0. Positive values indicate that P was 
consumed. 
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Figure S1.3 Difference in biomass (mg Cm-3) between EXP2 described in the main 
manuscript and a model run with the same parameters but with only Fe input from dust. 
Note that the scale here is one tenth that of the scale in Figures 5D, E and F in the main 
manuscript. 
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Metal  
Detection  

limit*  
Recovery 

(%)  CASS5 analyses**  SAFe-S (n=6)*** 

       Measured       Certified  Measured        consensus  

      av ± SD   av ± SD   av ± SD 

Mn 0.023  102 ± 2  38.2 ± 1.6 46.6 ± 3.6  0.84 ± 0.05 0.79 ± 0.06 

Fe 0.74  103 ± 1  26.4 ± 0.7 25.1 ± 2.0  BD 0.093 ± 0.008 

Co 0.005  101 ± 2  1.4 ± 0.1 1.6  0.003 ± 0.002 0.005 ± 0.001 

Ni 0.11  102 ± 0  5.1 ± 0.2 5.5 ± 0.4  2.45 ± 0.17 2.28 ± 0.09 

Cu 0.013  101 ± 1  5.8 ± 0.2 5.8 ± 0.4  0.37 ± 0.02 0.52 ± 0.05 

Cd 0.0004  99 ± 0  0.22 ± 0.01 0.19 ± 0.15  0.0017 ± 0.0008 0.0011 ± 0.0003 

Pb 0.0009   100 ± 2   0.042 ± 0.002 0.053 ± 0.010   0.044 ± 0.001 0.0480 ± 0.0022 

* Detection limit calculated as 3×standard deviation of the blank.    

** Results from multiple analyses over the period samples were analyzed.      

*** w/o UV treatments         
 
Table S1.1 Detection limit and CRM analyses. Units are nmol/kg if not mentioned 
otherwise. 
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Table S1.2 Elemental ratios of C:N:P:Fe used for the model were based on mid-range 
values from aggregated laboratory and field collected data for different phytoplankton 
functional groups as listed in this table.    
Functional group Species Strain or 

location 
C:N C:P N:P Fe:C 

(µmol/
mol) 

Condition Reference 

Coccolithophore Emiliania huxleyi     4.1 Total[Fe]=1.2 Sunda and Huntsman 1995 

Coccolithophore Emiliania huxleyi     22.2 Total[Fe]=101 Sunda and Huntsman 1995 

Coccolithophore Emiliania huxleyi 371 6.69 117 17.5  20C, low light Feng 2008 

Coccolithophore Emiliania huxleyi 371 6.86 108 15.7  24C, low light Feng 2008 

Coccolithophore Emiliania huxleyi 371 6.11 91 15  20C, high light Feng 2008 

Coccolithophore Emiliania huxleyi 371 5.83 82 14.2  24C, high light Feng 2008 

Coccolithophore Emiliania huxleyi  7.1     Pedrotti et al., 2012 

Coccolithophore Calcidiscus 
leptoporus 

 5.9     Pedrotti et al., 2012 

Coccolithophore Syracosphaera 
pulchra 

 7.7     Pedrotti et al., 2012 

Coccolithophore Emiliania huxleyi  6.6   2-10  Shi et al., 2010 

Diatom Thalassiosira 
weissflogii 

CCMP1336 6.9 97 14 33.4 Total[Fe]=100nM, 
NH4 or NO3 

Price 2005 

Diatom Thalassiosira 
weissflogii 

CCMP1336 7 70 10 9.46 Total[Fe]=10nM, 
NH4 or NO3 

Price 2005 

Diatom Thalassiosira 
weissflogii 

    7.2 Total[Fe]=1.2 Sunda and Huntsman 1995 

Diatom Thalassiosira 
weissflogii 

    9.8 Total[Fe]=101 Sunda and Huntsman 1995 

Diatom Thalassiosira 
pseudonana 

    12.5 Total[Fe]=9.5 Sunda and Huntsman 1995 

Diatom Thalassiosira 
pseudonana 

    149 Total[Fe]=1023 Sunda and Huntsman 1995 

Diatom Thalassiosira 
weissflogii 

    13.1 Total[Fe]=11 Sunda and Huntsman 1995 

Diatom Thalassiosira 
weissflogii 

    101 Total[Fe]=1025 Sunda and Huntsman 1995 

Diatom Diatom 
assemblage/ 
bloom 

Monterey 
Bay 

   ~50  Bruland et al., 2001 

Diazotroph Trichodesmium culture    8 NH4 as N source Kustka et al., 2003 

Diazotroph Trichodesmium culture    38 N2 as N source Kustka et al., 2003 

Diazotroph Trichodesmium Australia 
transect 

 79-310; 
ave=185 

14-52; 
ave=29 

18-78; 
ave=35 

Australia transect Kustka et al., 2003 

Dinoflagellate Prorocentrum     10.7 Total[Fe]=9.3 Sunda and Huntsman 1995 
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minimum 

Dinoflagellate Prorocentrum 
minimum 

    74.5 Total[Fe]=2968 Sunda and Huntsman 1995 

Prochlorococcus Prochlorococcus MED4 5.7 121 21.2  P replete Bertilsson et al., 2003 

Prochlorococcus Prochlorococcus SARG 8.8 215 24.4  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus NATL-MIT 9.2 206 22.6  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus GP2 9.2 190 21  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus SB 9.9 156 15.9  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus EQPAC1 8.5 160 19  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus PCC9511 9.5 190 20  exponential Heldal et al., 2003 

Prochlorococcus Prochlorococcus NGI surface 4.04 277 75  AMT field samples Grob et al., 2013 

Prochlorococcus Prochlorococcus NGI 142m 
deep 

5.83 1073 185  AMT field samples Grob et al., 2013 

Prochlorococcus Prochlorococcus NGII surface 7.82 737 99  AMT field samples Grob et al., 2013 

Prochlorococcus Prochlorococcus NGI 127m 
deep 

5.62 1150 206  AMT field samples Grob et al., 2013 

Synechococcus Synechococcus WH8102 5.4 130 24  P replete Bertilsson et al., 2003 

Synechococcus Synechococcus WH8103 5 165 33.2  P replete Bertilsson et al., 2003 

Synechococcus Synechococcus WH8103 10 150 15  PCR-S11 medium; 
exponential 

Heldal et al., 2003 

Synechococcus Synechococcus WH7805 8.9 113 13.3  PCR-S11 medium; 
exponential 

Heldal et al., 2003 

Synechococcus Synechococcus WH7805 7 115 16.4   Cuhel and Waterbury 1984 

Synechococcus Synechococcus DC2    35.7-
38.5 

Fe replete, NH4 or 
NO3 

Kudo and Harrison 1997 

Synechococcus Synechococcus DC2    34.5 Fe limited, NO3 only Kudo and Harrison 1997 

Synechococcus Synechococcus DC2    14.9 Fe limited, NH4 only Kudo and Harrison 1997 

Synechococcus Synechococcus NGII surface 5.48 1150 100  AMT field samples Grob et al., 2013 

Synechococcus Synechococcus NGI 127m 
deep 

4.41 621 135  AMT field samples Grob et al., 2013 

 
 
 



 
 

 
 

88 

Chapter 2 

A2 Pb analysis supporting information 

  
Fig. S2.1 Comparison of two Pb concentrations profiles at station 7, results are from 
independently determination by UCSC and RCEC, Academia Sinica.  
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A

B

C

Original 
NIST 981

16.70

16.80

16.90

17.00

17.10

17.20

20
6 P

b/
20

4 P
b 

Fig. S2

1.083
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1.093

1.098

1.103

20
6 P

b/
20

7 P
b 

2.360

2.365

2.370

2.375

2.380

20
8 P

b/
20

7 P
b 

 
Fig. S2.2 Pb isotope ratios of NIST 981 in 1L of trace metal free seawater at 
concentration of 15 to 150 pmol/kg Pb (seawater was purified by Nobias Chelate-PA1 
resin). (A) 206Pb/207Pb. (B) 208Pb/207Pb. (C) 206Pb/204Pb. The error bar represented ± 2 
s.d.. 
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Table S2.1 Pb detection limit and concensus samples analyses. 

 CRM 
 

Detection limit* 
 

measured consensus  
    pmol/kg    pmol/kg (av ± SD) 
SAFe_S (n=6)   0.5 

  44.0 ± 1.0 48.0 ± 2.2 
SAFe_D1 (n=4)     27.2 ± 1.3 27.7 ± 2.6 
* Detection limit calculated by 3×standard deviation of 26 blanks. 
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Table S2.2 Pb concentrations and isotopic compositions at each station. * at station 6 
represented mean and standard error of isotope results from duplicate samples. 

 
Depth 

(m) 
Concentration 

(pmol kg-1) 
206Pb/207Pb 2SD 208Pb/207Pb 2SD 206Pb/204Pb 2SD 

ST1 23.5°N 121.74°E 

10 36.2 1.1698 0.0002 2.4492 0.0003 18.27 0.02 

30 38.4 1.1683 0.0003 2.4499 0.0008 18.24 0.03 

48 42.5 1.1701 0.0003 2.4505 0.0006 18.27 0.02 

100 52.2 1.1657 0.0003 2.4500 0.0006 18.21 0.02 

600 35.8 1.1673 0.0003 2.4527 0.0008 18.22 0.03 

800 35.8 1.1674 0.0002 2.4526 0.0006 18.22 0.03 

1000 29.9 1.1675 0.0004 2.4504 0.0006 18.23 0.03 

1500 21.0 1.1710 0.0003 2.4489 0.0006 18.29 0.03 

2000 17.7 1.1716 0.0002 2.4549 0.0006 18.31 0.02 

3000 31.2 1.1788 0.0005 2.4697 0.0009 18.46 0.06 

3237 36.7 1.1839 0.0003 2.4709 0.0007 18.51 0.03 

ST3 23.5°N 122.25°E 

70 43.4 1.1674 0.0001 2.4468 0.0002 18.22 0.01 

100 41.5 1.1648 0.0001 2.4448 0.0004 18.19 0.01 

150 43.4 1.1636 0.0001 2.4477 0.0003 18.18 0.01 

200 47.5 1.1648 0.0002 2.4466 0.0004 18.19 0.01 

600 30.3 1.1648 0.0002 2.4508 0.0004 18.17 0.02 

800 24.6 1.1664 0.0003 2.4514 0.0005 18.20 0.03 

1000 23.7 1.1684 0.0002 2.4542 0.0004 18.26 0.02 

1500 23.4 1.1692 0.0002 2.4535 0.0005 18.25 0.02 

2000 21.9 1.1708 0.0003 2.4528 0.0006 18.30 0.02 

3000 26.4 1.1805 0.0002 2.4618 0.0004 18.45 0.02 

4000 37.8 1.1738 0.0002 2.4575 0.0004 18.34 0.01 

4500 46.1 1.1797 0.0003 2.4689 0.0006 18.45 0.02 

ST4 23.5°N 123°E 

100 52.1 1.1655 0.0003 2.4475 0.0008 18.21 0.02 

200 49.3 1.1634 0.0003 2.4469 0.0005 18.17 0.01 

400 45.6 1.1630 0.0002 2.4486 0.0005 18.16 0.01 

600 39.0 1.1635 0.0002 2.4488 0.0004 18.16 0.01 

800 35.0 1.1649 0.0003 2.4506 0.0006 18.20 0.01 

1000 29.2 1.1675 0.0003 2.4527 0.0006 18.24 0.01 

ST5 23.5°N 124°E 

30 52.2 1.1631 0.0001 2.4474 0.0003 18.17 0.01 
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65 58.0 1.1634 0.0003 2.4474 0.0006 18.18 0.02 

100 60.1 1.1635 0.0002 2.4480 0.0006 18.18 0.01 

150 62.2 1.1626 0.0002 2.4479 0.0005 18.16 0.01 

200 54.8 1.1631 0.0002 2.4487 0.0006 18.17 0.01 

600 46.0 1.1631 0.0003 2.4496 0.0005 18.16 0.02 

1000 30.0 1.1682 0.0002 2.4518 0.0006 18.25 0.02 

1500 22.7 1.1705 0.0002 2.4558 0.0006 18.28 0.02 

2431 13.7 1.1772 0.0006 2.4571 0.0027 18.43 0.20 

ST6 23.5°N 125°E 

30 62.2 1.1652 0.0003 2.4482 0.0009 18.21 0.02 

67* 66.0 1.1641 0.0008 2.4478 0.0003 18.18 0.03 

100* 65.4 1.1640 0.0006 2.4476 0.0003 18.18 0.00 

150 59.1 1.1632 0.0003 2.4477 0.0005 18.16 0.02 

200* 59.7 1.1632 0.0001 2.4485 0.0005 18.15 0.00 

400* 48.2 1.1616 0.0003 2.4497 0.0005 18.17 0.00 

600 44.5 1.1621 0.0004 2.4482 0.0007 18.14 0.02 

800 37.3 1.1653 0.0003 2.4499 0.0008 18.20 0.02 

1000* 21.9 1.1663 0.0011 2.4533 0.0004 18.26 0.01 

1500 22.7 1.1660 0.0002 2.4512 0.0004 18.21 0.02 

2000* 16.4 1.1695 0.0014 2.4513 0.0009 18.24 0.03 

3000 17.9 1.1704 0.0003 2.4555 0.0007 18.28 0.02 

4000* 11.4 1.1742 0.0005 2.4520 0.0009 18.22 0.07 

4500* 19.5 1.1723 0.0020 2.4522 0.0006 18.24 0.03 

ST7 23.5°N 126°E 

50 52.2 1.1628 0.0002 2.4469 0.0005 18.16 0.01 

95 58.0 1.1647 0.0000 2.4474 0.0006 18.18 0.00 

150 60.1 1.1625 0.0003 2.4472 0.0005 18.17 0.04 

200 62.2 1.1623 0.0003 2.4479 0.0004 18.16 0.01 

400 54.8 1.1616 0.0002 2.4491 0.0004 18.14 0.01 

600 46.0 1.1617 0.0002 2.4476 0.0005 18.14 0.01 

800 36.9 1.1640 0.0002 2.4487 0.0006 18.18 0.01 

1000 30.0 1.1664 0.0002 2.4517 0.0006 18.22 0.01 

1500 22.7 1.1674 0.0002 2.4516 0.0005 18.23 0.01 

2000 14.6 1.1698 0.0004 2.4562 0.0007 18.33 0.03 

3000 13.7 1.1752 0.0002 2.4623 0.0004 18.38 0.02 

4000 11.2 1.1721 0.0004 2.4575 0.0010 18.33 0.03 

4909 15.3 1.1762 0.0004 2.4617 0.0008 18.42 0.03 

ST8 23.5°N 128°E 

10 47.4 1.1638 0.0003 2.4469 0.0004 18.19 0.02 
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30 42.4 1.1641 0.0003 2.4471 0.0008 18.19 0.02 

80 53.0 1.1640 0.0003 2.4489 0.0006 18.24 0.02 

110 51.5 1.1642 0.0003 2.4476 0.0008 18.18 0.03 

150 48.1 1.1651 0.0003 2.4465 0.0005 18.19 0.02 

200 55.8 1.1627 0.0002 2.4477 0.0005 18.16 0.02 

400 49.9 1.1633 0.0003 2.4497 0.0005 18.16 0.02 

600 43.9 1.1622 0.0002 2.4481 0.0007 18.16 0.02 

800 40.8 1.1634 0.0003 2.4484 0.0005 18.13 0.02 

1000 30.3 1.1646 0.0004 2.4489 0.0007 18.17 0.03 

2000 19.1 1.1703 0.0003 2.4512 0.0009 18.29 0.05 

3000 16.3 1.1716 0.0003 2.4537 0.0007 18.31 0.02 
 

 

 
 
 
 
 
 
 




