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Dust deposition on ecosystems with highly weathered soils may provide vital rock-

derived nutrients that maintain ecosystem productivity. Because of the difficulties in 

measuring temporally and spatially heterogeneous dust deposition over ecologically 

meaningful timescales, evaluations of the spatial variability in dust deposition are 

extremely rare. In the Luquillo Mountains of Puerto Rico, dust originates from the 

Sahara-Sahel region of Africa, travelling on trade winds from the east across the Atlantic 

Ocean. This thesis evaluates the spatial variability of dust deposition in two ways: 1) 

using two twenty-year weekly records of rainfall chemistry in conjunction with historical 

airmass trajectory provenance, and 2) Isotopic ratios of neodymium in soil that represent 

mixing between neodymium from bedrock sources and from African dust. Results from 

rainfall chemistry show deposition can vary from 0.7 to 2.6 g dust m
-2

 yr
-1

 along a 10 km 

east to west transect in the Luquillo Mountains. Across 31 ridgetop locations, soil 

neodymium isotope ratios reveal a spatial variability in dust deposition of 1.7 to 43.2 g m
-

2
 yr

-1
 in an approximately 10 x 10 km area. An analysis of several key environmental 

variables has not revealed a key factor that determines long-term differences in dust 

deposition. The most probable control on dust deposition is a complex interaction of 

variables such as surface wind patterns and long-term canopy characteristics.    
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1 Thesis Introduction 

Atmospheric mineral aerosol dust originates when mineral particles from the 

surface are ejected by wind erosion into the atmosphere. Most dust originates in deserts 

where dry environments facilitate entrainment of particles into the atmosphere. 

Understanding how dust behaves both in the atmosphere and after it settles on land or the 

ocean is important for understanding how the Earth System functions in many different 

ways. For example, pathogens plaguing coral reefs can be transported by dust [Shinn et 

al., 2000]. The radiative budget of the Earth can be drastically impacted by dust reflecting 

incoming radiation back out of the atmosphere [Tegen et al., 1996]. Increases in ocean 

productivity are directly caused by iron fertilization from dust deposition [Coale et al., 

1996; Martin, 1990]. Finally, highly weathered terrestrial ecosystems that have limited 

rock-derived nutrients can be supplied with fresh minerals from long-range dust transport 

[e.g. Chadwick et al., 1999]. 

This thesis addresses the spatial and temporal variability of dust deposition to an 

ecosystem on highly weathered soil using two different methods. The specific ecosystem 

studied in this thesis is a montane tropical wet forest in the Luquillo Mountains of Puerto 

Rico. Evaluating the spatial variability of dust deposition is important for understanding 

the effect of dust in fertilizing of terrestrial ecosystems. Given the difficulty of measuring 

dust deposition, studies attempting to discern the spatial variability of long-range dust 

deposition are extremely rare. In addition to spatial variability, temporal variability of 

dust deposition can elucidate both how dust has affected past climates of the Earth 

System and how past climates have affected dust deposition rates. Few studies have such 

long-term measures of dust deposition in rainfall, and even fewer have attempted to 
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calculate a dust flux from isotopic measurements, which yield dust deposition averages 

for thousands of years. 

The first method used in this thesis utilizes weekly records of rainfall chemistry 

from two separate rain-gauge stations 10 km apart in the Luquillo Mountains that have 

been operational for twenty years. The rainfall chemistry record includes three separate 

indicators of dust deposition, total suspended solids (TSS), non-seasalt calcium (nss-Ca) 

and dissolved silica (dSiO2). Pairing this rainfall chemistry record with backward airmass 

trajectories to the Caribbean’s main source of dust answers several important questions 

regarding: (1) relationships between nss-Ca, TSS, dSiO2, and backward airmass 

trajectories from the Sahara-Sahel region and the utility of each rainfall metric as a dust 

tracer, (2) variability in dust fluxes between two sites that are 10 km apart with similar 

rainfall, elevation, and forest type, (3) seasonal variation in dust deposition and its 

controls, and (4) rough estimates of dry deposition as calculated by difference, either 

between throughfall and openfall, or openfall and wet-only deposition. 

The second method used in this thesis utilizes the isotopic ratio of neodymium 

(Nd) to trace dust deposition in 31 separate locations in the Luquillo Mountains. The 

Sahara-Sahel region of Africa has ratio of 
143

Nd/
144

Nd that is very different from the 

143
Nd/

144
Nd ratio found in Luquillo bedrock. This means that the ratio of 

143
Nd/

144
Nd in 

soil represents a two-endmember mixing calculation between dust and bedrock. Knowing 

the concentration of Nd in dust, and estimating the amount of dust associated Nd that has 

weathered out of the soil, we can calculate a dust flux that is an average over the 

residence time of the soil. Once an estimate of dust deposition is calculated for all site 

locations, correlations are examined between dust flux and several environmental 
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variables in an effort to answer questions regarding (1) the spatial variability of dust 

deposition over geologic timescales (2) if dust deposition is spatially variable, what 

factors control dust deposition over these longer timescales (3) how much P or other 

nutrients has this dust provided to the ecosystem and how does that compare to current 

bedrock nutrient contributions.  

The primary relationship between both chapters in this thesis is the study of the 

spatial variability of dust deposition. Although both methods address this issue from a 

different approach, and over different timescales, both answer similar questions and open 

discussion on how dust is affecting terrestrial ecosystem processes. Both chapters also 

discuss the trans-oceanic relationship between the Sahara-Sahel region of Africa and 

highly productive ecosystems in the Americas.  
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Key Points 

 Dissolved SiO2 in rainwater reflects dust inputs more closely than non-seasalt Ca
2+

  

 Dust deposition after long-range transport is highly spatially variable on landscape 

scale 

 Dust deposition fluxes in Puerto Rico are controlled by Sahel environmental conditions 

 

2.1 Abstract 

Dust deposition represents an important flux of rock-derived nutrients such as 

phosphorus to ecosystems on highly weathered soils. Direct measurements of dust 

deposition and its spatial variability are rare, yet they are essential for testing models of 

dust deposition processes and understanding the biogeochemical effects of dust. Long-

term records of precipitation chemistry are available in the Luquillo Mountains of Puerto 

Rico, which are downwind of the world’s largest dust source located in Northern Africa. 

We analyzed 20-year datasets of openfall, throughfall, and wet-only precipitation 

chemistry with weekly resolution at two different locations in the Luquillo Mountains to 

evaluate spatial and temporal variability of dust inputs. The measured dust flux varied by 

a factor of 2 over a distance of 10 km despite similarities between sites in elevation and 

rainfall amount. We evaluated which rainfall chemistry metrics best represented the flux 

of dust to the ecosystem by pairing these datasets with HYSPLIT (Hybrid Single Particle 

Lagrangian Integrated Trajectory) airmass back trajectory model calculations of 

airmasses coming from the Sahara-Sahel dust source region.  Total suspended solids 

(TSS) and dissolved silica (dSiO2) in openfall were higher at the eastern site in weeks 

with airmasses coming from the Sahara-Sahel region. Notably, non-seasalt calcium (nss-
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Ca
2+

) fluxes were not correlated with weeks in which airmasses originated from the 

Sahara-Sahel region, and did not vary between sites.  Seasonal variation in the 

relationship between airmass origin and dissolved SiO2 flux in openfall indicates that 

environmental conditions in the Sahel control variation in dust deposition in Caribbean. 

  

Keywords 

dust deposition; long-range transport; dissolved silica; Caribbean; rainfall chemistry; 

HYSPLIT 

 

2.2 Introduction/Background 

Mineral aerosol dust transport in the atmosphere has wide implications for Earth’s 

climate and biogeochemical processes. The radiation budget of the Earth can be altered 

by atmospheric dust [Tegen et al., 1996], and ocean-dwelling photosynthetic life in high 

nutrient low chlorophyll zones relies on iron delivered to the water surface by dust 

deposition [Coale et al., 1996; Martin, 1990].  Dust can be a long-range vector for 

bacterial and fungal movement; for example, there is evidence that pathogens plaguing 

coral reefs in the Caribbean are transported from Africa by dust storms [Shinn et al., 

2000]. Dust can also play a potential role in fertilizing certain terrestrial ecosystems by 

supplying phosphorus [e.g. Chadwick et al., 1999], or micronutrients [Bruijnzeel, 1991]. 

If dust is the main supplier of a limiting nutrient in highly productive ecosystems such as 

the Amazon Rainforest [Swap et al., 1992], then major carbon sinks can be controlled by 

climate factors affecting Sahara-Sahel dust production, transport, and deposition. 

However, before a link can be made between the Sahara-Sahel and other ecosystems, the 



7 

 

 

atmospheric removal processes that control how dust falls on a landscape must be 

understood [Prospero et al., 2010].  

Modern atmospheric dust loading is monitored with remote sensing such as 

MODIS-based aerosol optical depth (AOD), or at specific field locations with air 

sampling stations that actively pass air through a filter [Prospero and Lamb, 2003].  In 

contrast to dust concentration in the air, however, there are very few available records of 

terrestrial dust deposition [Mahowald et al., 2008; and Kohfeld and Harrison, 2001]. Both 

modeling and direct measurement of dust deposition based on airmass dust concentration 

are hampered by multiple issues, including the high spatial and temporal variability in 

both transport and deposition. Dust deposition collectors cannot meaningfully measure 

the long-term average dust deposition a forested ecosystem receives, in part because they 

do not mimic the forest canopy structure and surface properties of leaves [Hicks et al., 

1980; Lindberg and Lovett, 1985; Stoorvogel et al., 1997; White and Turner, 1970]. 

Deposition collectors may also miss significant portions of dust deposition if they are not 

exposed for long enough time periods, as dust deposition is highly episodic in nature 

[Prospero et al., 2001]. Particularly in montane topography, there are no clear 

relationships between dry deposition and leaf area index [De Longe et al., 2008].  Indirect 

estimates of dry deposition using the difference between measured openfall and 

throughfall are often confounded by foliar leaching or foliar uptake [Lindberg et al., 

1988].  Model estimates of dust deposition are also problematic.  Dry deposition of dust 

particles, which are predominately in the < 20 µm size range, is controlled by impaction 

and Brownian motion rather than by simple gravitational settling [Newman, 1995].  

Model estimates of wet deposition are limited by considerable debate as to the choice of 
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scavenging ratio (defined as the ratio of the concentration of an element in dust to the 

concentration of that element in rain), and scavenging ratios can vary seasonally 

[Mahowald, 2005a, Prospero et al., 2010]. To simulate the poorly understood wet 

removal process, many researchers use simple scavenging ratios of between 200 and 

1000 based on empirical observations [e.g., Tegen and Fung, 1994; Mahowald et al., 

2003, Duce et al., 1991, and Jickells and Spokes 2001]. Attempts to identify and quantify 

contributions from specific dust source regions have been made with varying degrees of 

success based on comparison with ground–based measurements [Ginoux et al., 2001; 

Perez et al., 2006; Zhou et al., 2008]. As expected, there is greater confidence in 

determining sources of dust when the dust source and the site of deposition are in 

relatively close proximity [Jorquera & Barraza, 2013]. Longer distances between a dust 

source and an area of interest introduce large uncertainties with deposition sites often 

receiving different amounts of dust from different sources during different times of the 

year [Lawrence, 2009]. Problems with tracking long distance dust transport can be 

resolved with the use of chemical tracers unique to different source regions, or with 

computer models that identify source regions by tracking airmasses over longer time 

periods.  

In this study we addressed questions specifically associated with quantifying dust 

deposition, including identifying appropriate chemical tracers of dust, temporal patterns, 

and spatial variability. We examined weekly resolution 20 year rainfall chemistry 

datasets from two different locations in the Luquillo Mountains of Puerto Rico, which are 

known to receive dust deposition from the Sahara-Sahel region of Africa [Stallard, 2012; 

Heartsill-Scalley, 2007; Pett-Ridge, 2009]. Specifically, we examined dissolved silica 
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(dSiO2), non sea-salt Ca
2+

 (nss-Ca
2+

), and total suspended solids (TSS) in openfall, wet-

only deposition, and throughfall as dust tracers.  In addition to comparing dSiO2, nss-

Ca
2+

, and TSS against each other, we also examined correlations between peaks in dust 

deposition with airmass back-trajectory analysis (HYSPLIT) to the Sahara-Sahel region 

of Africa, the primary dust source region for the Caribbean [Stallard, 2001; Kumar et al., 

2014].  

HYSPLIT uses meteorological data obtained from the National Centers for 

Environmental Prediction and the National Center for Atmospheric Research to calculate 

airmass trajectories both backward and forward in time [Draxler and Hess, 1998]. It has 

proven an invaluable tool for modeling the dispersion of dust as well as atmospheric 

contaminants [Yerramilli et al., 2012; Jorquera & Barraza, 2013]. A global analysis of 

sand and dust storms using the HYSPLIT model confirmed its effectiveness for 

predicting atmospheric dust concentrations on a global scale [Wang et al., 2011], and also 

verified accuracy in predicting seasonal variations in dust storm frequencies. Prior work 

using HYSPLIT back-trajectory modeling has been used to trace Sahara-Sahel dust to the 

Ecuadorean Andes and to Puerto Rico, over timescales of weeks [Boy and Wilke, 2008; 

Gioda, 2008; Reyes-Rodriguez, 2009; Gioda, 2011].   

The Luquillo Mountains of Puerto Rico are well-suited for studying dust 

deposition because there is one dominant source region, the Sahara-Sahel region of 

Africa, and no other significant landmasses in the pathway of dust transport. The 

predominant wind direction is from the northeasterly trade winds off the Atlantic Ocean, 

minimizing the possibility of local anthropogenic influence. While previous studies have 

examined Luquillo Mountain's rainfall chemistry [e.g. McDowell et al, 1990; Stallard, 
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2001; Heartsill-Scaley et al, 2007; Gioda et al, 2013]; our approach brings a novel 

analysis of dSiO2 and TSS as tracers of dust deposition in comparison to nss-Ca
2+

. Our 

analysis of rainfall chemistry records and HYSPLIT modeling allows us to target four 

specific questions regarding: (1) relationships between non-seasalt Ca
2+

, TSS, dSiO2, and 

HYSPLIT trajectories from the Sahara-Sahel region and the utility of each rainfall metric 

as a dust tracer, (2) variability in dust fluxes between 2 sites that are 10 km apart with 

similar rainfall, elevation, and forest type, (3) seasonal variation in dust deposition and its 

controls, and (4) rough estimates of dry deposition as calculated by difference, either 

between throughfall and openfall, or between openfall and wet-only deposition. 

2.3 Methods 

2.3.1 Study Site and Rainfall Chemistry 

 The two rain gauges used in this study are located in the Bisley watershed and at 

the El Verde field station in the El Yunque National Forest in the Luquillo Mountains of 

northeastern Puerto Rico (Figure 1). These sites are part of the Luquillo Long Term 

Ecological Research (LTER) and Luquillo Critical Zone Observatory (CZO) programs. 

Both rainfall collection stations are located at approximately the same latitude; Bisley is 

approximately 10 km west of the northeastern coast and El Verde is approximately 24 km 

west of the northeastern coast. The Bisley and El Verde precipitation collectors are at 

approximately the same elevation (350 m) and have similar surrounding vegetation 

composed of a mixed forest of tabonuco, sierra palm, and colorado trees [Scatena, 1990].  

The two sites have very similar temperature, relative humidity, and precipitation [Gioda 

et al.,  2013]. At El Verde, weekly openfall (always open collector) and weekly wet-only 

rainfall flux and chemistry have been measured since 1983, and at Bisley weekly openfall 
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and weekly throughfall (passed through canopy) flux and chemistry have been measured 

since 1988.  Bulk openfall measurements are taken at both sites from a tower >25 m 

above the forest canopy [Heartsill-Scalley et al., 2007; McDowell et al., 1990]. 

Throughfall was measured in a 3 ha area that surrounds the location of the openfall 

collector. As many as 35 throughfall collectors were operating at any one time for the 

duration of this study, each collector being randomly placed but located on ridges, hill-

slopes, gaps and stream channels [Heartsill-Scalley, 2007]. Over the period of study, 

1988 to 2009, total rainfall averaged 3.7 m yr
-1

 (± 0.7 m yr
-1

) at the Bisley site and 3.5 m 

yr
-1

 (± 0.8 m yr
-1

) at the El Verde Site.  

Both weekly precipitation flux and chemistry including Ca
2+

 and dSiO2 were 

obtained from the Luquillo Long Term Ecological Research database for the years 1988 

through 2009 (http://luq.lternet.edu/data/datasets/all). All samples were filtered at ~0.7 

m (pre-combusted Whatman GF/F glass fiber filter) before chemical analysis. The silica 

detection limit was 0.1 mg L
-1

, which is more than double typical glass fiber filter silica 

blanks [de Souza et al., 2012]. Calcium was measured by ion chromatography with 

colorimetric analysis (phenolhypochlorite), while dSiO2 was measured by automated 

colorimetric analysis (molybdate blue), and Cl
-
 was measured by liquid chromatography 

with conductivity detection (http://luq.lternet.edu/data/luqmetadata174). Values below 

the detection limit were recorded as half the detection limit for statistical purposes. We 

adjusted Ca concentrations to remove seasalt contributions using the following equation 

[e.g. Stallard 2001],  

                            (                ) 
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Fluxes were calculated by multiplying concentrations by the LTER rainfall flux records, 

which were co-located with chemical sampling.  TSS in bulk rainfall was determined 

using the mass of total solids on the pre-weighed filter used to filter samples from the 

Bisley and El Verde sites prior to chemical analysis.  In rare instances when filtering the 

entire volume of sample was difficult, a representative subsample of each week’s shaken 

openfall rain was taken. Collection of TSS data began in the year 2000.  To calculate a 

rough estimate of dry deposition at Bisley, openfall concentrations of nss-Ca
2+

 and dSiO2 

were subtracted from throughfall concentrations of nss-Ca
2+

 and dSiO2 each week. To 

calculate a rough estimate of dry deposition at El Verde, wet-only precipitation 

concentrations of nss-Ca
2+

 and dSiO2 were subtracted from openfall for each week. 

2.3.2 HYSPLIT Trajectories 

 Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) is a model 

which takes historical meteorological data from archived sources and calculates the 

movement of airmasses for any latitude and longitude, and any elevation up to 10 km 

above ground level (access via NOAA ARL READY website, 

http://www.arl.noaa.gov/ready/hysplit4.html). We used the reanalysis meteorological 

dataset which merges several other datasets dating back to 1948. We calculated airmass 

trajectories once per day for years 1988-2009 at universal time code 0000. The starting 

latitude and longitude units were set to 18
o
15’N and 65

o
45’W, corresponding to 

northeastern Puerto Rico. Starting elevation was set to 600 m above-ground level, which 

is an elevation at which the cloud base of many trade winds from the Sahara-Sahel region 

pass over the island [Stallard, 2012]. When the model showed an airmass that came from 

any part of the African continent above ten degrees north, without passing over other 



13 

 

 

landmasses, it was given a value of 1. If the model showed that the airmass came from 

any other trajectory it was given a value of zero. Figure 2a shows an example of a back-

calculated airmass trajectory that passes over the Sahara-Sahel region, which is counted 

for a value of 1. Figure 2b shows an example of a backward airmass trajectory that does 

not pass over the Sahara-Sahel, which was counted as a value of 0. This is similar to the 

model first proposed by Westphal et al. [1987], and subsequently utilized in several other 

studies [Escudero et al., 2006; Stein et al., 2011] where any airmass trajectory that passed 

over a geographic grid cell defined as desert, was considered to have potentially picked 

up dust. These values were added up over the same prior 7-day period corresponding to 

the weekly rainfall chemistry collection times. Over the study period, 7,671 backward 

airmass trajectories were calculated using HYSPLIT.  

2.3.3 Statistical Analysis 

A small number of nss-Ca
2+

, TSS, and dSiO2 data points had extremely elevated 

values, which may reflect sample contamination.  We applied a simple threshold and 

removed data points that were greater than three standard deviations above the mean. A 

nearly identical subset of outliers were identified using either the rule of thumb of 

semistudentizied residuals absolute value >4, or using a threshold of three standard 

deviations above the median [Neter et al, 1996].  These datapoints were removed from 

consideration in further statistical analyses.   For Bisley  and El Verde dSiO2, 7 out of 

848 and 2 out of 818 data points were removed, respectively.  For Bisley  and El Verde 

nss-Ca
2+

, 16 out of 830 and 23 out of 804 data points were removed, respectively.  For 

Bisley and El Verde TSS, 6 out of 378 and 0 out of 371 data points were removed, 

respectively.   
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Because of the event-based nature of dust deposition, the nss-Ca
2+

, dSiO2, and 

TSS datasets are heavily weighted toward low or minimum detectable values. This 

creates non-normally distributed data. Due to the non-normal nature of the overall 

dataset, a Kruskal-Wallis test was performed to examine medians of datasets (log 

transformations still produced non-normal datasets). This tested the null hypothesis that 

there is no relationship between either location and dust deposition, or that there is no 

relationship between airmass provenance and dust deposition. Comparisons were made 

between openfall chemistry fluxes between sites, inter-season fluxes between and within 

each site, and between weeks with at least one Sahara-Sahel airmass present versus 

weeks without Sahara-Sahel airmasses. Nss-Ca
2+

, dSiO2, and TSS data were split into 

several groupings to be compared to each other. Seasonal groupings of data were in 

thirteen week increments, with the start of winter defined at the beginning of week 51. 

The HYSPLIT model was grouped by simple binary separation of whether northeastern 

Puerto Rico received at least one Saharan-Sahel-derived airmass (+), or no Saharan-

Sahel-derived airmasses (-).  

Missing data points encompass weeks where sites were inaccessible for logistic 

reasons, rainfall was insufficient to produce a sample large enough for chemical analysis, 

or when there was no Cl
-
 measurement that week to make the seasalt correction in the Ca 

data. These data points are evenly distributed across the study period.  These missing data 

points constituted between 20 and 28% of all data across all categories. For both Bisley 

and El Verde weeks where the dry deposition calculation resulted in a negative value, it 

was assumed that dry deposition for that week equaled zero. At Bisley, there were 266 

and 264 missing data points out of 1050 total in dry deposition for nss-Ca
2+

 and dSiO2 
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respectively. At El Verde, there were 302 and 318 missing data points out of 1038 total 

for nss-Ca
2+

 and dSiO2 respectively. These missing data points do not include data points 

missing due to Hurricane Hugo, which caused a gap in all measurements from September 

18, 1989 to December 25, 1990. 

2.4 Results 

2.4.1 Average Weekly Fluxes 

The yearly openfall nss-Ca
2+

 fluxes to Bisley and El Verde for the duration of the 

study were not significantly different, with averages of 0.423 and 0.443 kg ha
-1

 wk
-1

, 

respectively (Table 1). In contrast, there was a significant difference between the two 

sites in the openfall flux of dSiO2, which averaged 0.139 and 0.076 kg ha
-1

 wk
-1

 at Bisley 

and El Verde, respectively (p<0.05). A similar difference was evident in the openfall flux 

of TSS, which was 1.467 and 0.650 kg ha
-1

 wk
-1

 at Bisley and El Verde, respectively 

(p<0.05, Table 1).  In the individual weekly data, TSS was not significantly correlated 

with either dSiO2 or nss-Ca
2+

,
 
and dSiO2 and nss-Ca

2+
 were not significantly correlated 

with each other. 

The average throughfall flux of nss-Ca
2+

 at Bisley was 1.153 kg ha
-1

 wk
-1

 (2.7 

times greater than the openfall flux), while the throughfall flux of dSiO2 averaged 0.282 

kg ha
-1

 wk
-1

, (2.0 times greater than the openfall flux.) The average wet-only flux of nss-

Ca
2+

 at El Verde was 0.193 kg ha
-1

 wk
-1

 (44% of the the openfall flux), while wet-only 

dSiO2 averaged a flux of 0.061 kg ha
-1

 wk
-1

 (80% of the the openfall flux) (Table 1). The 

same set of statistical analyses was performed on concentration data without converting 

to flux numbers with rainfall amounts. These analyses yielded the same results in terms 

of when there were significant differences in comparisons between datasets. 
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2.4.2 HYSPLIT trajectories 

Airmasses came from one of 3 regions: the Sahara-Sahel, the east-coast of the 

United States, or Southern Africa.  More than 95% of the travel times from the Sahara-

Sahel region to the Caribbean were between 3 to 10 days.  When the HYSPLIT trajectory 

data were grouped based on whether or not an airmass had come from the Sahara-Sahel 

(+ or -), two significant results were apparent (Table 2). First, the median value of the 

Bisley openfall flux of dSiO2 was significantly higher during weeks with Sahara-Sahel 

airmasses, (0.065 kg ha
-1

 wk
-1

 versus 0.048 kg ha
-1

 wk
-1

 during weeks without, p<0.05). 

Second, the median value of throughfall dSiO2 flux at Bisley was also higher during 

weeks with a Sahara-Sahel airmass (0.154 kg ha
-1

 wk
-1

 versus 0.111 kg ha
-1

 wk
-1

, 

p<0.05).  The flux of nss-Ca
2+

 in openfall and throughfall at Bisley showed no significant 

change based on airmass origins. At Bisley, TSS flux in openfall was slightly higher 

during weeks that an airmass had come from the Sahara-Sahel (0.893 vs. 0.699, 

marginally significant p=0.051). Fluxes at El Verde did not vary based on where 

airmasses were originating. Similarly, the wet-only precipitation collector at El Verde 

also showed no significant changes in rainfall chemistry based on the presence or absence 

of airmasses coming from the Sahara-Sahel for the weeks the data represented. Dry 

deposition estimates for both Bisley and El Verde also did not show significantly 

different values during weeks with airmasses from the Sahara-Sahel (Table 2). The same 

statistical results were apparent when using concentration only data. 

2.4.3 Seasonal Variations 

Both Bisley and El Verde showed similar seasonal patterns in the openfall, 

throughfall, and wet-only fluxes of nss-Ca
2+

, dSiO2, and TSS (Table 3). Generally in the 
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winter and spring months of the year, fluxes of nss-Ca
2+

, dSiO2, and TSS were lowest. 

Summer fluxes were highest, and fluxes dropped again in the fall (Figure 3). The average 

number of airmass trajectories coming from the Sahara-Sahel region followed a different 

pattern where airmasses from the Sahara-Sahel were elevated throughout the summer and 

fall seasons (Figure 4). The only flux to follow the seasonal pattern of airmass origins is 

the throughfall dSiO2 flux at Bisley. When comparing individual seasons between sites, 

there was still a significant difference in dSiO2 concentrations, but not nss-Ca
2+

 

concentrations (Table 3). During the summer, openfall dSiO2 flux was 3 times higher at 

Bisley, and the dSiO2 flux was always higher at Bisley than El Verde regardless of 

season. For example, during winter, the median openfall flux of dSiO2 to Bisley was 2.3 

times higher than the winter openfall flux of dSiO2 to El Verde. The same patterns in 

seasonal distribution are apparent when examining concentration data. 

2.5 Discussion 

2.5.1 Rainfall Chemistry 

Non sea-salt-Ca
2+

 has been used as an indicator of the dust component within 

rainfall chemistry as it is unlikely to be a significant component of other sources such as 

biomass burning or anthropogenic pollution aerosols, and Ca is known to be a significant 

component in desert soils from which dust is sourced [Stallard, 2001; Röthlisberger, 

2002; Prospero, 2003, Lequy 2013]. Both Ca
2+

 and Cl
-
 are commonly measured ions in 

rainwater, making nss-Ca
2+

 a practical tracer of dust. On the other hand, dSiO2 is 

measured much less frequently in rainwater, and subsequently rarely compared to nss-

Ca
2+

. If nss-Ca
2+

 was assumed to be a tracer of dust deposition, it would show that, on 

average, the same amount of dust fell on both the Bisley and El Verde sites in the 
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Luquillo Mountains (Figure 5). However, dSiO2-based estimates of dust deposition 

indicated that Bisley received approximately two times as much dust in openfall as El 

Verde over the same time period (Figure 6). Backward airmass trajectories from the 

primary source of dust for Puerto Rico help reconcile whether dust deposition is spatially 

variable or not.  

When comparing dSiO2 and nss-Ca
2+

in Bisley openfall, only dSiO2 was 

significantly higher during weeks with airmass trajectories originating from the Sahara-

Sahel and moving directly over Puerto Rico (Table 2).  Higher TSS was also associated 

with positive HYSPLIT trajectories at Bisley (p=0.051), indicating mineral aerosol dust 

is an important component of particulate matter in precipitation.  Throughfall at Bisley 

showed the same pattern, with dSiO2 significantly higher during weeks that Sahara-Sahel 

airmasses were over Puerto Rico, while throughfall nss-Ca
2+

 was not. For these reasons, 

dSiO2 appears to be a more accurate tracer of dust deposition than nss-Ca
2+

.  There are 

several reasons why this may be the case. Nss-Ca
2+

 may be affected by additional sources 

of atmospheric Ca not related to mineral aerosol dust such as volcanic ash from the 

Soufriere Hills in Montserrat, although little or no correlation between rainfall chemistry 

and ash events has been observed [Gioda et al., 2011, Heartsill-Scaley et al., 2007]. There 

could be fractionation between Ca and Cl during seasalt spray entrainment into the 

atmosphere, which could introduce error into the nss-Ca
2+ 

sea salt correction.  In general, 

the strength of correlations between rainfall chemistry or TSS and HYSPLIT trajectories 

are likely limited by several factors, including the fact that not all particulate matter is 

necessarily mineral aerosol dust, the time the dust can dissolve in the collector is variable 

from hours up to 7 days.  The dominant factor limiting the correlation, however, is that 
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airmasses with the correct trajectory may or may not carry dust and may or may not 

encounter conditions that lead to deposition.  An additional factor that likely controls the 

difference in correlations between dSiO2 and nss-Ca
2+

 is the large variability in the Ca 

content of African dust relative to Si (for example, a range of 0.11 to 26.28 wt.% CaO 

versus a range of 20.5 to 79.2 wt.% SiO2, Abouchami et al.,  2013), and large variability 

in the degree of dissolution of the Ca in dust relative to Si.  Calcium in African dust is 

present primarily as relatively soluble calcium carbonate or calcium sulfate minerals 

[Reid et al.,  2003], whose solubility is highly dependent on pH and rainfall amount. In 

contrast, silica solubility, as either quartz or biogenic opal, is much smaller and is largely 

constant between pH 2.5 and 8.5 [Dove, 1995; Cornelis et al., 2011].  This variability in 

dust-derived dissolved Ca
2+

 likely obscures long-term patterns between HYSPLIT 

trajectories, dust deposition, and precipitation nss-Ca
2+

 inputs, despite earlier reports 

from a few years of data showing links between dust and nss-Ca
2+

 concentrations 

[McDowell et al., 1990]. 

2.5.2 Variability Between Sites 

Dust deposition is highly variable on at least a scale of 10 km, based on openfall 

fluxes of dSiO2 as the indicator of dust deposition, and based on the difference between 

Bisley and El Verde dSiO2 fluxes. The approximately 2-fold variation in dust input based 

on the openfall fluxes of dSiO2 between two Luquillo Mountain sites is much greater than 

the 33% total variation in dust input (based on Fe) that is observed across 9 stations 

spanning more than 800 km across the state of Florida, despite larger variability in 

rainfall amount across Florida [Prospero et al.,  2010].  In addition to being spatially 

variable, the dSiO2 fluxes at both Luquillo Mountain sites are large when compared to the 
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limited number of other rainfall silica measurements that are available.  Compilations of 

temperate and tropical forests dSiO2 inputs find a range from 0.03 to 5.6 kg ha
-1 

 yr
-1

 

[Cornelis et al. 2011, Sommer et al. 2006], with most values < 3 kg ha
-1 

 yr
-1

. For 

comparison, Bisley and El Verde have dSiO2 inputs of 7.2 and 4.0 kg ha
-1 

yr
-1

 in openfall, 

respectively, similar to the dSiO2 inputs measured on the island of Corsica in the 

Mediterranean Sea of 4.0 kg ha
-1 

yr
-1

 [Treguer 2012]. Overall, however, comparison is 

limited because dSiO2 is not commonly measured in rainfall.  

At the El Verde site, which is farther inland, neither nss-Ca
2+

, dSiO2, nor TSS 

changed significantly based on the presence or absence of Sahara-Sahel airmasses. The 

lack of correlations highlights the fact that having an airmass with a trajectory from the 

dust source area is only one of the three broad criteria – dust entrainment, transport, and 

deposition- which all must align for a dust deposition event to occur. The most likely 

explanation for the lack of correlation between rain chemistry and HYPLSIT trajectories 

is that dust deposition at El Verde is not as prominent as at Bisley, with smaller fluxes of 

both dSiO2, and TSS in openfall. Seasonal patterns in openfall deposition also show 

Bisley receiving greater dust deposition than El Verde (Table 3). While both sites follow 

the same pattern of greater dSiO2 deposition in the summer and less in other seasons, the 

ratio: Bisley dSiO2:El Verde dSiO2 changes from being two times higher in winter to 

three times higher in the summer. Since summer and fall have the highest numbers of 

airmass trajectories coming from the Sahara-Sahel, and other studies have shown summer 

and fall to be the dominant dust season in Puerto Rico [Stallard, 2001; Gioda et al., 

2013], we conclude that Bisley receives more dust deposition than El Verde. 
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Based on Si and Ca content of dust of 26 wt.% and 4.8 wt % respectively [Reid et 

al., 2003], the total dust deposition estimates calculated based on the dissolved chemistry 

(dSiO2 and nss-Ca
2+

 in rainfall) are equal to 13 and 458 kg ha
-1

 yr
-1

 , based on Si and Ca 

respectively, at Bisley, and 7.1 and 482 kg ha
-1

 yr
-1

 at El Verde.  This calculation is 

clearly an underestimate, because it reflects only dissolved dust, not the total dust, but it 

provides a potential lower bound on dust inputs. When compared to the value of 210 ± 

70  kg ha
-1

 yr
-1

 obtained from watershed-scale Sr isotope mass balance in Rio Icacos 

watershed within the Luquillo Mountains [Pett-Ridge, 2009], our dSiO2 calculation of 

dust appears to greatly underestimate dust deposition, while nss-Ca
2+

 appears to 

overestimate dust deposition. An underestimate based on dSiO2 is expected, as the 

majority of Si in dust deposition likely remains undissolved in the rainfall collectors. The 

solubility of both quartz and biogenic opal dissolution is limited, ranging from 36 to 250 

M for quartz, and 20 to 360 M for biogenic opal [Bartoli and Wilding 1980].  In 

contrast, the dSiO2 measured in Luquillo rain ranges from 1 to 30 M. 

 If we assume that the TSS is composed entirely of mineral aerosol dust, and that 

the dust is 26 wt.% Si, then dSiO2 represents on average 15% of the total Si in the 

openfall samples collected at Bisley. A Luquillo rainfall Si solubility of 15 % is slightly 

higher than the assumed 5-10% solubility of atmospheric dust-derived Si in seawater 

[Treguer 1995 and Harrison 2000]. The openfall value of 1.467 kg TSS ha
-1

 wk
-1

 can be 

converted to 76.284 kg dust ha
-1

 yr
-1

 that remained undissolved in rain collector. Adding 

the TSS dust in openfall to the dSiO2 dust in openfall yields 89 kg dust ha
-1

 yr
-1

, which 

represents the total dust calculated from dissolved and undissolved Si in openfall.  
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In addition to uncertainty regarding dust solubility, it is difficult to extrapolate 

directly from openfall to the dust deposition flux experienced by Luquillo Mountain 

ecosystems. Openfall is expected to under-sample dust inputs because a significant part 

of the dust deposition is likely in the form of dryfall, the magnitude of which is enhanced 

by interaction with the forest canopy. The higher estimates based on nss-Ca
2+

 likely 

reflect either problems with the assumption of sea salt ratios or additional sources of Ca 

in precipitation.  Additionally, estimates could vary based on the timescale. The annual 

flux measurements of nss-Ca
2+

 from previous studies of Luquillo rainfall chemistry are 

smaller but similar to this study’s annual flux of 22 kg nss-Ca
2+

 ha
-1

 yr
-1

 (±16.5 kg ha
-1

 yr
-

1
 1 s.d.) at Bisley. Gioda et al. [2013] calculated a nss-Ca

2+
 flux of 14.4 kg ha

-1
 yr

-1
 

(±16.8 kg ha
-1

 yr
-1

 1 s.d.) at Bisley (1988 to 2007), Heartsill-Scalley et al. [2007] 

calculated a flux of 16.06 kg ha
-1

 yr
-1

 at Bisley (1988-2002), and McDowell [1990] 

calculated a flux of 9.4 kg ha
-1

 yr
-1

 at El Verde (1984 to 1987). Other studies used 

different criteria for removing outliers, and some studies used different techniques to 

remove seasalt associated Ca
2+

 such as using sodium to remove sea-salt Ca
2+

 instead of 

Cl
-
. Overall the most important factor causing a difference in annual flux measurements 

was the time period in which the study took place. The McDowell et al., [1990] 

measurement of nss-Ca
2+

 was almost half the flux found in this study despite similar 

rainfall (average of 3.4 m), highlighting the value of long-term data collection.  

Given the similarities in site characteristics between Bisley and El Verde, 

differences in dust deposition cannot be attributed to differences in aspect, vegetation, 

precipitation (3.7 ±0 .7 m yr
-1

 at Bisley, 3.5 ± 0.8 m yr
-1

 at El Verde), or elevation (361 m 

at Bisley, 380 m at El Verde). The most likely explanation of differential dust deposition 
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between these two sites is that Bisley is approximately 10 km closer to the northeast 

corner of Puerto Rico where Saharan-Sahel airmasses approach from during dust periods 

[Scholl et al., 2009].  The sudden rise in elevation above sea level that the Puerto Rico 

landmass represents to Atlantic trade winds causes significant orographically driven 

precipitation, with at least 29% of total precipitation being orographically driven [Scholl 

et al.,  2009, Daly et al., 2003].  This leads to enhanced dust deposition nearer the eastern 

coast as dust particles are scrubbed from the atmosphere. Despite the similar elevations 

between the two sites, a trade wind airmass travelling on a direct east-west trajectory 

from Bisley to El Verde would encounter elevations up to ~900 m between the two sites, 

causing further orographic rainfall and wet removal of dust particles.  

The data presented here highlight the difference between measurements of 

atmospheric dust concentrations and the amount of dust falling on a landscape, which can 

potentially impact ecosystems and biogeochemical processes. Figure 7 shows the 

phenomenon where atmospheric concentrations of dust vary significantly from dust 

deposition measured as dissolved silica, total silica, or total suspended solids. The 

atmospheric measurements of silicon caught on a filter which had air actively passed 

through , are determined through the Virgin Islands Interagency Monitoring of Protected 

Visual Environments (IMPROVE) project on a three-day basis, only 80 km away from 

the Luquillo Mountains of Puerto Rico. The deviation between atmospheric dust and dust 

deposition is caused by several factors that enhance the deposition of dust to the ground, 

such as canopy trapping, rainfall amount, and meteorological conditions such as wind and 

turbulence. 

2.5.3 Importance of the Sahel Region 
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Sr and Nd isotopic tracing of dust collected on air filters in the Caribbean show 

that mineral aerosol particles originate primarily from the Sahel region of North Africa 

[Kumar et al., 2014]. The temporal pattern of Luquillo Mountain rainfall chemistry likely 

reflects source region dynamics unique to the Sahel. The Sahel experiences a rainy 

season from approximately April until late October, with the most intense rainfall 

occurring from August through September (figure 8). At its peak, the western edge of the 

Sahel experiences on average 7.8 mm of rain per day, distributed over ~2.5 events per 

week, and an annual total rainfall of 300-400 mm [Lebel and Ali, 2009]. While this is a 

relatively small amount of rainfall, it reduces dust two different ways. First, rainfall 

directly increases soil moisture, which reduces ejection of dust into the atmosphere 

[Mahowald, 2009].  Second, rainfall spurs the growth of vegetation; enough to alter 

satellite based measurements of vegetation greening of the region for two months after 

the rainy season has halted [Nicholson et al., 1990]. The greening of vegetation and 

increased plant growth hinders dust entrainment to the atmosphere.  

A comparison of the dSiO2 and HYSPLIT data (Figure 9) shows that the seasonal 

pattern in dust deposition based on measured rainfall chemistry in the Luquillo 

Mountains of Puerto Rico deviates from the seasonal pattern of airmasses coming from 

the Sahara-Sahel region. The number of airmasses coming from the Sahara-Sahel region 

remains elevated during the fall season, as expected based on the seasonal shift in the 

intertropical convergence zone across the Atlantic [Perry et al., 1997]. However, the 

openfall fluxes of nss-Ca
2+

 and dSiO2 decline in fall relative to summer, despite the fact 

that this continues to be a time of peak atmospheric transport from the dust source region 

to the Caribbean. Figure 9 shows that at approximately the 33
rd

 week of the year (mid-
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August) rainfall in the Western Sahel is at its peak, and the amount of dust in openfall 

begins to decrease despite the continued prevalence of airmasses from the Sahara-Sahel 

region passing over the Luquillo Mountains. Changes in the surface conditions at the dust 

source must control the decreased dust deposition in fall.  In other words, during the fall 

Caribbean “dust season”, positive HYSPLIT trajectories from the Sahara-Sahel region 

are counter-intuitively less likely to carry dust from Africa to the Caribbean [Prospero, 

2003].  

This highlights the sensitivity of Caribbean dust deposition fluxes to land-use 

change or climate change affecting dust production in the Sahel region, such as 

agricultural plowing or vegetation loss to desertification [Mulitza et al., 2010]. Before 

intensive agricultural practices in the Sahel region, there was a stronger correlation 

between drought and dust emissions [Tegan and Fung, 1996]. During the 20
th

 century, 

dust fluxes from the Sahara-Sahel region have doubled, although large uncertainties 

remain regarding the relative importance of direct human impacts and climate change 

[Mahowald et al., 2010].  The connection between seasonal patterns in Luquillo 

precipitation chemistry and environmental conditions in the Sahel supports the potential 

cross-Atlantic dependence of downwind ecosystems in the Amazon and Caribbean on 

dust production in Africa [Swap, 1992]. 

2.5.3 Wet vs. Dry Deposition 

The proportion of dust that comes into an ecosystem as dry deposition or wet 

deposition is poorly known. In reality, each ecosystem is likely to vary in proportion 

based on several factors such as proximity to the dust source and climate. Calculating a 

rough estimate of dry deposition at El Verde based on the difference between openfall 
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and wet-only deposition yields 0.299 kg nss-Ca
2+

 ha
-1

 yr
-1 

and 0.040 kg dSiO2 ha
-1

 yr
-1

. 

Calculating a rough estimate of dry deposition at Bisley based on the difference between 

throughfall and openfall, (assuming throughfall washes dust off the canopy) yields 0.816 

kg nss-Ca
2+ 

ha
-1

 yr
-1

 and 0.204 kg dSiO2 ha
-1

 yr
-1

. Comparing this estimate with openfall, 

the percentage that dry deposition contributes to the flux of dSiO2 and nss-Ca
2+

 to Bisley 

respectively is 72% and 71%. The percentage that dry deposition contributes to the flux 

of dSiO2 and nss-Ca
2+

 to El Verde respectively is 53% and 67%. These methods of dry 

deposition estimation are very rough and each has shortcomings. Throughfall 

oversamples dry deposition inputs because of canopy leaching, while openfall collectors 

undersample dry deposition inputs because they do not reflect forest canopy surface area 

and structure that traps airborne particles.  Previous studies comparing the two forms of 

deposition often find wet deposition contributes more deposition than dry deposition, but 

also that dry deposition is highly variable [e.g. Inomata et al., 2009; Balestrini et al., 

2000]. In Florida, a network of 9 precipitation collectors where African dust inputs were 

analyzed showed that wet deposition consistently represented between 70 and 80% of 

total deposition based on the difference between openfall and wet-only precipitation 

[Prospero et al., 2010].  In contrast, our results based on Luquillo Mountain precipitation 

suggest that dry deposition at two different sites is >50% of total dust deposition.   

The seasonal variability of dry deposition evident in Luquillo precipitation is 

dependent on whether the calculation used dSiO2 or nss-Ca
2+

.  The proportion of 

deposition inputs that are dry based on dSiO2 shows significant variability between ‘dust 

seasons’ (summer and fall) and non-dust seasons (winter and spring), while nss-Ca
2+

 

remains relatively constant (Table 4).  This comparison solidifies the assertion that nss-
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Ca
2+

 is confounded by either inputs other than dust or by variability in Ca content and Ca 

dissolution from dust.  

While rainfall is not strongly seasonal in the Luquillo Mountains, there are 

patterns in the rainfall volume, average cloud height, and the ∂
2
H and ∂

18
O signature of 

rainfall [Scholl et al.,  2009].  In particular, the stable isotope values of rain are consistent 

with lower equilibration times during fall rain storms, indicating a difference in rainfall 

style such as increased droplet size [Scholl et al.,  2009].  While total deposition is 

highest in summer, a notable fall maximum in the proportion of dry to total deposition is 

observed based on the dSiO2 dry deposition estimate at Bisley (Table 4).  In fall, mean 

dry deposition accounts for 74% of total deposition while in summer dry deposition is 

only 64% of total deposition. However, median values of dry deposition show much 

more contrast between seasonal dry deposition, 52% in fall and only 16% in summer. 

This characterizes dry deposition in the summer as being large singular events, whereas 

fall dry deposition is consistently large. Together these results suggest that the proportion 

of total dust deposition that occurs as dry deposition is quite sensitive to specific rainfall 

dynamics, not just the mean annual precipitation. 

2.6 Conclusion 

By delivering key rock-derived nutrients, dust deposition has the potential to 

affect the productivity of tropical ecosystems that represent an important fraction of 

biological diversity and terrestrial carbon storage [Chadwick et al., 1999]. Determining 

the spatial variability of dust deposition across a landscape is a key first-step in 

understanding how to quantitatively measure the effects dust has on ecosystems, and is 

essential for improving models to predict dust deposition. 
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In Puerto Rico, the main source of mineral aerosol dust is the Sahara-Sahel region 

of Africa, and there appears to be little aerosol contamination from other sources such as 

ash or anthropogenic pollution. Data from two rainfall stations with records of nss-Ca
2+ 

and dSiO2 deposition going back more than twenty years at two different locations along 

an east-west wind trajectory, as well as the calculated backward airmass trajectories, 

revealed that rainfall dSiO2 is more closely reflects dust deposition than nss-Ca
2+

. The 

dSiO2 record shows that in as little as 10 km, the dust deposition flux evident in openfall 

chemistry can be reduced in half. This difference in dust deposition rate between two 

sites 10 km apart in the Luquillo Mountains of Puerto Rico, with similar rainfall and 

elevation, is as large as the differences in dust deposition fluxes across 100s of km found 

in other studies [Brahney et al., 2014; Prospero, 2012]. While the two sites varied in 

overall dust deposition, they both exhibited similar seasonal patterns. Based on the 

coincident timing in the decline of Caribbean dust inputs and the Sahel rainy season, we 

find that Caribbean dust fluxes are particularly sensitive to environmental conditions in 

this region of Africa. 

The measurement of dSiO2 provides a useful and important potential tracer for 

dust deposition in rainfall with dSiO2 being a more reliable tracer than nss-Ca
2+

.  With 

dSiO2 as a dust tracer, we use rainfall chemistry records to estimate dust fluxes, and 

complement and greatly extend what can be inferred about the amount and spatial 

variability in dust deposition beyond our current understanding from airborne filtration, 

modeling, or satellite observations alone.  For example, in dust deposition models, the 

spatial resolution is such that the island of Puerto Rico uniformly receives the same 

relatively low rainfall flux as the open ocean [Mahowald et al., 2010], missing orographic 
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enhancement of dust deposition in the high rainfall Luquillo Mountains.  Better 

understanding of dust deposition processes and spatial and temporal variability is needed, 

and rainfall dSiO2 measurements provide one tool for assessing dust variability and 

comparing dust deposition measurements with dust models. 
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2.9 Tables 

Table 1. Average weekly fluxes of nss-Ca and dSiO2 in rainfall fractions 

Openfall (kg ha
-1

 wk
-1

) 

Bisley El Verde 

  n Mean Median SD n Mean Median SD 

nss-Ca 814 0.423 0.342 0.318 804 0.443 0.365 0.331 

dSiO2 841 0.139 0.055 0.305 818 0.076 0.022 0.233 

TSS 390 1.467 0.759 3.399 367 0.65 0.468 0.709 

Bisley El Verde 

Throughfall (kg ha
-1

wk
-1

) Wet Only (kg ha
-1

wk
-1

) 

 

n Mean Median SD n Mean Median SD 

nss-Ca 1058 1.153 0.979 0.714 800 0.193 0.127 0.195 

dSiO2 907 0.282 0.14 0.513 761 0.061 0.017 0.145 

Dry Deposition Estimates (kg ha
-1

wk
-1

) 

Bisley El Verde 

  n Mean Median SD n Mean Median SD 

nss-Ca 773 0.816 0.672 0.687 737 0.299 0.222 0.317 

dSiO2 775 0.204 0.056 0.437 721 0.04 0 0.183 

Bolded italics indicate a significant (p<0.05) difference between Bisley and El Verde 
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Table 2. Median values of all rainfall 

chemistry in weeks with and without. 

Sahara-Sahel airmasses 

  (-) (+)   
Bisley Openfall (kg ha

-1
wk

-1
) 

nss-Ca 0.357 0.332 
 

dSiO2 0.048 0.065 
 

TSS 0.699* 0.893* 
 

El Verde Openfall (kg ha
-1

wk
-1

) 

nss-Ca 0.341 0.376 
 

dSiO2 0.021 0.024 
 

TSS 0.297 0.294 

 Bisley Throughfall  (kg ha
-1

wk
-1

) 

nss-Ca 1.061 0.985 

 dSiO2 0.111 0.154 
 

El Verde WetOnly (kg ha
-1

wk
-1

) 

nss-Ca 0.118 0.131 
 

dSiO2 0.017 0.017 
 

Bisley Dry Estimate  (kg ha
-1

wk
-1

) 

nss-Ca 0.682 0.675 
 

dSiO2 0.061 0.051 
 

El Verde Dry Estimate  (kg ha
-1

wk
-1

) 

nss-Ca 0.196 0.234 

 dSiO2 0 0 
 

 
 

(+) indicates presence of Sahara-Sahel 

airmass.                        

(-) indicates absence of Sahara-Sahel 

airmass. Bolded italics denote there was a 

significant difference (p<0.05) between 

weeks that did have a Saharan airmass vs. 

weeks that did not. 

 *=marginally significant (p<0.051) 
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Table 3. Seasonal distribution of rainfall chemistry for all rainwater collectors 

nss-Ca Openfall (kg ha
-1

 wk
-1

) 

 
Bisley El Verde 

 
Winter Spring Summer Fall Winter Spring Summer Fall 

n 189 201 206 218 184 191 217 212 

Mean 0.400 0.427 0.532 0.338 0.407 0.465 0.554 0.339 

Median 0.326 0.33 0.479 0.27 0.336 0.368 0.474 0.29 

SD 0.309 0.33 0.337 0.264 0.315 0.356 0.371 0.225 

dSiO2 Openfall (kg ha
-1

 wk
-1

) 

 
Bisley El Verde 

 
Winter Spring Summer Fall Winter Spring Summer Fall 

n 202 208 215 216 203 196 221 198 

Mean 0.129 0.133 0.172 0.123 0.064 0.101 0.082 0.056 

Median 0.039 0.046 0.091 0.066 0.017 0.022 0.028 0.025 

SD 0.414 0.276 0.322 0.158 0.285 0.333 0.133 0.108 

TSS Openfall (kg ha
-1

 wk
-1

) 

Bisley El Verde 

 
Winter Spring Summer Fall Winter Spring Summer Fall 

n 94 105 111 81 74 96 112 84 

Mean 0.697 1.293 1.672 1.390 0.434 0.675 0.896 0.491 

Median 0.517 0.941 0.964 0.718 0.296 0.486 0.684 0.413 

SD 0.576 1.196 2.002 1.918 0.453 0.692 0.913 0.469 

Bisley Throughfall 

nss-Ca (kg ha
-1

wk
-1

) dSiO2 (kg ha
-1

wk
-1

) 

 
Winter Spring Summer Fall Winter Spring Summer Fall 

n 228 248 254 242 209 221 221 223 

Mean 1.293 1.172 1.259 1.042 0.235 0.262 0.315 0.325 

Median 1.154 0.959 1.148 0.905 0.110 0.103 0.148 0.197 

SD 0.728 0.725 0.691 0.658 0.478 0.433 0.581 0.557 

El Verde Wet Only 

nss-Ca (kg ha
-1

wk
-1

) dSiO2 (kg ha
-1

wk
-1

) 

 
Winter Spring Summer Fall Winter Spring Summer Fall 

n 192 181 224 201 183 182 211 186 

Mean 0.161 0.184 0.26 0.155 0.053 0.055 0.072 0.063 

Median 0.1 0.124 0.203 0.095 0.013 0.018 0.02 0.017 

SD 0.169 0.193 0.224 0.167 0.165 0.118 0.122 0.17 
Bolded italics indicate the median value for that season at one site is significantly (p<0.05) different 

from the same season at the other site. All metrics tested had seasonality, indicating at least one 

season showed a significant difference (p<0.05) from the other seasons. 
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Table 4. Seasonal distribution of dry deposition dSiO2 and nss-Ca at Bisley and El 

Verde 

nss-Ca (kg ha
-1

 wk
-1

) 

  Bisley El Verde 

  Winter Spring Summer Fall Winter Spring Summer Fall 

n 173 189 201 210 166 174 202 194 

Mean 0.898 0.773 0.869 0.738 0.296 0.343 0.337 0.221 

Median 0.782 0.619 0.707 0.583 0.216 0.245 0.282 0.186 

SD 0.709 0.724 0.67 0.644 0.328 0.354 0.348 0.205 

dSiO2 (kg ha
-1

 wk
-1

) 

  Bisley El Verde 

  Winter Spring Summer Fall Winter Spring Summer Fall 

n 178 188 202 207 166 172 206 176 

Mean 0.165 0.199 0.204 0.243 0.015 0.073 0.041 0.029 

Median 0.061 0.057 0.024 0.104 0 0 0 0 

SD 0.309 0.372 0.509 0.503 0.041 0.34 0.095 0.101 
Bolded italics indicate the median value for that season at one site is significantly (p<0.05) different 

from the same season at the other site. All metrics tested had seasonality, indicating at least one 

season showed a significant difference (p<0.05) from the other seasons. 
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2.10 Figures 

 

Figure 1. Locations of the two rain gauges used to gather bulk rainfall measurements and rain 

chemistry data in the Luquillo Mountains in northeastern Puerto Rico. Approximate distance 

between El Verde and Bisley = 10km. 
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Figures 2a and 2b. Backward airmass trajectories from Puerto Rico. Figure 2 shows the airmass passing 

directly over the Sahara before moving to Puerto Rico. Figure 3 shows the airmass moving around the 

eastern seaboard of the United States, not going near the Saharan Desert. 
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Figure 3. Seasonal distribution of nss-Ca in openfall at Bisley 1988-2009. The 

rectangular part of the plot extends from the lower quartile to the upper quartile, 

covering the center half of the sample.  The center line within the box shows the 

location of the sample median.  The plus sign indicates the location of the 

sample mean.  The whiskers extend from the box to the minimum and maximum 

values in the sample, except for any outside or far outside points, which will be 

plotted separately.  Outside points are points which lie more than 1.5 times the 

interquartile range above or below the box and are shown as small squares.  Far 

outside points are points which lie more than 3.0 times the interquartile range 

above or below the box and are shown as small squares with plus signs through 

them. The y-axis has been shortened for graphical purposes to show changes in 

seasonality, which cuts off many of the far outside points. Seasons are split into 

13 week increments with winter beginning on the 51
st
 week of the year. The 

decrease in Fall flux is characteristic of most seasonal flux patterns. Tests for 

seasonality show that summer is significantly (p<0.05) different from other 

seasons. 
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Figure 4. The number of airmasses coming from the Sahara-Sahel region per week during 

each season of the year, averaged for the duration of this study, 1988-2009. The 

rectangular part of the plot extends from the lower quartile to the upper quartile, covering 

the center half of the sample.  The center line within the box shows the location of the 

sample median.  The plus sign indicates the location of the sample mean.  The whiskers 

extend from the box to the minimum and maximum values in the sample, except for any 

outside or far outside points, which will be plotted separately.  Outside points are points 

which lie more than 1.5 times the interquartile range above or below the box and are 

shown as small squares.  Far outside points are points which lie more than 3.0 times the 

interquartile range above or below the box and are shown as small squares with plus 

signs through them. The y-axis has been shortened for graphical purposes to show 

changes in seasonality, which cuts off some of the far outside points. Seasons are split 

into 13 week increments with winter beginning on the 51
st
 week of the year. Median 

values for winter and spring are zero. 
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Non-seasalt Ca Flux Bisley vs. El Verde
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Figure 5. Weekly openfall non-seasalt-Ca
2+

 deposition at Bisley 

and El Verde 1988-2009. The rectangular part of the plot extends 

from the lower quartile to the upper quartile, covering the center 

half of the sample.  The center line within the box shows the 

location of the sample median.  The plus sign indicates the 

location of the sample mean.  The whiskers extend from the box 

to the minimum and maximum values in the sample, except for 

any outside or far outside points, which will be plotted separately.  

Outside points are points which lie more than 1.5 times the 

interquartile range above or below the box and are shown as small 

squares.  Far outside points are points which lie more than 3.0 

times the interquartile range above or below the box and are 

shown as small squares with plus signs through them. The y-axis 

has been shortened for graphical purposes to show changes in 

seasonality, which cuts off some of the far outside points. Median 

value at Bisley is 0.342; median value at El Verde is 0.365. These 

values are not significantly different from each other (p>0.05). 
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Figure 6. Weekly openfall dSiO2 deposition at Bisley and El Verde 

1988-2009. The rectangular part of the plot extends from the lower 

quartile to the upper quartile, covering the center half of the sample.  

The center line within the box shows the location of the sample 

median.  The plus sign indicates the location of the sample mean.  

The whiskers extend from the box to the minimum and maximum 

values in the sample, except for any outside or far outside points, 

which will be plotted separately.  Outside points are points which lie 

more than 1.5 times the interquartile range above or below the box 

and are shown as small squares.  Far outside points are points which 

lie more than 3.0 times the interquartile range above or below the 

box and are shown as small squares with plus signs through them. 

The y-axis has been shortened for graphical purposes to show 

changes in seasonality, which cuts off some of the far outside 

points. Median value at Bisley is 0.055; median value at El Verde is 

0.022. These values are significantly different from each other 

(p<0.05). 
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Figure 7. Comparisons between atmospheric silicon collected at Virgin Islands National Park and dust tracers from this study, 

TSS and dSiO2, for the same time period. The Si in the atmosphere representing dust contains very few outliers and is very 

regular temporally. The TSS and dSiO2 measured in openfall at Bisley in comparison frequently have outlying values far 

exceeding seasonal peaks. 
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Figure 8. Average amount of rainfall experienced in ten days in the 

Western Sahel region from 1990 to 2007 [adapted from Lebel and Ali, 

2009].  
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Figures 9. (Top) A time series of the average number of Sahara-Sahel airmasses per week of the year 

and the average weekly flux of dSiO2 both taken from approximately twenty years of weekly 

measurements. Both measurements are closely linked until approximately the 33
rd

 week of the year, 

where airmass provenance no longer correlates to the flux of dSiO2 to Puerto Rico. (Bottom) The 

equivalent of figure 9, expanded to show the entire year of rainfall in the Western Sahel. Peak rainfall 

is centered around the 33
rd

 week of the year, however, greening of vegetation in the region persists for 

up to two months after precipitation has halted [Nicholson et al., 1990]. The expanded leaf area has the 

potential to prevent dust entrainment into the atmosphere. 
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Key Points 

 Nd reflects high variability in the amount of African dust present in surface soil at 31 

ridgetop locations across a ~100 km
2
 landscape in the Luquillo Mountains, Puerto Rico. 

 Nd weathering losses, combined with soilNd and estimates for denudation rates, can be 

used to estimate dust deposition fluxes. 

 Dust deposition after long-range transport is highly spatially variable on landscape 

scales in mountainous terrain, and translates to spatial variability in phosphorus supply 

to ecosystems. 

 

3.1 Abstract 

 Dust deposition provides rock-derived nutrients such as phosphorus (P) to 

terrestrial ecosystems. Over pedogenic timescales, as bedrock sources of P are depleted, 

dust sources of P can support productivity in certain ecosystems, but both dust deposition 

rates and the spatial variability of dust deposition rates are largely unknown. This study 

evaluates the spatial variability of dust deposition using neodymium (Nd) isotope ratios 

and the distribution of rare earth elements (REE) in soil in the Luquillo Mountains, 

Puerto Rico. Dust from the Sahara-Sahel region of Africa carries a distinct isotopic 

signature of -12 Nd, and a characteristic enrichment of light REEs, with a La/Yb ratio of 

30. Local bedrock, in contrast, has a Nd signature of 7, and a La/Yb ratio of 5.5 to 5.7.  

End-member mixing calculations for 31 ridgetop sites across the Luquillo Mountains 

based on Nd reveal a wide range in dust influence on surface soils, with between 6% and 

89% of soil Nd being African dust-derived.  Using Nd paired with surface soil residence 

times from 
10

Be-based or other estimates of denudation rates, dust fluxes to the Luquillo 
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Mountains were calculated, ranging from 0.48 – 71 g m
-2

 yr
-1

 at different locations within 

a ~100 km
2
 area.  Based on the P content of African dust, this represents a dust-derived P 

input of 0.53 - 78 mg P m
-2 

yr
-1

.  Current dust content of soil is positively correlated with 

biologically cycled fractions of soil P on quartz diorite bedrock (r
2
=0.47 and p=0.0015 

for NaHCO3-Pi, r
2
=0.23 and p=0.030 for NaOH-Pt).  Dust content of soil is also 

positively correlated with ridgetop width (r
2
=0.67 and p=0.011).  However, dust content 

of soil is not correlated with denudation rate, meaning that variation in dust deposition 

flux controls dust content in addition to variation in soil residence time across the 

landscape.  Soil dust content is not simply correlated with elevation, rainfall, longitude, 

forest type, or bedrock type, suggesting that other factors such as wind speed, turbulence, 

and forest canopy structure influence local dust deposition rates. 
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3.2 Introduction 

Dust emissions from desert areas total as much as 2 billion tons yr
-1

 globally, with 

important implications for Earth surface processes [Jickells et al, 2005]. The radiation 

budget of the Earth can be altered by atmospheric dust [Tegen et al., 1996], and in high 

nutrient low chlorophyll zones, the productivity of ocean-dwelling photosynthetic life 

relies on iron delivered to the water surface by dust deposition [Coale et al., 1996; 

Martin, 1990]. Mineral aerosols can also be a long-range vector for bacterial and fungal 

movement, which can cause mortality of coral reefs [Shinn et al., 2000]. Dust is also 

hypothesized to play an important role in certain terrestrial ecosystems, but few records 

exist with which to examine the spatial variability of dust deposition at a landscape scale.  

Dust has the potential to fertilize ecosystems that nutrient limited in either 

phosphorus (P) [e.g. Chadwick et al., 1999], or calcium (Ca
2+

)  [Avila et al., 1998]. Over 

time, ecosystems on highly weathered soils may experience decline in rock-derived 

nutrients such as P due to leaching, or through formation of insoluble complexes with 

metal oxides [Walker and Syers, 1976].  Despite efficient nutrient recycling, over longer 

timescales small losses of rock-derived nutrients from soils must be replenished by new 

inputs, such as long-range dust transport or erosion-induced rejuvenation of soil primary 

minerals, in order to maintain ecosystem productivity [Porder et al., 2005, Pett-Ridge 

2009]. It has been proposed that dust is an ecologically significant supplier of limiting 

nutrients to highly productive ecosystems such as the Amazon Basin [Swap et al., 1992].  

In this manner the size of major carbon pools can be linked to factors affecting dust 

production, transport, and deposition.  
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Long-term dust flux measurements are needed to assess the potential impact of 

dust fertilization on terrestrial ecosystems. Short term dust deposition can be estimated 

directly and indirectly using different techniques, such as measuring non-seasalt calcium 

in rainwater [Stallard, 2001], collecting atmospheric samples passed through an active 

filter [Prospero and Lamb, 2003], or using ocean-basin scale modeling techniques 

[Ginoux et al., 2001; Mahowald, 2008]. These methods are limited by multiple issues, 

including the high spatial and temporal variability in both transport and deposition 

[Prospero 1999]. Direct collection of dust using ground-based deposition collectors 

cannot meaningfully measure the long-term average dust deposition a forested ecosystem 

receives, in part because they do not mimic the forest canopy structure and surface 

properties of leaves [Hicks et al., 1980; Lindberg and Lovett, 1985; Stoorvogel et al., 

1997; White and Turner, 1970]. Modern deposition studies are also limited in their 

temporal scale; longer timescales are required to understand how dust affects terrestrial 

ecosystems, and to understand how decadal-scale changes such as the North Atlantic 

Oscillation (NAO) or other significant variations in climate affect dust inputs to 

ecosystems.   

Isotopic tracers in soils can be used to identify the presence of long-range 

transported dust [Kurtz et al.,  2001, Jahn et al.,   2001, Borg and Banner 1996, Dia et al.,  

2006, Pett-Ridge et al.,  2009], and to calculate long term average rates of dust deposition 

[Pett-Ridge, 2009]. Two different isotope systems, strontium (
86

Sr/
87

Sr) and neodymium 

(
143

Nd/
144

Nd) are commonly used to determine dust provenance [e.g. Kumar et al., . 

2014]. When the dust source region has a unique isotopic signature relative to the 

deposition region’s bedrock, mixing model calculations can be used to calculate dust 
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flux. These calculations work best in situations where only two end-members exist, dust 

and underlying parent material. This is more often the case with Nd isotopes as compared 

to Sr isotopes, because sea-salt derived aerosols are presumed to have negligible Nd 

content [Grousset and Biscaye 2005].  

Other techniques for estimating the influence of dust on soil chemistry involve 

measuring a suite of rare earth element (REE) concentrations and immobile elements 

such as Zr, Nb, or Th [Kurtz et al., 2001, Aubert et al., 2002, Muhs et al., 2009]. REEs 

form stable 3
+
 ions, which have a small (but steady) decrease in ionic size with increasing 

atomic number. A result is that certain lithologies will have their own unique REE 

signatures and differences in these geologic origins can be quantified by examining ratios 

of particular REEs. For instance, there is a noticeable enrichment of light rare earth 

elements (LREEs) in Saharan dust [Herwitz et al.,  1993], which can be imprinted on a 

soil REE pattern, altering the overall distribution of REEs in soil. “Immobile” elements 

such as Zr, Nb, and Th are less susceptible to leaching and transport in a soil profile 

relative to REEs, and can be used in combination with REE patterns to distinguish 

between enrichment or depletion due to soil weathering or additions to soil from dust or 

other potential sources [Bern and White 2011].  

The Luquillo Mountains of Puerto Rico are well-suited for studying dust 

deposition because there is one dominant dust source region, the Sahara-Sahel region of 

Africa, and no other significant landmasses in the pathway of dust transport. The 

predominant wind direction is northeasterly trade winds off the Atlantic Ocean, 

minimizing the possibility of local or anthropogenic influence on atmospheric inputs in 

the Luquillo Mountains. This study investigates dust deposition in Luquillo using the 



56 

 

 

isotopic ratio of Nd (in units of Nd, eq.1 where CHUR is the chondritic uniform reservoir 

of the Earth) in soil samples to calculate the amount of dust that has been deposited over 

long timescales. 

Eq. 1         [

(
     

     )
      

(
     

     )
    

  ]        

Bedrock formations throughout the Luquillo Mountians have an average Nd of +7 

[Smith et al., 1998]. The primary dust source in the Luquillo Mountains is the Sahara-

Sahel region, which has a Nd value of -12 [Kumar et al., 2014]. This creates the 

opportunity to create a simple two end-member mixing calculation to determine the 

fraction of Nd in soil that came from dust. This result, when combined with the average 

Nd concentration in dust, the Nd concentration in soil, and an estimate of the amount of 

dust that has weathered out of the soil, is used to calculate the mass of the dust that has 

fallen on a soil over the residence time of the soil.  We then convert these values into 

estimates of dust deposition rate using estimates of denudation rates.  These results are 

compared with REE concentrations of topsoil and bedrock to establish patterns in soil 

weathering and dust fluxes. Using these measurements we seek to address three main 

aspects of dust deposition in the Luquillo Mountains of Puerto Rico: (1) the spatial 

variability of dust deposition over approximately hundred to thousand year timescales (2) 

the factors controlling spatial variability of dust deposition, and (3) the role of dust 

deposition in supplying P to Luquillo ecosystems. 

3.3 Methods 

3.3.1 Study Site 
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The Luquillo Mountains are located in the El Yunque National Forest of NE 

Puerto Rico in the Caribbean and are covered by lower montane, montane, and dwarf 

rainforest. The climate in El Yunque is classified as tropical, with 2.5 to 5 meters of 

orographically driven rainfall with little seasonality throughout the year and a mean 

annual temperature of 24°C at 370m elevation, and 19°C at 1000m elevation. Trade 

winds that carry mineral aerosol dust typically travel in a NEE to SWW direction and 

originate from the Sahara-Sahel region of Africa [Chapter 2 of this thesis, Gioda et al., 

2013]. This area is a Critical Zone Observatory in addition to a Long-Term Ecological 

Research site, and has been the focus of extensive ecology and biogeochemistry research. 

Over our study area, which spans approximately 100 km
2
, there are two different types of 

bedrock, which correspond to two different primary classifications of soil. Andesitic to 

basaltic volcaniclastic sandstone, breccia, and mudstone bedrock is overlain by Humic 

Hapludoxes, while intrusive quartz diorite bedrock is overlain by Aquic Dystrudepts.  

Two common forest types covering the sample sites are classified as either being 

dominated by either palo colorado trees (average canopy height 15 m) or tabonuco trees 

(average canopy height 30 m) [Scatena 1990]. The samples used by this study cover an 

elevation range between 376 and 815 meters above sea level.  

3.3.2 Sample Collection 

Ridgetop soils were collected from a total of 31 locations across the Luquillo 

Mountains. Soils from a fully-factorial investigation of rock type and forest type covering 

both quartz diorite and volcaniclastic bedrock, and tabonuco and palo colorado forest, 

were collected from 16 ridgetop locations (4 of each combination) in the summer of 2010 

[Mage and Porder 2013]. Sample SM82 was originally classified as having a quartz 



58 

 

 

diorite parent material, but further analysis revealed the parent material of that soil was 

volcaniclastic in origin. A second sampling campaign collected soils from an additional 

15 sites, all on quartz diorite bedrock with palo colorado forest type.  The second set of 

sites were chosen to constitute a gradient of ridgetop-width, between 5 and 54 m, holding 

other soil-forming factors constant.  Denudation rates have been determined on 11 of the 

15 ridge-width gradient soils based on 
10

Be in 250-500 µm quartz grains from the soils 

[Tamayo, 2014].  Ridge-top sites were defined as having <10% slope, and being local 

topographic high areas where colluvial deposition of soil from a higher topographical 

location was unlikely.  At all 31 locations, 0-20 cm depth soil was collected in three pits 

approximately 10 m apart in a transect along the spine of the ridge. The soil excludes 

large roots and surface litter layer. Soils were air-dried and sieved (<2 mm) within 2 

weeks of collection. The three samples at each site were composited prior to our analysis. 

A 25 cm by 25 cm quantitative pit was dug to a depth of 20 cm at each site to calculate 

bulk density. 

3.3.3 Soil Digestion 

Prior to soil digestion organic matter was removed by placing soil in crucibles and 

heating them to 550 degrees Celsius for five hours. Approximately 0.4 grams of the ashed 

soil was placed in a Teflon microwave vessel with concentrated acids: 6 ml HNO3, 2 ml 

HCl, and 2 ml HF. Samples were then digested in the microwave for 70 minutes, 

reaching 200 °C and 60 bars of pressure. After the microwave digestion, samples were 

transferred to Teflon vials and dried down on a hotplate. Samples were re-dissolved in 

combination of concentrated HCl, HNO3. Samples were stored in concentrated aqua regia 

prior to dilution and analysis.  
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3.3.4 REE Analysis 

Rare earth element and trace element concentrations were analyzed on a Thermo 

Scientific X-Series II Quadrupole ICP-MS in the William P. Keck Lab for Plasma 

Spectrometry at Oregon State University. A multi-element standard solution in dilute 

nitric acid from Inorganic Ventures was used to calculate concentrations of all the rare 

earth elements as well as uranium and thorium. Spex multi-element standards were used 

for all other elements measured in this study. Single element standards were monitored 

for oxide formation. For each element measured, the amount of oxides that formed in the 

single element standard was subtracted as a proportion from the sample. An internal 

indium standard was used to monitor and correct for changes in uptake and instrument 

sensitivity throughout the experiment. Procedural blanks measured in concentration data 

were at similar levels to the instrumental blanks for all REE analytes, <5 pg g
-1

. REE 

concentration pattern data are normalized to the REE concentrations of the underlying 

bedrock, averaged from several different rock samples for each bedrock type [Pett-Ridge 

2007 and Porder, S.P., unpublished data]. Analytical uncertainty of concentration data is 

5% based on multiple digestions (n=10) of the NIST 2709a soil standard.  Procedural 

blanks were monitored and never exceeded 1% of sample concentrations.  

3.3.5 143
Nd/

144
Nd Measurements 

Nd was isolated from the remainder of the soil sample using a two-stage column 

procedure. AG50-HCl form resin was used to remove major cations and separate rare-

earth fractions from other fractions. The REE elements were then run through Eichrom 

Ln-spec resin to separate Nd from other REEs.  The procedural blank for Nd was <5 pg g
-

1
.  The final solutions were all brought to 50 ng g

-1
concentration and run on a Nu 
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instruments multi-collector ICP-MS. Long-term precision of the Nu MC-ICPMS based 

on 155 analyses of an in-house standard is 0.511205 +/- 0.000014 
143

Nd/
144

Nd.  This 

corresponds to an analytical precision of 0.3 Nd (where Nd is the deviation of 

143
Nd/

144
Nd from a bulk earth value, CHUR 0.512638, in parts-per-ten thousand; 

[Jacobsen and Wasserburg, 1979]).  Analyses of JNdi-1, used for instrumental offset 

correction, gave similar long-term external reproducibility (0.2 Nd; n = 174).   

3.3.6 Dust Flux Calculations 

The total amount of dust that has been added to the top 20 cm of soil can be 

calculated with several known variables and assumptions. From the time bedrock begins 

weathering to the time our measurements were made, the total loss of Nd can be 

determined using several different methods. One method is to normalize Nd to an 

immobile element such as Zr or Nb in an elemental open-system transport function, 

known as a τ value (Equation 2) [Brimhall and Dietrich 1987] 

Eq. 2          (         ) (         ) -  

Changes in the concentration, C, of an element, j, in soil horizon, h, are 

normalized to changes in the concentration of an index element, i. The subscript p refers 

to concentrations in the unweathered parent material.  The τ calculation has limitations 

because it relies on the assumption of immobility of the index element and does not take 

atmospheric inputs into account, both of which are important factors in the Luquillo 

Mountains [Pett-Ridge et al, 2009].  Instead, we employ an alternative method based on 

bedrock concentrations of the element of interest can be used to estimate how much 

bedrock Nd has weathered out of a profile. This measurement calculates the total percent 
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loss of Nd using an assumption of isovolumetric weathering (meaning no strain or soil 

collapse during weathering), which has previously been shown to be the case for the 

Luquillo quartz diorite [White et al.,  1998].  

Eq. 3            
        

               

Eq. 4              
           

                     

The amount of Nd in either soil or bedrock is based on the concentration of Nd (C), the 

density (), and the thickness (z), and has units of mg Nd cm
-2

 (equations 3 and 4).  The 

Nd in soil is a combination of dust-derived Nd (Ndsoil-dust) and bedrock-derived Nd 

(Ndsoil-bedrock). Using Nd, we can determine the fraction of total Nd derived from both 

dust and rock, using their endmembers of -12 and 7 respectively.  The fraction of soil Nd 

that is derived from dust is calculated using a simple two end-member mixing formula 

(equation 5), where: 

Eq. 5           
    (

   
         

       

   
        

       ) 

The dust content of the soil (%Dust) is calculated based on the average Nd concentration 

of the dust (43 ug g
-1

 , (Herwitz 1993)) in equation 6. The difference between 1 and      
   

is used to calculate the fraction of soil Nd that is derived from bedrock (equation 7).  

Eq. 6             [(
          
        

            

     
  )             ] 

Eq. 7                 
          

   

Eq. 8                  
        

                        
   

Eq. 9               
        

                     
   

Eq. 10  ((
                     
  

        
  )   )                         
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Eq. 11                               

Eq. 12    ((
     
  

        
        

  )   )                    

Using the original mass of bedrock Nd (X
Nd

bedrock) and the current mass of bedrock-

derived Nd in soil (X
Nd

soil, bedrock-derived), we establish the percentage of Ndbedrock lost during 

weathering (%loss Ndbedrock, Eq. 10). Because there is no clear reason to believe Nd 

weathering rate would differ between dust-derived and bedrock-derived Nd in this 

system, we assume that the %loss(Ndbedrock) =%loss(Nddust). 

Using the %loss (Nddust) we extrapolate from the current inventory of dust-

derived Nd in the soil (X
Nd

soil, dust-derived) to the total amount of dust-derived Nd that was 

deposited during the residence time of the top 20 cm of soil at the surface (Eq. 13). 

Eq. 13     [
                  
  

  (     (         ⁄ ))
]                   -                     

The mass of total dust-derived Nd deposited is then converted to a mass of dust deposited 

by dividing by the average concentration of Nd in African dust, 43 µg g
-1

 (equation 14) 

[Herwitz 1993].  

Eq. 14     
                                    

     
                        

The dust amount can be expressed as a dust deposition rate using the soil residence time 

calculated using either a 
10

Be-based denudation estimate [Tamayo, 2014 data], or other 

estimates of denudation rates specific to each bedrock type (equation 15) [Riebe et al., 

2004, Brown et al.,  1995, Pett-Ridge et al.,  2009 and Dosseto et al.,  2013].  

Eq. 15     
                    

               
=dust deposition flux 

3.4 Results 

3.4.1 Soil REE Data 
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A wide range of soil REE, Zr, and Nb concentrations is evident across the 31 

ridgetop sites as shown in Table 1. Nd concentrations in the soil ranged from 0.28 to 

14.25 µg g
-1

, and averaged 2.79 µg g
-1

 with a standard deviation of 2.74 µg g
-1

.  The 

quartz diorite bedrock had 7.86 µg g
-1

 Nd and the volcaniclastic bedrock had 16.10 µg g
-1

 

Nd. Between soils developed on different bedrock types, a t-test assuming unequal 

variances revealed that volcaniclastic and quartz diorite derived soils did not have 

significantly (p>0.05) different concentrations of Nd. Tables 2 and 3 show soil 

concentration values of all REEs + Y normalized to the those concentrations in their 

underlying bedrock. Table 4 shows the τ values showing large depletion of Nd relative to 

the immobile element Nb, with most sites have lost >90% of bedrock-derived Nd. Table 

4 also shows the calculations of %lossNdtotal, and %lossNddust. % lossNddust for the soil 

samples are large, all but two samples are >90%, with no relation to rock type. REE 

patterns normalized to underlying bedrock were plotted in Figures 1-3.  

3.4.2 Nd isotopes 

Nd isotope ratios of all 0-20 cm depth ridgetop soil are presented in Nd units, and 

shown in Table 5. Nd values for soil samples displayed a wide range from -10.3 to 7.0 

with a mean of -1.2 and a standard deviation of 5.0. The values encompass most of the 

range between the two end-members; dust has a Nd  of -12 [Kumar et al.,  2014], while 

both bedrock types in Luquillo have a Nd  of +7 [Smith et al., 1998].  

Using equation 5, the fraction of Nd that comes from dust for these soils ranges 

from 0.06 to 0.89 (meaning 6 to 89% dust-derived Nd in soil) with a mean of 0.47 and a 

standard deviation of 0.24. Figure 4 shows a map of % dust-derived Nd in the soil at each 
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site. The average Nd values between bedrock types were not significantly (p>0.05) 

different from each other. Nd is not correlated to elevation, latitude, longitude, or forest 

type based on multiple linear regression analysis. The % dust derived Nd in soil did show 

a positive correlation with ridge width (Figure 12), but not with elevation, latitude, 

longitude, or forest type. 

3.4.3    Dust flux calculations 

Dust flux calculations were done using both τNd (Nb) as a weathering indicator and 

%lossNdbedrock.  In the ridgetop-width gradient subset of samples (PR-CT), for which 
10

Be 

data are available, the dust flux calculations are more reliable because the denudation rate 

and soil Nd have been determined at the same sites [Tamayo 2014].  On these samples, 

using %lossNdbedrock the dust flux ranges from 1.7 to 43 g m
-2

 yr
-1

 with an average of 18.1 

± 12.6 g m
-2

 yr
-1

 (Table 5).   A likely range in dust flux values for the other samples on 

quartz diorite bedrock (SM73 through SM136) was calculated from two different 

estimates denudation rates of 26 m Ma
-1

 (the lowest rate in the quartz diorite ridgetop 

width set of samples) and 65 m Ma
-1

 (the average rate for the monolithologic quartz 

diorite Rio Icacos watershed)[Pett-Ridge et al.,  2009]. Dust flux numbers were not 

calculated for volcaniclastic soils, as the only available estimate of soil denudation rate, 

based on a single regolith profile is extremely rapid, 360 m Ma
-1

 [Dosseto et al., 2013] 

and yields unrealistically high dust deposition fluxes of up to 3700 g m
-2

 yr
-1

.  The total 

mass of dust that has been deposited during the residence time of the surface 20 cm of all 

soils (Table 5) is similar, suggesting that the soil residence times at volcaniclastic sites 

are likely not dramatically different from those on quartz diorite bedrock. 

3.5  Discussion 
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3.5.1 Nd isotopes 

Calculated dust fluxes based on Nd values reveal that dust deposition is highly 

variable across the Luquillo Mountains. Previous research has found that dust deposition 

can vary 1.8-fold across nine stations spanning 800 km in Florida [Prospero et al.,  2010], 

up to three-fold at 3 stations across a spatial scale of 125 km in the Wind River Range in 

Wyoming [Brahney, 2014], and 5-fold at six stations over a scale of 1 km on winter 

snowpack in the Spanish Pyrenees [Bacardit and Camerero, 2010]. In the Luquillo 

Mountains, we have measured dust deposition that varies almost 26 fold within an 

approximately 100 km
2
 area. Dust deposition fluxes range from 1.7 to 43 g m

-2
 yr

-1
 with 

an average of 18.1 ± 12.6 g m
-2

 yr
-1 

on the quartz diorite soils.  

Comparing dust deposition fluxes on quartz diorite soils with the environmental 

variables of slope, aspect, latitude, longitude, elevation, or forest type revealed no clear 

patterns to explain wide spatial variation in dust deposition (Figures 5-8, and Table 6). 

Analysis of variance showed that no single variable tested had a significant control on 

dust deposition. Longitude was the most significant at p=0.09. Longitude was 

hypothesized to control dust deposition, because airmasses average an east to west track, 

with orographically-driven rainfall potentially removing dust along that path.  Multiple 

regression analysis also revealed that no combination of measured environmental 

variables controlled dust deposition significantly. Rainfall estimated using the PRISM 

climate model [Daly et al., 2003] had no correlation with dust deposition measured from 

the 
10

Be paired dataset. 

There are several other explanatory variables that could be controlling dust 

deposition. Surface wind speed and wind turbulence data were not available, but are a 
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likely factor controlling local scale variation in dust deposition. Historical surface wind 

patterns would be even more difficult to estimate for the measured residence times of our 

soil. Another potential explanation of dust deposition variability would be surface canopy 

characteristics. Although dominant vegetation type plays a major determining factor in 

surface canopy character, variations exist in these sites within forest types. The historical 

variation of surface canopy characteristics could be even more varied between these site 

locations, leading to a wide variety of dust deposition rates over the thousand year 

residence times of the surface 0-20 cm of soil. Regardless of why variation of dust 

deposition exists on the spatial scales addressed by this study, ~100 km
2
, this variation 

can translate to a wide variation in atmospheric rock-derived nutrient delivery to 

ecosystems. In terms of phosphorus (P), assuming a concentration of 1100 µg P g dust
-1

 

[Pett-Ridge 2009], a 1.7 to 44 g m
-2

 yr
-1

 variation in dust deposition represents a variation 

of between 1.9 to 48.4 mg P m
-2

 yr
-1

. For reference, the other input of P to ecosystems, 

the conversion of saprolite to soil, provides approximately 23 mg P m
-2

 yr
-1

 in the quartz 

diorite Rio Icacos watershed in the Luquillo Mountains [Pett-Ridge, 2009]. 

3.5.2 Dust impact on phosphorus cycling 

Based on fertilization studies of nutrient limitation in Puerto Rico [Fetcher et al., 

1996], and an extensive evaluation of soil nutrient status [Silver et al., 1994], there is 

evidence that Luquillo ecosystems are P-limited.  Several key measures of soil nutrient 

status previously measured on these ridgetop soils correlate well with the measures of 

current dust status in the soil [Tamayo 2014, Mage and Porder 2013]. Figure 9 shows that 

the total soil dust content (          
      ) is correlated with biologically cycled P 

fractions, as defined by NaHCO3 and NaOH-extractable P on quartz diorite soils.  Figure 
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10 shows that the organic P fraction is not a function of % C in soil, which suggests that 

the correlation between organic P and soil dust content is driven by dust deposition, 

instead of the amount of organic matter in the soil. This implies that dust inputs increase 

the amount of biologically cycled P in ecosystems and soils on the quartz diorite bedrock.  

On the other hand, dust content in volcaniclastic derived soil does not correlate with the 

organic and labile P fractions in soil. This is most likely because both volcaniclastic 

bedrock and volcaniclastic soils have a higher P content than quartz diorite bedrock and 

soils [Mage and Porder 2013]. Our data suggest that the P-poor quartz diorite systems are 

more sensitive to dust-derived P inputs.  

Two additional soil factors, ridgetop width and τSi (where Nb is the immobile 

index element eq. 2), correlate with the current soil dust content (Figures 11 and 12 and 

Table 5). Ridgetop width is positively correlated with soil dust content (r
2
 = 0.68; p < 

0.05).  The τSi values for all soils with precise denudation rates are negatively correlated 

with current soil dust content (r
2
 = 0.41; p < 0.05). However, denudation rates calculated 

from 
10

Be data do not correlate with current soil dust content (Figure 13). This suggests 

that the soil weathering status based on τSi values on the ridgetop width gradient of sites 

is not a function of slower denudation on wider ridges, and instead may be related to 

different hydrology and soil hydraulic connectivity on wider ridges [Tamayo 2014].  It is 

not known what causes higher current soil dust content on wider ridges, but in the 

absence of a residence time effect, it appears that small-scale meteorological factors 

related to airmass interactions with ridges, or differences in forest canopy structure may 

play a role.  Nevertheless, the relationship between increased soil dust content and wider 
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ridges appears to explain the paradox of increased pools of biologically cycled P on the 

more highly weathered soils on wider ridges.  

3.5.3 REE Patterns 

The patterns of REE reveal several characteristics that point to dust deposition 

being highly variable from site to site. Dust from the Sahara-Sahel region has a 

characteristically high La:Yb relative to both bedrock types of Luquillo. High dust 

deposition would cause the REE distribution in soil to appear similar to the REE 

distribution in dust. This is shown clearly with a depth profile of REE distribution 

patterns in Figure 14 [Pett-Ridge 2007]. However, this could also indicate that soil 

weathering is causing the distribution of REEs to change and not dust deposition, since 

dust is essentially weathered soil. The dust deposition calculated from Nd when plotted 

against La/Yb for soil samples with known denudation rates from 
10

Be, shows a 

significant (p<0.05) positive relationship between La/Yb and dust flux (Figure 15).  

While dust deposition and degree of soil weathering may co-vary to some degree (Figure 

12), this suggests that dust deposition at least contributes to surface soil REE patterns. 

The general shape of the pattern for dust is heavily enriched with LREEs, while soils with 

more dust or more weathering are also enriched in LREEs. Because the patterns are 

normalized to bedrock, soils that are unweathered with respect to REEs remain flat with a 

normalized value of 1. Of particular interest is the La/Yb for each soil, representing a 

light to heavy REE ratio. This value in our soils ranges from 1.7 to 23.6, with an average 

of 8.9 and standard deviation of 4.9 (Table 4). Dust has a La/Yb of 29.5 while the quartz 

diorite and volcaniclastic bedrocks have a La/Yb of 5.5 and 5.7 respectively. 
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Plots of ridgetop surface soil La/Yb versus spatial variables Figures 16-18 show 

variation between volcaniclastic and quartz diorite derived soils. Latitude and longitude 

plots (Figure 16 and 17) reveal the spatial extent of quartz diorite across the landscape 

controls variability in La/Yb ratios.  Quartz diorite soils show a wider range in La/Yb, 

and volcaniclastic soils have lower La/Yb and are more uniform. Within just quartz 

diorite soils, variability in La/Yb is higher at higher elevations (Figure 18) likely caused 

by either more weathered soils at higher elevations due to a regional knickpoint in 

denudation rates [Porder et al, in review], increased dust inputs at higher elevations, or a 

combination of both.  Figure 18 shows there is a point in elevation where dust flux 

increases drastically, potentially from intercepting airmasses carrying dust.  

3.5.4    Comparison of methods for determining dust deposition 

Several other dust flux estimates have been made using other techniques, which 

incorporate different timescales. The dust flux estimated using a Sr isotope watershed 

scale mass balance in the Rio Icacos watershed of the Luquillo Mountains shows that 

dust is deposited at a rate of 21 ± 7 g m
-2

 yr
-1

 [Pett-Ridge, 2009], which is similar to the 

average deposition rate from this study, 18 ± 12 g m
-2

 yr
-1

. A study by Mahowald 

[2005], estimates the dust flux to the Caribbean as approximately 5 g m
-2

 yr
-1

 using a 

model of global deposition rates. The model resolution encompasses a large area of ocean 

however, with average rainfall that is 4-fold lower that that over the Luquillo Mountains. 

Yet another approach calculates dust flux using dissolved silica (dSiO2) and non-seasalt 

calcium (nss-Ca) in rainwater as a tracer (Chapter 2, this thesis). These dust flux 

estimates ranged from 0.7 to 48 g m
-2

 yr
-1

 at the El Verde rain station for dSiO2 and nss-

Ca respectively, and between 2.6 and 125.4 g m
-2

 yr
-1

 for dSiO2 and nss-Ca respectively 
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at Bisley. dSiO2 is thought to be an underestimate of dust deposition because much of the 

SiO2 in dust does not dissolve, and nss-Ca is thought to be an overestimate because 

removing seasalt calcium using Cl
-
 as a seasalt tracer is likely imperfect. Several other 

studies measuring deposition using these rainwater based dust tracers at this location had 

similar values [Heartscill-Scaley, 2007; Stallard, 2001; Gioda, 2013]. The range of dust 

deposition calculated using these rainwater proxies does fall in the ranges of deposition 

fluxes at the soil sites in this chapter. It is important to note that the study by Maholwald 

[2005] and the previous chapter of this thesis are modern decadal estimates of dust 

deposition, while the dust deposition fluxes presented here represent dust deposition 

averaged over hundreds to thousands of years.  

3.6 Conclusion 

Dust deposition has been quantified in multiple locations within the Luquillo 

Mountains of Puerto Rico using Nd isotopes and Nd concentrations in both soil and 

bedrock. 
10

Be data has provided precise soil residence times for several of these samples 

to calculate accurate dust fluxes. Other soils used an average denudation rate from Riebe 

et al., [2004], Brown et al., [1995], Pett-Ridge et al., [2009] and Dosseto et al., [2013] to 

calculate soil residence times. Soils that were paired with 
10

Be residence times had an 

average dust deposition rate of 18.10 ± 12.63 g m
-2

 yr
-1

. These dust fluxes are highly 

variable throughout this landscape, but do not follow a regular pattern with longitude, 

latitude, or elevation. The dust deposition rates paired with 
10

Be data do correlate 

strongly other factors such as the amounts of labile and organic P in surface soil. Organic 

P does not correlate with soil C, implying there is another source of P not associated with 

organic matter, most probably dust. With the more varied dataset covered by La/Yb 
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measurements, a pattern occurs where both longitude and elevation become major 

determining factors in dust deposition.   
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3.8    Tables 

 

Table 1. Rare Earth Element, Nd, and Zr (ppm) in Soil Samples, Dust, and Bedrock Types 

Sample# Y La Ce Pr Nd Sm Eu Gd 

SM1 3.35 5.73 10.98 1.18 4.30 0.79 0.18 0.72 

SM10 0.61 0.95 2.19 0.21 0.77 0.14 0.03 0.14 

SM19 1.40 1.71 3.65 0.44 1.76 0.40 0.10 0.36 

SM28 2.75 3.40 7.57 0.78 3.12 0.68 0.19 0.69 

SM37 4.18 6.62 8.38 1.28 4.16 0.77 0.17 0.67 

SM46 4.42 4.53 11.57 1.12 4.69 1.02 0.30 1.05 

SM55 4.11 5.80 11.11 1.30 4.92 0.95 0.23 0.91 

SM64 6.48 3.31 7.37 0.76 3.03 0.69 0.19 0.76 

SM73 1.72 3.35 7.15 0.79 3.13 0.66 0.17 0.60 

SM82 2.04 2.78 6.35 0.62 2.37 0.51 0.13 0.51 

SM91 0.69 1.54 3.54 0.32 1.22 0.25 0.07 0.24 

SM100 1.76 1.88 6.31 0.50 2.16 0.51 0.13 0.49 

SM109 0.36 0.64 1.73 0.13 0.51 0.09 0.02 0.09 

SM118 2.47 1.27 3.04 0.40 1.76 0.49 0.16 0.57 

SM127 10.62 5.31 12.04 1.93 8.98 2.23 0.68 2.30 

SM136 2.76 2.96 8.33 0.68 2.86 0.60 0.18 0.62 

PR-CT-1 0.44 0.92 1.62 0.18 0.66 0.13 0.04 0.13 

PR-CT-2 1.36 2.27 7.15 0.50 1.91 0.43 0.13 0.43 

PR-CT-3 0.19 0.35 0.85 0.08 0.28 0.06 0.01 0.06 

PR-CT-4 0.54 0.93 2.12 0.22 0.86 0.19 0.05 0.19 

PR-CT-5 0.49 1.63 3.29 0.34 1.26 0.25 0.06 0.21 

PR-CT-6 0.96 2.22 4.22 0.58 2.23 0.47 0.13 0.41 

PR-CT-7 2.72 2.62 5.18 0.72 3.08 0.74 0.19 0.73 

PR-CT-8 1.13 2.44 4.93 0.55 2.07 0.40 0.10 0.38 

PR-CT-9 1.02 4.18 7.03 0.74 2.53 0.43 0.09 0.37 

PR-CT-10 1.07 2.51 4.49 0.50 1.77 0.31 0.08 0.29 

PR-CT-11 1.36 1.93 4.93 0.51 2.11 0.45 0.12 0.42 

PR-CT-12 0.45 1.09 2.32 0.24 0.91 0.18 0.04 0.16 

Dust 40.00 65.00 128.00 12.40 43.00 8.30 1.40 5.70 

Quartz Diorite 13.73 8.24 16.27 2.01 7.86 1.77 0.61 1.80 

Volcaniclastic 24.00 10.54 19.13 3.46 16.10 4.33 1.41 4.41 

Mean Soil 2.23 2.69 5.64 0.63 2.50 0.53 0.14 0.52 
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Table 1 (cont.) Rare Earth Element, Nd, and Zr (ppm) in Soil Samples, Dust, and Bedrock 

Types 

Sample# Tb Dy Ho Er Tm Yb Lu Zr Nb 

SM1 0.11 0.70 0.17 0.59 0.10 0.71 0.13 181.20 7.45 

SM10 0.02 0.16 0.04 0.13 0.02 0.16 0.03 140.53 6.17 

SM19 0.06 0.45 0.10 0.35 0.06 0.44 0.07 141.86 7.31 

SM28 0.11 0.67 0.14 0.43 0.06 0.43 0.06 136.11 5.96 

SM37 0.10 0.68 0.17 0.70 0.12 0.98 0.19 252.26 5.66 

SM46 0.16 1.00 0.21 0.68 0.10 0.73 0.11 180.37 7.30 

SM55 0.14 0.90 0.21 0.73 0.12 0.97 0.16 215.01 7.95 

SM64 0.14 1.05 0.27 1.04 0.17 1.31 0.23 236.74 5.64 

SM73 0.09 0.52 0.10 0.31 0.05 0.34 0.05 26.91 4.18 

SM82 0.09 0.59 0.12 0.41 0.07 0.49 0.07 86.59 5.30 

SM91 0.03 0.19 0.04 0.12 0.02 0.15 0.02 30.81 2.94 

SM100 0.07 0.46 0.09 0.29 0.04 0.31 0.05 19.86 3.91 

SM109 0.01 0.09 0.02 0.06 0.01 0.08 0.01 19.95 2.70 

SM118 0.11 0.81 0.18 0.60 0.10 0.73 0.12 12.63 2.48 

SM127 0.37 2.33 0.48 1.48 0.22 1.45 0.22 12.19 2.39 

SM136 0.10 0.60 0.13 0.39 0.06 0.44 0.07 24.15 2.72 

PR-CT-1 0.02 0.12 0.02 0.08 0.01 0.09 0.01 109.06 4.47 

PR-CT-2 0.07 0.47 0.09 0.30 0.05 0.37 0.05 80.55 4.07 

PR-CT-3 0.01 0.05 0.01 0.03 0.01 0.03 0.01 202.44 5.44 

PR-CT-4 0.03 0.19 0.04 0.12 0.02 0.14 0.02 165.37 4.58 

PR-CT-5 0.03 0.16 0.03 0.08 0.01 0.09 0.01 127.94 3.94 

PR-CT-6 0.06 0.32 0.06 0.17 0.03 0.19 0.03 178.34 4.04 

PR-CT-7 0.11 0.67 0.14 0.41 0.06 0.40 0.06 159.56 3.53 

PR-CT-8 0.05 0.32 0.06 0.19 0.03 0.20 0.03 152.28 5.44 

PR-CT-9 0.05 0.28 0.05 0.16 0.03 0.18 0.03 140.15 7.67 

PR-CT-10 0.04 0.26 0.05 0.16 0.03 0.17 0.03 295.41 8.41 

PR-CT-11 0.06 0.35 0.07 0.19 0.03 0.19 0.03 93.97 4.13 

PR-CT-12 0.02 0.12 0.02 0.07 0.01 0.07 0.01 94.18 4.10 

Dust 0.80 4.20 0.80 2.30 0.30 2.20 0.30 250.00 12.00 

Quartz Diorite 0.30 1.85 0.42 1.23 0.23 1.49 0.27 99.85 1.87 

Volcaniclastic 0.62 3.84 0.75 2.04 0.33 1.85 0.32 82.48 1.54 

Mean Soil 0.08 0.52 0.11 0.37 0.06 0.43 0.07 127.25 5.03 
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Table 2. REE ratios of volcaniclastic soils normalized to REE 

concentrations in volcaniclastic bedrock 

      Sample# Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

SM1 0.14 0.54 0.57 0.34 0.27 0.18 0.12 0.16 0.18 0.18 0.22 0.29 0.30 0.38 0.40 

SM10 0.03 0.09 0.11 0.06 0.05 0.03 0.02 0.03 0.04 0.04 0.05 0.06 0.06 0.09 0.09 

SM19 0.06 0.16 0.19 0.13 0.11 0.09 0.07 0.08 0.10 0.12 0.13 0.17 0.17 0.24 0.22 

SM28 0.11 0.32 0.40 0.22 0.19 0.16 0.14 0.16 0.18 0.17 0.18 0.21 0.19 0.24 0.20 

SM37 0.17 0.63 0.44 0.37 0.26 0.18 0.12 0.15 0.16 0.18 0.23 0.34 0.37 0.53 0.58 

SM46 0.18 0.43 0.60 0.32 0.29 0.24 0.21 0.24 0.26 0.26 0.28 0.33 0.31 0.40 0.35 

SM55 0.17 0.55 0.58 0.38 0.31 0.22 0.16 0.21 0.23 0.23 0.27 0.36 0.36 0.53 0.49 

SM64 0.27 0.31 0.39 0.22 0.19 0.16 0.13 0.17 0.23 0.27 0.36 0.51 0.52 0.71 0.70 

SM82 0.08 0.26 0.33 0.18 0.15 0.12 0.09 0.12 0.15 0.15 0.16 0.20 0.20 0.27 0.23 

Dust 1.67 6.17 6.69 3.58 2.67 1.92 0.99 1.29 1.29 1.09 1.06 1.13 0.90 1.19 0.93 
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Table 3. REE ratios of quartz diorite soils normalized to REE 

concentrations in quartz diorite bedrock 

      Sample# Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

SM73 0.13 0.41 0.44 0.39 0.40 0.37 0.28 0.33 0.29 0.28 0.24 0.25 0.20 0.23 0.19 

SM91 0.05 0.19 0.22 0.16 0.16 0.14 0.12 0.13 0.11 0.10 0.09 0.10 0.08 0.10 0.09 

SM100 0.13 0.23 0.39 0.25 0.27 0.29 0.21 0.27 0.24 0.25 0.23 0.24 0.19 0.21 0.18 

SM109 0.03 0.08 0.11 0.07 0.06 0.05 0.03 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 

SM118 0.18 0.15 0.19 0.20 0.22 0.28 0.27 0.31 0.38 0.44 0.43 0.49 0.42 0.49 0.44 

SM127 0.77 0.64 0.74 0.96 1.14 1.26 1.11 1.27 1.23 1.26 1.16 1.20 0.93 0.98 0.81 

SM136 0.20 0.36 0.51 0.34 0.36 0.34 0.30 0.35 0.32 0.33 0.31 0.32 0.26 0.29 0.26 

PR-CT-1 0.03 0.11 0.10 0.09 0.08 0.07 0.06 0.07 0.07 0.07 0.06 0.06 0.05 0.06 0.05 

PR-CT-2 0.10 0.28 0.44 0.25 0.24 0.24 0.21 0.24 0.25 0.25 0.21 0.24 0.22 0.25 0.20 

PR-CT-3 0.01 0.04 0.05 0.04 0.04 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 

PR-CT-4 0.04 0.11 0.13 0.11 0.11 0.11 0.09 0.11 0.10 0.10 0.09 0.09 0.08 0.09 0.08 

PR-CT-5 0.04 0.20 0.20 0.17 0.16 0.14 0.10 0.12 0.09 0.09 0.07 0.07 0.06 0.06 0.05 

PR-CT-6 0.07 0.27 0.26 0.29 0.28 0.27 0.22 0.23 0.19 0.17 0.14 0.14 0.12 0.13 0.11 

PR-CT-7 0.20 0.32 0.32 0.36 0.39 0.42 0.32 0.41 0.38 0.36 0.33 0.33 0.26 0.27 0.23 

PR-CT-8 0.08 0.30 0.30 0.27 0.26 0.23 0.16 0.21 0.18 0.18 0.15 0.15 0.12 0.13 0.12 

PR-CT-9 0.07 0.51 0.43 0.37 0.32 0.24 0.15 0.21 0.16 0.15 0.13 0.13 0.11 0.12 0.10 

PR-CT-10 0.08 0.30 0.28 0.25 0.22 0.17 0.12 0.16 0.14 0.14 0.13 0.13 0.11 0.12 0.10 

PR-CT-11 0.10 0.23 0.30 0.26 0.27 0.26 0.19 0.23 0.20 0.19 0.16 0.16 0.13 0.13 0.12 

PR-CT-12 0.03 0.13 0.14 0.12 0.12 0.10 0.07 0.09 0.08 0.07 0.06 0.06 0.05 0.05 0.05 

Dust 2.91 7.89 7.87 6.18 5.47 4.68 2.30 3.16 2.63 2.27 1.93 1.87 1.30 1.48 1.10 
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Table 4. Important Element Ratios 

 

Sample# La/Yb τNd (Nb) %lossNd 

%loss dust 

Nd 

SM1 8.1 -94.5 -89.9 -97.7 

SM10 5.9 -98.8 -98.2 -99.8 

SM19 3.9 -97.7 -95.9 -98.9 

SM28 7.8 -95.0 -92.7 -97.2 

SM37 6.8 -93.0 -90.2 -93.3 

SM46 6.2 -93.9 -89.0 -92.4 

SM55 6.0 -94.1 -88.5 -93.1 

SM64 2.5 -94.9 -92.9 -94.4 

SM82 5.7 -89.4 -88.6 -96.1 

SM73 9.8 -82.2 -85.0 -87.9 

SM91 10.6 -90.1 -94.1 -95.1 

SM100 6.0 -86.9 -89.6 -92.1 

SM109 8.3 -95.5 -97.6 -99.2 

SM118 1.7 -83.2 -91.6 -92.2 

SM127 3.7 -10.9 -56.9 -59.4 

SM136 6.8 -75.1 -86.3 -89.9 

PR-CT-1 10.0 -96.5 -96.8 -98.4 

PR-CT-2 6.1 -88.9 -94.9 -98.7 

PR-CT-3 10.2 -98.8 -98.6 -99.6 

PR-CT-4 6.6 -95.5 -95.9 -98.4 

PR-CT-5 18.7 -92.4 -93.9 -98.6 

PR-CT-6 11.7 -86.9 -89.3 -91.5 

PR-CT-7 6.5 -79.3 -98.8 -92.6 

PR-CT-8 12.3 -91.0 -90.1 -95.3 

PR-CT-9 23.6 -92.2 -87.8 -95.9 

PR-CT-10 14.5 -95.0 -91.5 -96.3 

PR-CT-11 10.2 -87.9 -89.9 -97.0 

PR-CT-12 15.8 -94.7 -95.6 -99.3 

Dust 29.5 - - - 

QD 5.5 - - - 

Vol. 5.7 - - - 
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Table 5. Sample Nd and %Dust Nd. 

Sample# Nd  

Nd 

(ppm) 

%Dust 

Nd 

Mass 

Dust (g) 

Denudation 

Rates (m/Mya) 

20cm Soil Res. 

Time (years) 

% Soil 

Dust 

Dust Dep. 

(g m
-2

 yr
-1

)  

SM1 -8.1 4.3 77 74.1 - - 8.2 - 

SM10 -10.3 0.8 89 202.7 - - 1.7 - 

SM19 -7.2 1.8 73 58.0 - - 3.2 - 

SM28 -5.1 3.1 62 34.1 - - 4.8 - 

SM37 1.0 4.2 31 8.6 - - 3.3 - 

SM46 0.9 4.7 31 8.6 - - 3.8 - 

SM55 -0.8 4.9 40 12.9 - - 5.0 - 

SM64 3.0 3.0 21 5.1 - - 1.7 - 

SM82 -5.9 2.4 66 19.5 - - 1.6 - 

SM73 3.2 3.1 19 2.1 45-65 3077-4444 3.9 2.7-6.9 

SM91 3.8 1.2 16 1.9 45-65 3077-4444 0.6 2.4-6.1 

SM100 2.3 2.2 24 2.9 45-65 3077-4444 1.4 3.8-9.6 

SM109 -6.2 0.5 68 21.7 45-65 3077-4444 0.8 28.3-70.6 

SM118 5.5 1.8 8 0.7 45-65 3077-4444 0.4 1.0-2.4 

SM127 5.9 9.0 6 0.4 45-65 3077-4444 1.8 0.5-1.2 

SM136 1.9 2.9 26 3.2 45-65 3077-4444 2.0 4.2-10.4 

PR-CT-1 -2.7 0.7 50 5.9 26 7692 0.9 7.6 

PR-CT-2 -7.1 1.0 73 24.8 35 5714 1.8 43.2 

PR-CT-3 -2.6 0.2 49 7.4 65 3076 0.2 24.2 

PR-CT-4 -4.8 0.9 61 8.1 27 7407 1.3 11.0 

PR-CT-5 -5.5 0.8 64 15.7 28 7143 1.3 22.0 

PR-CT-6 3.0 2.2 20 1.0 33 6061 1.1 1.7 

PR-CT-7 1.6 1.9 28 3.1 29 6897 1.3 3.9 

PR-CT-8 -3.3 2.1 53 7.7 36 5556 2.7 13.9 

PR-CT-9 -5.9 2.5 66 17.4 29 6897 4.0 25.2 

PR-CT-10 -4.1 1.8 57 8.1 44 4545 2.5 18.0 

PR-CT-11 -0.7 1.0 39 5.6 37 5405 1.0 10.4 

PR-CT-12 -6.4 0.4 69 20.7 35 5714 0.7 35.8 
Ranges of data comes from two estimates of soil residence time [Chabaux et al., 2013; Pett-Ridge et al., 2009] 
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Table 6. Soil environmental variables averaged from three pit sites. 

  

 

Sample# 

Slope 

(%) 

Aspect 

(degrees) 

Longitude 

(degrees) 

Latitude 

(degrees) 

Elevation 

(m) 

Forest 

Type Soil Class. Bedrock Type 

Annual 

Rainfall (mm)* 

SM1 16.5 279.6 -65.8485 18.27728 797 Colorado Oxisols Volcaniclastic 4134 

SM10 13.7 225.3 -65.826 18.31002 521 Colorado Oxisols Volcaniclastic 3786 

SM19 12.1 234.7 -65.8397 18.26555 740 Colorado Oxisols Volcaniclastic 4071 

SM28 6.3 121.6 -65.8297 18.32036 441 Tabonuco Oxisols Volcaniclastic 3658 

SM37 11.6 186.6 -65.7412 18.31556 376 Tabonuco Oxisols Volcaniclastic 3538 

SM46 20.0 12.2 -65.8159 18.31831 582 Tabonuco Oxisols Volcaniclastic 3873 

SM55 8.7 288.3 -65.8183 18.30988 616 Colorado Oxisols Volcaniclastic 3919 

SM64 14.1 209.9 -65.8525 18.27432 694 Tabonuco Oxisols Volcaniclastic 4017 

SM82 13.4 160.2 -65.7703 18.3042 444 Tabonuco Inceptisols Volcaniclastic 3662 

SM73 12.6 318.9 -65.7858 18.2961 778 Colorado Inceptisols Quartz Diorite 4113 

SM91 7.2 65.1 -65.7956 18.29212 785 Colorado Inceptisols Quartz Diorite 4121 

SM100 7.7 198.9 -65.7858 18.27137 661 Colorado Inceptisols Quartz Diorite 3977 

SM109 18.8 266.1 -65.7944 18.27063 538 Colorado Inceptisols Quartz Diorite 3811 

SM118 27.6 111.2 -65.803 18.26356 584 Tabonuco Inceptisols Quartz Diorite 3876 

SM127 35.0 19.0 -65.7959 18.26788 565 Tabonuco Inceptisols Quartz Diorite 3849 

SM136 14.5 166.6 -65.7935 18.26307 379 Tabonuco Inceptisols Quartz Diorite 3544 

PR-CT-1 - - -65.7856 18.27099 678 Colorado - Quartz Diorite 3998 

PR-CT-2 - - -65.786 18.27187 685 Colorado - Quartz Diorite 4006 

PR-CT-3 - - -65.7872 18.27208 674 Colorado - Quartz Diorite 3993 

PR-CT-4 - - -65.7877 18.27471 687 Colorado - Quartz Diorite 4009 

PR-CT-5 - - -65.7883 18.27235 697 Colorado - Quartz Diorite 4021 

PR-CT-6 - - -65.7906 18.28097 710 Colorado - Quartz Diorite 4036 

PR-CT-7 - - - - - Colorado - Quartz Diorite - 

PR-CT-8 - - -65.7963 18.29194 760 Colorado - Quartz Diorite 4093 

PR-CT-9 - - -65.7977 18.29271 772 Colorado - Quartz Diorite 4107 

PR-CT-10 - - -65.796 18.28943 815 Colorado - Quartz Diorite 4152 

PR-CT-11 - - -65.7949 18.2905 795 Colorado - Quartz Diorite 4132 

PR-CT-12 - - -65.7907 18.28843 668 Colorado - Quartz Diorite 3985 
*estimated rainfall based on PRISM model [Daly et al., 2003]
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Table 7. Soil Data from Tamayo Thesis [2014] 

Site Name 

Ridge 

Width (m) 

Soil C 

(%) 

HCO3-Pi 

(ppm) 

NaOH-Pt 

(ppm) τSi 

PR-CT-1 17 4.3 0.8 49 -0.33 

PR-CT-2 5 4.8 0.5 59 -0.46 

PR-CT-3 9 5.2 0.9 61 -0.47 

PR-CT-4 11 4.8 1.4 61 -0.45 

PR-CT-5 14 5.6 0.9 47 -0.44 

PR-CT-6 11 3.8 0.0 33 -0.29 

PR-CT-7 21 6.0 1.1 46 -0.18 

PR-CT-8 26 14.0 3.1 75 -0.62 

PR-CT-9 54 13.5 3.7 79 -0.62 

PR-CT-10 42 16.6 5.4 116 -0.68 

PR-CT-11 15 4.1 0.4 38 -0.30 

PR-CT-12 21 5.1 0.4 46 -0.40 
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Figure 1. REE distribution of soils on volcaniclastic bedrock normalized to volcaniclastic bedrock 

concentrations of REEs. 
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Figure 2. REE distribution of soils on quartz diorite bedrock normalized to quartz diorite bedrock 

concentrations of REEs. 
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Figure 3. REE distributions of soils that were paired with 
10

Be denudation rates normalized to quartz diorite bedrock concentrations of REEs.
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Figure 4. Map of El Yunque National Forest with locations of all 31 soil samples. Colors indicate the % of 

Nd that has been derived from dust, calculated using ԐNd values. 
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Figure 5. Longitude vs. the amount of dust deposition calculated from ԐNd on 

quartz diorite soils with associated 10Be denudation rates. 
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Figure 6. Latitude vs. the amount of dust deposition calculated from ԐNd on 

quartz diorite soils with associated 10Be denudation rates. 
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Figure 7. Elevation vs. the amount of dust deposition calculated from ԐNd on 

quartz diorite soils with associated 
10

Be denudation rates. 
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Figure 8. Map of El Yunque National Forest with locations of the 19 soils located on quartz 

diorite bedrock. Colors indicate rates of dust deposition calculated from ԐNd, with low end 

estimates of soil residence times for soils unpaired with 
e
Be data. 
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Figure 9. Current % dust content of quartz diorite soils plotted against NaHCO3-

extractable P (labile P) and NaOH - extractable P (organic P). 
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Figure 10. % soil carbon vs. NaOH - extractable P (organic P) for quartz diorite soils. 
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Figure 11. Current % dust content of soil vs. width of the ridges they formed on. 
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Figure 12. Current % dust content of soil vs. τSi, a measure of soil weathering based on the 

fraction of Si remaining in the soil relative to an immobile index element, Zr. 
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Figure 13. Current % dust content of soil vs. the denudation rates of soil calculated from 
10

Be 

measurements. 
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Figure 14. Distribution of REE in soil from different depths in the same profile normalized to the 

bedrock underneath. 
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Figure 15. Rate of dust deposition calculated from ԐNd values vs. La/Yb in soils with precise 

denudation rates from 
10

Be data. 
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Figure 16. Longitude vs. La/Yb of all soils separated by bedrock type. 
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Figure 17. Latitude vs. La/Yb of all soils separated by bedrock type. 
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Figure 18. Elevation vs. La/Yb of all soils separated by bedrock type. 
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Figure 19. Map of NE Puerto Rico with locations of all soils. Colors indicate La/Yb ratio of all soils. 
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4 Thesis Conclusion 

Mineral aerosols are implied to have a significant effect on the productivity of 

certain terrestrial ecosystems where rock-derived nutrients are limiting. But quantifying 

the rate at which mineral aerosols reach soil is a very difficult procedure, and is therefore 

rarely done multiple times in the same landscape. If the effect dust deposition has on 

terrestrial environments is to be investigated by future researchers, site specific dust 

deposition rates are required. In this thesis, I have presented evidence that the rates of 

dust deposition can be highly variable across small distances relative to what can be 

measured by satellite imagery. This spatial variability persists through timescales relevant 

to soil development, and is prominent enough to be detected on shorter timescales in 

rainwater.  

When paired with records of airmass provenance, two rain chemistry datasets 

from two locations for twenty years reveals that dust deposition can double in as little as 

10 km in the Luquillo Mountains of Puerto Rico. The seasonality of dust deposition in 

these rainfall datasets shows that deposition rates are linked to surface conditions in the 

Sahel region of Africa, and that any changes to surface conditions in the Sahel from 

agriculture or climate change will alter deposition rates in ecosystems across the Atlantic 

Ocean. 

To obtain a longer record of dust deposition across a wider area, I quantified the 

dust present in soil using isotopic ratios of neodymium (Nd). Because the dust from the 

Sahara-Sahel region has an 
143

Nd/
144

Nd drastically different from the 
143

Nd/
144

Nd of the 

bedrock in Puerto Rico, a simple two endmember mixing model can be used to apportion 

the amount of Nd in soil that came from dust, and the amount that came from bedrock. 
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To calculate dust deposition rates, weathering and soil residence time needs to be 

accounted for. I estimated the weathering rate of dust derived Nd to be proportional to the 

weathering rate of bedrock derived Nd, and soil residence times were calculated from 

10
Be measurements of soil denudation rates. Using this method shows there is at least a 

twenty-six fold variation in deposition rates across the approximately 100 km
2
 of the 

Luquillo Mountains. Comparing the percentage of soil that is made from dust shows that 

the variability in dust deposition does influence the amount of plant-available phosphorus 

in the soil.  

In this thesis, I have presented evidence that dust deposition varies on spatial 

scales not previously measured. This amount of spatial variability should serve as a 

cautionary message to other researchers investigating natural processes that are 

influenced by dust deposition. For example, the contribution of dust to terrestrial 

fertilization may be significant in one location of a landscape, but insignificant in 

another. The contributions of dust should be well quantified on small spatial scales before 

concluding whether or not it plays a significant factor in ecosystem processes. 

 

  


