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Climate ChanClimate Changggge in the Desert e in the Desert 
SouthwestSouthwest
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From “US Global Change Research Program”

www.globalchange.gov/usimpacts 9191“Low“Lowerer  emissionsemissions sscenariocenario” refersscenarioscenario” refersLowLoweerr emissionsemissions  refersrefers  toto  IPCCIPCC  SRESSRES  B1,B1,  ““higherhigherB1,  
refers to A2. 

toto IPCCIPCC SRESSRES B1, higherhigher 
emissions emissions scenario” scenario” refers to A2. 



WhWhyy do we care about minin do we care about miningg  y gy g
operation particles?operation particles?

A mine tailings site in northern Mexico showing erosion of the 
tailings on a windy day.  (Courtesy Blenda Machado)

Dust TDust Trransporansportt
Contaminant transporContaminant transport bt byy  aattmosphermospheriic c 
aeraeroosols sols in arin arid and id and semiarsemiarid climaid climattes,es,  
sucsuch h h h asas    tthhhhee S S S Soutouthhhhwwesteresternn US US US US,,    mamayy    
become incrbecome increasingleasingly mory more e imporimporttant ant 
with prwith predicted edicted rreeggiional onal climaclimatte e 
chchaannggee..
Fine parFine partticles dispericles disperse morse more e rreeadiladily y 
into eninto envirviroonment than coarnment than coarser soil ser soil 
dustsdusts..

(Wilk(Wilkening et al.ening et al.,,  2000)2000)
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MininMiningg O Oppg pg perations &              erations &              
Particle SizeParticle Size

ing, Grinh d hh d CrusCrushing, Grindding, Mine ing, Mine 
Tailings ManagementTailings Management
 CCoarseoarse >2 >2..   52C  >2 5C  >                                     5 5 μμmm                                    

(mechanical action)(mechanical action)

 Smelting, RefiningSmelting, RefiningSmelting, RefiningSmelting, Refining
 UltraUltra--fine <0.1 fine <0.1 μμm                  m                  

((gas to particle conversion)gas to particle conversion)

 Accumulation 0.1Accumulation 0.1-2.5 -2.5 μμm m 
(coagulation of ultrafine and (coagulation of ultrafine and 
condensation growthcondensation growth))condensation growthcondensation growth))

(Seinfeld and Pandis 1998)
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WhWhyyyy do we care about minin do we care about miningggg  
operation particles?operation particles?

 Particle Size & Inhalation:Particle Size & Inhalation:
 <2 <2 μμm deposits in your m deposits in your 

lungslungs
dd >7 >7 μμm m ddeposits in your eposits in your 

upper respiratory upper respiratory tracttract

(P(Park and ark and WWeex, x, 2008) 2008) 

 Particles ContentsParticles Contents Particles ContentsParticles Contents
 Metal and Metal and metalloid metalloid 

contaminants (some contaminants (some 
toxic)toxic)

 IncidentalIncidental IngestionIngestion
 Children (pica)Children (pica)

A bA bii    A AiiAAmmbibientent Ai Airr  
GuidelinesGuidelines
 NAANAAQSQS

33 PMPM1010:: 50 50 g/mg/m
 PMPM2.52.5:: 15 15 g/mg/m33

33 PbPb:: 150 ng/m150 ng/m
(2015)(2015)

 WHOWHO
A  A  .6 66 6 AAs:s:  66.6 6 ngng / /m33//m33

 Pb:Pb:  500 ng/m500 ng/m33

 Cd:Cd:  5 ng/m5 ng/m33



Aerosol DeAerosol Depposition in Resosition in Resppiratoriratoryy  p p yp p y
SystemSystem
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Ambient Particulate SurveAmbient Particulate Surveyyyy    
Arizona, USArizona, US

 ContaminaContaminated Sitested Sites ContaminaContaminated Sitested Sites
 Iron King Iron King -- InactivInactive e copper mine nocopper mine now a w a 

Superfund site Superfund site with with ararsenic senic and lead and lead 
contaminacontaminatted mine ed mine tailings tailings contaminacontaminatted mine ed mine tailings tailings 

 HaHayden & yden & WWiinknkelman elman -- ASARCO activASARCO activee  
copper copper mine with smeltermine with smelter,, ar arsenic and senic and lead lead 
contaminacontaminatted mine ed mine tailintailinggggs s 

 ComparComparison Sitesison Sites
 Mount Lemmon Mount Lemmon -- NaNattural bacural backkggrroundound
 TuTuccssoonn -- Urban samUrban sampppplele
 Green VGreen Vaallelleyy -- InactivInactive copper e copper mine mine with with 

lolow metals in w metals in mine mine tailingstailings
 WWilcoilcoxx Pla Playyaa -- ImporImportant natant natural source tural source of of 

dustdust
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Scanning Mobility Particle Scanning Mobility Particle SizerSizerScanning Mobility Particle Scanning Mobility Particle SizerSizer
(particle number concentration)(particle number concentration)
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Typical SMPS ResultsTypical SMPS Results
((  ti ti t) t) ((sourcesource  apporapportitionmenonment) t) 
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TimeTime--DeDeppppendent Particle Number endent Particle Number 
ConcentrationConcentration
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MOUDIMOUDIMOUDIMOUDI

 MOUDI (Micro-Orifice Uniform Deposit 
Impactor)
 10 aerosol size fractions on separate stages
 Cut-point diameters of 18, 10, 5.6, 3.2, 1.8, 1.0, 

.0 5 ,6 . 0 3 ,2 . 0 1  8 μ  0 1 d 0 056 0 56  0 32  0 18 m, 0.1 and 0.056 μm
 30 L/min flow rate

 SMPS SMPS (Scanning Mobility (Scanning Mobility PPaarrtticle Sizer™) icle Sizer™) 
 Number Number concentraconcentrattion frion from 1 to 10om 1 to 1088 parpartticles/cmicles/cm33

DD  f f     2 52 5      1 0 1 0 DDpp f froromm 2 2..5 5 nmnm  toto 1 1..0 0 μμmm
 TSP (TTSP (Total otal Suspended PSuspended Paarrtticulaiculatte)e)

 High High vvoolume sampler (14 ftlume sampler (14 ft33/min)/min)
 Mass Mass concentraconcentrattion for ambient ion for ambient parpartticulaiculatte e 
 24 hour sampling per24 hour sampling periiodod

 WWeeatathheerr S Sttatatiioonn
 WWiind speed/dirnd speed/direction,ection,  temperatemperattururee,, r reelalativtivee  

humidityhumidity
DustD  FD  Fll   MM ii Dust Fl Fluxux M Mononiitortorss
 Optical PMOptical PM--10 measur10 measurementsements
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--
Hayden MOUDI Hayden MOUDI 

2009 2009 AA2009 A2009 Annuannuall A Average ( (   33) (ng m )l Al Average (ng m 33))

 Note:Note:  
Pb concentraPb concentrattioio
on secondaron secondaryy  
accessaccess

 96 hour 96 hour 
sampling persampling periiodod

 Bimodal Bimodal 
distrdistribibution witution wit
maxima amaxima att  
0.32 0.32 mm
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Hayden MOUDI Hayden MOUDI 
M tM t V V ii   ffii ti  (ti  ( 33))MMeasuremeneasurement Vt Vererifiificacatitionon ( (ngng  mm 33))
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Hayden MOUDI Hayden MOUDI Hayden MOUDI Hayden MOUDI 
2009 Seasonal 2009 Seasonal 
Average (ng Average (ng mm 33))

 MOUDI Results for MOUDI Results for PbPb,, Cd, Cd,  and and As As 
with monthlwith monthlyy av aveerraaggeses..y gy g

 Notice Notice majormajoriity of metals in fine size ty of metals in fine size 
fraction.fraction.

 Higher mixing height Higher mixing height occuroccurss in  in 
summer monthssummer monthssummer monthssummer months..

 VVaarriiability in mine prability in mine productivity oductivity 
unknounknown wn to rto reelalate to obserte to observvaattionsions..

Betterton, EPA NARPM May 2011Betterton, EPA NARPM May 2011 1414



Betterton, EPA NARPM May 2011Betterton, EPA NARPM May 2011 1515

ScannS iS i gg E Ell tt  M MiiScanniinng Elg Elececttronron Mi Microscopcroscopyy

The spherical nature of the arsenic- and lead-containing particles strongly suggests that they 
were originally molten, i.e., a product of smelting.  The angular nature of the arsenic-free 
particles (seen in upper image) is more typical of those expected from airborne finely ground 
mine tailings.  The lead particle shows direct evidence of coagulation with a smaller spherical 
parti lticle.



 
Weight % 

   C-K   O-K  Al-K   S-K  Fe-K  Zn-K  Zr-L  Pb-L 
Base(13)_pt1    7.47   20.72   54.87    2.06    0.54    1.53    1.93   10.88 
 

Weight % Error (+/- 1 Sigma) 
   C-K   O-K  Al-K   S-K  Fe-K  Zn-K  Zr-L  Pb-L 
Base(13)_pt1 +/-1.85  +/-0.52   +/-0.19  +/-0.29   +/-0.10  +/-0.22   +/-0.22  +/-1.00  
 

   C-K   O-K  Al-K  Si-K   S-K  Cl-K  Fe-K  Cu-K  As-K  Pt-L 
Base(11) pt1 10 83 22 27 52 12 1 12 0 56 0 24 0 24 9 31 2 32 0 99Base(11)_pt1  10.83  22.27  52.12    1.12   0.56   0.24   0.24   9.31   2.32   0.99 
 

Weight % Error (+/- 1 Sigma) 
   C-K   O-K  Al-K  Si-K   S-K  Cl-K  Fe-K  Cu-K  As-K  Pt-L 
Base(11)_pt1 +/-1.02   +/-0.29   +/-0.18   +/-0.10   +/-0.06   +/-0.02   +/-0.03   +/-0.18   +/-0.31   +/-0.25   
 Energy-dispersive X-ray microanalysis imagery with SEM of MOUDI samples collected at HaydenEnergy dispersive X ray microanalysis imagery with SEM of MOUDI samples collected at Hayden 

showing the existence of arsenic- and lead-containing particles.  The elemental analysis is for the 
areas targeted with a square on each particle.

HaHayyden Source Aden Source Apppportionmentortionmenty ppy pp
SEM with EDSSEM with EDS

Particles ContaininParticles Containingggg Lead  Lead and Arsenicand Arsenic
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DusD tD t F Fll  M M iittDust Flt Fluxux M Mononititorsors
 Dust Flux Dust Flux totowweerrss will be installed  will be installed  Dust Flux Dust Flux totowweerrss will be installed  will be installed 

aatt Ir Iron King to tracon King to track the k the 
phphytorytoremediaemediation of mine tion of mine tailingstailings..    

 ThrThrough monitorough monitoriing ng PM10,PM10, w wee  
hhopeope  toto  ssh   h   hhowow  hh aa   d d  ecrecrdd easeease  oo  f df d  ff ustust   d  d
loading due loading due to to the the biorbioremediaemediation tion 
of the of the tailingstailings..  

 PPaassivssivee sam sam
installed to 

pppplerlerss will  will also be also be 
installed to help chelp chharacteraracteriize ze 
horhoriizontal flux.zontal flux.
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DusD tDusD tTTtTtTracrackk O O ttii ll P P ttii ll  M M iittk Ok Opptiticacal Pl Parartiticcllee M Mononititoror

TSI' D tT k A l M it id li blTSI's DustTrak Aerosol Monitor provides reliable 
exposure assessment by measuring particle 
concentrations corresponding to PM10, PM2.5, PM1.0
or respirable size fractions. The DUSTTRAK Aerosol 
Monitor is a portable, battery-operated, laser-
photometer that measures and records airborne dustphotometer that measures and records airborne dust
concentrations 

Comparison of Arizona Road Dust (A1) mass concentration 
measured by the DUSTTRAK DRX and the TEOM with a PM10 
impactor.

 



Wind Direction Controlled MOUDIWind Direction Controlled MOUDIWind Direction Controlled MOUDIWind Direction Controlled MOUDI

“Source” collection “Source” collection “Background” collection“Background” collectiongg

 MOUDI turMOUDI turnns on s on according to wind according to wind 
dirdirectionectiondirdirectionection..

 WWaaiting iting for analfor analysis for these ysis for these sampling sampling 
perperiiodsods..

 FuturFuture e wwoork will include contrrk will include controollinllingg the  the 
MOUDI for high wind eMOUDI for high wind evventsents..

gg

 RaRatios betwtios between een the the four four 
stabstablle Pb e Pb isotopes arisotopes are e 
often oroften ore specific e specific used as a used as a 
measurmeasure e of age of orof age of ore e 
forformamation or tion or to to 
fingerfingerprprint anthrint anthroopogenic pogenic 
PbPb..  

 BeloBelow:w: Lead  Lead isotope raisotope ratios tios 
for twfor two o samsampplinlingg  ppp gp g ererp iods iods 
aatt the  the HaHayden siteyden site..

p
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WiWi d Ed E ii  M M dd lili ggWiWinnd Ed Erosrosiionon M Mooddeelilinngg

Mass flux:

• Creep (rolling): 800-2000 m Dp

•• SSaltationaltation ((hopping):hopping): 100100-800800 m Dm Dp

• Suspension (wind blown dust): <100 m Dp

Saltating sand dune particles in wind tunnel

Kansas State University  http://www.weru.ksu.edu/new_weru/multimedia/movies/dust003.mpgKansas State University  http://www.weru.ksu.edu/new_weru/multimedia/movies/dust003.mpg

Greeley-Iversen erosion threshold curve

Kon et al., Int. J. Min. Reclamation & Env. 21, 198 (2007)
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Threshold VelocitThreshold Velocityyyy
Iron King TailingsIron King Tailings

10

U*t of tailing = 0.51981 m/s 
(based on Greeley-Iversen model, Kon et al, 2000)

U*t of tailing = 0.30324 m/s 
(based on Yaping Shao model 2000)

70 m, 0.5198 m/s

1U
*

[m
/s

]

(based on Yaping Shao model, 2000)

110 m, 0.3032 m/s

0.1
1 10 100 1000Particle diameter [m]

Calculated wind threshold friction velocity at the Iron King site assuming a bed
composed of uniform grains with different densities (d = 3 mm, r = 4.16 g/cm3)50

 The minimum of U*t occurs between d = 70 mm and 110 mm. For particles larger than this, U*t increases with increasing d due to
increasing dominance of gravity. For smaller particles, U*t increases rapidly with decreasing d due to interparticle cohesive forces.

Erosion occurs if wind speed measured at a height of 10 m is greater than 8.7 m/s (Greeley-Iversen model), and 13.3 m/s (Yaping
ShShao model)d l)
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Weather Research and Weather Research and Forecast Forecast 
Model (WRF)Model (WRF)
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10-meter wind forecast on Google Earth



Hindcast of 18 July 2007 dust storm across Arizona in the early morning hours in two time 
steps. Near-surface Air Quality Index contributed by desert dust in color gradations from 
light blue (AQI 1: 1-50 mg/m3) to red (AQI 6: >300 mg/m3). (Sprigg, et al., 2008)

DeserD tD t    D D tt MM dd li gli gDesert Dt Dusust Mt Mooddeelilinngg
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