
RJ LeeGroup, Inc. 
350 Hochberg Road Monroeville, PA 15146 

4121325-1776 FAX4121.733-1799 

March 21, 1995 

Mr. Christopher Salerno 
Municipality of Anchorage 
Department of Health & Human Services 
825 "L" Street, Room 501 
P.O. Box 196650 
Anchorage, AL 995 19-6650 

RE: CCSEM Analysis of Ten PM- 10 Quartz Filters 
RJ Lee Group Project No. ESH503033 
Municipality of Anchorage DHHS Purchase Order No. 47 159 

Dear Mr. Salerno: 

Attached you will find a summary of the analytical results for ten PM-10 quartz filter 
samples which we received on February 24, 1995 (reference your letter to Gary Casuccio 
dated February 22, 1995). The samples were collected from volcanic episodes in the 
Anchorage area. Table I summarizes the identification and general appearance of the 
samples. 

The objective of this study was to characterize the particle matter associated with each 
sample and provide information on particle size and composition. Computer-controlled 
scanning electron microscopy (CCSEM) was used to provide the requested information. 
The PM- 10 quartz filter samples were prepared using our standard techniques involving the 
redeposition of particulate matter onto a polycarbonbate filter and analyzing by CCSEM. 

Table I1 summarizes the particle type data for each sample. Figures 1 through 4 provide 
examples of typical particle types. A more detailed summary of the CCSEM data is 
attached to this report. Tables A and E report the relative abundance of the various particle 
species detected during the analysis and their average composition. Table B presents the 
actual number of particles analyzed at various size ranges. The remaining tables summarize 
the size, mass and aerodynamic mass distributions. The size and mass distributions are 
based on average physical diameter and the aerodynamic mass distribution are based on 
calculated aerodynamic equivalent diameter. 

Figure 5 provides log plots of the cumulative number percent of selected samples (i-&., 
5120194, 11/21/93 and 8/19/92). Figure 6 provides cumulative mass distribution b w d  on 
physical diameters and aerodynamic equivalent diameter of these same samples. ' 
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These results are submitted pursuant to RJ Lee Group's current ternls and conditions o l  
sale, including the company's standard warranty and limitation of liability provisions. No 
responsibility or liability is assumed for the manner in which the results are used or 
interpreted. Unless notified in writing to return the samples covered by this report, 
RJ Lee Group will store them for a period of thirty (30) days before discarding. 

Should you have any questions regarding this information, please do not hesitate to contact 
me. 

Sincerely, 

G. S. Casuccio 
Vice President 
Environmental Services 

GSC:dls 
Attachments 
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TABLE I 

IDENTIFICATION AND DESCRIPTION OF PM-10 SAMPLES 

Municipality of Anchorage 
Department of Health and Human Services 

Sample RI Lee Group 
Sample Site Sample Date Conc. (ueIm3) Sample No, General Appearance & Stereoscopic Review 

26A 71 1 I92 35 60705 1 The glass-fiber filter is gray in color. Moderate-to-heavy 
loading of fine black particulate matter. 

DHHS Sample ID 

Filter #2662285 

Filter #3549395 The glass-fiber filter is gray in color. Heavy loading of 
fine black particulate matter. 

Filter #4594955 The glass-fiber filter is gray in color. Heavy loading of 
fine black particulate matter. 

t 
The glass-fiber filter is dark gray in color. Very heavy 
loading of fine black, gray and transparent particulate 
matter. 

Filter #9662609 

Filter #3549877 The glass-fiber filter is dark gray in color. Very heavy 
loading of fine black, gray and transparent particulate 
matter. 

Filter #4594899 

Filter #9662453 

The glass-fiber filter is gray in color. Heavy loading of 
fine black particulate matter. 

The glass-fiber filter is gray in color. Heavy loading of 
fine gray particulate matter. Moderate loading of fine 
black particulate matter. 

Filter #3549235 The glass-fiber filter is brownish gray in color. Very 
heavy loading of fine gray particulate matter. Moderate 
loading of fine black particulate matter. 

Filter #4594778 

Filter #9662426 

The glass-fiber filter is dark brownish gray in color. Very 
heavy loading of brownish gray particulate matter. 

The glass-fiber filter is tan in color. Heavy loading of tan 
particulate matter. Moderate loading of dark brown-to- 
black particulate matter. 

Filter #2662956 - - - 60706 1 The glass-fiber filter is white in color. Very light loading. 
Small amount of black particles observed. 
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Client-Name MOA-DHHS 
C l i en t -Nuhr  PUlOU35 
Project-Nurber ESH503033 
Sanple-Nuhr 60705 1 
Analysis-Date 3/15795 
l n s t r w n t  JSU-B40 

Mag Fields part ic les 
200 4.559 200 
400 4.059 198 
800 0.279 99 

C l a ~ s e s  # 
C-r ich 88 
S i - r i ch  114 
Ce-rich 14 
Fe-rich 19 
Mixed clay 260 
Misc 2 
Totals 497 

N u h r  X 
81.44 
13.86 
0.18 
0.24 
3.32 
0.97 

100.00 

Ave. s ize 
0.4 
0.7 
2.5 
2.0 
2.4 
0.8 
0.5 

N u h r  D is t r ibu t ion  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Nlmber 
C-rich 88 
S i - r i c h  114 
Ca-rich 14 
Fe-rich 19 
Mixed c lay 260 
Hisc 2 
Totals 497 

Size D is t r ibu t ion  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 

Classes N u h r  X 2.5 5.0 10.0 15.0 20.0 
C-r ich 81.4 100.0 0.0 0.0 0.0 0.0 
S i - r i ch  13.9 98.0 1.5 0.4 0.1 0.0 
Ca-rich 0.2 55.1 38.8 6.1 0.0 0.0 
Fe-rich 0.2 83.7 14.7 1.6 0.0 0.0 
Mixed c lay 3.3 64.4 24.4 9.4 1.7 0.1 
Misc 1.0 99.6 0.4 0.0 0.0 0.0 
Totals 100.0 98.4 1.1 0.4 0.1 0.0 

Table A 

Table B 

Table C 



Client-Name HOA-DHHS 
Cl ient-Nunber PM10#35 
Project-Nunber ESH503033 
Sarrple-Nuhr 607051 
Anelysis-Date 3/1519S 
l n s t r w n t  JSH-840 

Mass D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

CLasses Mass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 3.2 40.7 0.0 22.2 37.1 0.0 0.0 0.0 
S i - r i c h  13.1 11.8 19.7 37.6 30.8 0.0 0.0 0.0 
Ca-r ich 2.8 4.7 20.6 74.6 0.0 0.0 0.0 0.0 
Fe-r ich 2.6 17.1 44.1 38.8 0.0 0.0 0.0 0.0 
Mixed c l a y  77.6 2.7 13.8 44.7 33.9 4.9 0.0 0.0 
Hisc 0.7 19.0 81.0 0.0 0.0 0.0 0.0 0.0 
Totals 100.0 5.7 15.6 43.5 31.5 3.8 0.0 0.0 

Aerodynamic Mass D i s t r i b u t i o n  by Aerodynamic Diameter 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes 
C- r i ch  
S i - r i c h  
Ca-r ich 
Fe-r ich 
Mixed c l a y  
Hisc 
Totals 

Average Composition 
Classes # C 
C- r i ch  88 96 
S i - r i c h  114 34 
Ca-r ich 14 0 
Fe-r ich 19 0 
Mixed c lay  260 16 
Hisc 2 49 
Totals 497 84 

(microns) 
25 .O 

30.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Table D 

Table E 

ZN AS PB 
0 0 0  
0 0 0  
0 0 0 Table F 
0 0 0  
0 0 0 
0 0 0 
0 0 0  



Client-Name MOA-DHHS 
C L i e n t - N h r  PM10#!54 
P r o j e c t - N d x r  ESH503033 
Sample-Ndxr 607052 
Anal ys is-Date 3/15/99 
l n s t r w n t  JSM-840 

Ha9 Fie lds p a r t i c l e s  
200 1.968 200 
400 1.722 200 
800 0.605 98 

Cla#ses # 
C-r ich 8 
S i - r i c h  100 
Ca-rich 118 
Fe-r ich 1 1  
Mixed c lay  260 
Misc 1 
Totals 498 

Ave. s i ze  
0.6 
1.3 
0.6 
1.4 
2.8 
14.9 
1 .o 

N d x r  D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Nunber 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r i ch  8 8 0 0 0 0 0 0  
S i - r i c h  100 50 32 17 1 0 0 0 
Ca-rich 1 1 8 1 0 9  5 4 0 0 0 0 
Fe-r ich 1 1 5 6 0 0 0 0 0  
Mixed c ley  260 64 99 91 6 0 0 0 
Misc 1 0 0 0 1 0 0 0  
Totals 498 236 142 112 8 0 0 0 

Size D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 

Classes N d x r  X 2.5 5.0 10.0 15.0 20.0 
C-r i ch  6.7 100.0 0.0 0.0 0.0 0.0 
S i - r i c h  13.2 86.0 11.8 2.1 0.1 0.0 
Ca-rich 67.1 99.6 0.3 0.1 0.0 0.0 
Fe- r i ch  1.5 77.6 22.4 0.0 0.0 0.0 
Mixed c lay  11.6 53.9 32.6 12.7 0.8 0.0 
Misc 0.0 0.0 0.0 0.0 100.0 0.0 
Totals 100.0 92.2 5.8 1.8 0.1 0.0 

Table A 

Table B 

Table C 
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Client-Name MOA-DHHS 
Cl ient-Nunber PM10#57 
Project-Nunber ESH503033 
Sanple-Nunber 607053 
Analysis-Date 3/18/95 
I n s t r w n t  JSH-840 

Hag F ie lds p a r t i c l e s  
200 5.832 200 
400 3.517 200 
800 2.197 99 

Classes 
C-r ich 
S i - r i c h  
Ca-r ich 
Fe-r ich 
Mixed c l a y  
Hisc 
Totals 

U t  X Ave. s i ze  
1.43 0.5 

16.44 1.1 
3.27 3.2 
1.41 1.5 

76.68 2.1 
0.77 5.1 

100.00 1.1 

N-r D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes Nuher  2.5 5.0 10.0 15.0 20.0 25.0 
C- r i ch  9 1 8 3 7 1 0 0 0  
S i - r i c h  100 40 33 27 0 0 0 
Ca-r ich 7 2 3 1 1 0 0  
Fe-r ich 10 8 1 1 0 0 0  
Mixed.clay 288 84 109 89 6 0 0 
Hisc 3 0 2 1 0 0 0  
Totals 499 217 155 120 7 0 0 

Size D i s t r i b u t i o n  by  Average Diameter 
0.2 2.5 5.0 

Classes Nunber X 2.5 5.0 10.0 
C- r i ch  51.4 99.0 1.0 0.0 
S i - r i c h  18.9 87.2 10.3 2.5 
Ca-r ich 0.4 55.5 36.1 4.2 
Fe-r ich 1.7 92.1 6.9 1.0 
Mixed c l a y  27.5 64.9 29.1 5.6 
Hisc 0.1 0.0 66.7 33.3 
Totals 100.0 87.0 10.8 2.1 

(microns) 
10.0 15.0 

15.0 20.0 
0.0 0.0 
0.0 0.0 
4.2 0.0 
0.0 0.0 
0.4 0.0 
0.0 0.0 
0.1 0.0 

Table A 

Table B 

Table C 



Client-Name MOA-DHHS 
C l  ient-Nunber PM10#57 
Project-Nunber ESH503033 
Sanple-Nunber 607053 
Analysis-Date 3/16/95 
l n s t r w n t  JSH-840 

Mass D i s t r i bu t i on  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Mass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 1.4 44.8 39.6 15.5 0.0 0.0 0.0 0.0 
Si  -r,ich 16.4 8.0 31.8 60.1 0.0 0.0 0.0 0.0 
Ca-rich 3.3 6.6 16.2 0.6 76.6 0.0 0.0 0.0 
Fe-r ich 1.4 43.8 28.3 27.8 0.0 0.0 0.0 0.0 
Mixed c lay  76.7 6.2 35.2 46.3 12.2 0.0 0.0 0.0 
Misc 0.8 0.0 53.6 46.4 0.0 0.0 0.0 0.0 
Totals 100.0 7.5 34.2 46.4 11.9 0.0 0.0 0.0 

Aerodynamic Mess D i s t r i bu t i on  by Aerodynamic Diameter 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes Mass X 2.5 5.0 10.0 15.0 20.0 25.0 
C-r ich 1.4 33.9 50.6 15.5 0.0 0.0 0.0 
S i - r i ch  16.4 2.5 21.8 49.5 26.2 0.0 0.0 
Ca-rich 3.3 0.0 18.7 4.7 0.0 0.0 76.6 
Fe-r ich 1.4 6.1 37.7 28.3 27.8 0.0 0.0 
Mixedc lay  76.7 1.2 20.1 46.2 21.2 11.3 0.0 
Misc 0.8 0.0 0.0 53.6 46.4 0.0 0.0 
Totals 100.0 1.9 20.9 44.8 21.3 8.7 2.5 

(microns) 
25.0 

30.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Table D 

Table E 

Average Composition 
Classes # C 
C-r ich 91 93 
S i - r i c h  100 34 
Ca-rich 7 0 
Fe-r ich 10 6 
Mixed c lay  288 11 
Misc 3 0 
Totals 499 58 



Client-Name HOA-DHHS 
C l i e n t - N h r  PH10#80 
Project-Nunber ESH503033 
S a r r p l e - N h r  607054 
Analysis-Date 3/16795 
l n s t r w n t  JSM-840 

Hag Fie lds p a r t i c l e s  
200 1.227 200 
400 1.341 200 
800 1.130 100 

Classes # 
C-r'ich 86 
S i - r i c h  75 
Ca-r ich 11 
Fe-r ich 13 
Mixed c lay 310 
Hisc 5 
Totals 500 

Ave. s i z e  
0.4 
2.5 
1.5 
1.2 
2.3 
0.7 
1.3 

Nunber D i s t r i b u t i o n  b y  Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Nunber 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 8 6 8 1 5 0 0 0 0 0  
S i - r i c h  7 5 2 1 3 0 2 4  0 0 0 0 
Ca-r ich 1 1 6 4 1 0 0 0 0  
Fe-r ich 1 3 1 3 0 0 0 0 0 0  
Mixed c lay  310 107 101 94 8 0 0 0 
Hisc 5 5 0 0 0 0 0 0  
Totals 500 233 140 119 8 0 0 0 

Size D i s t r i b u t i o n  by Average Diameter 
0.2 2.5 5.0 

CLasses Number X 2.5 5.0 10.0 
C- r i ch  47.6 99.0 1.0 0.0 
S i - r i c h  8.1 54.3 34.6 11.0 
Ca-r ich 1.6 82.3 15.4 2.3 
Fe-r ich 3.3 100.0 0.0 0.0 
Mixed c l a y  37.1 67.2 22.5 9.5 
Hisc 2.2 100.0 0.0 0.0 
Totals 100.0 83.3 11.9 4.5 

(microns) 
10.0 15.0 

15.0 20.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.8 0.0 
0.0 0.0 
0.3 0.0 

Table A 

Table B 

Table C 



Cl ient-Name MOA-DHHS 
Client-Nunber PM10#80 
Project-Nunber ESH503033 
Sanple-Nunber 607054 
Analysis-Date 3/36195 
lnstrunent JSM-840 

Mess D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Mass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 0.4 54.8 45.2 0.0 0.0 0.0 0.0 0.0 
S i - r i c h  13.7 3.5 27.3 69.2 0.0 0.0 0.0 0.0 
Ca2rich 0.9 16.5 55.3 28.2 0.0 0.0 0.0 0.0 
Fe-r ich 0.5100.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mixed c lay  84.4 3.4 17.7 56.8 22.1 0.0 0.0 0.0 
Misc 0.0100.0 0.0 0.0 0.0 0.0 0.0 0.0 
Totals 100.0 4.3 19.4 57.7 18.7 0.0 0.0 0.0 

Aerodynamic Mass D i s t r i b u t i o n  by Aerodynamic Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

C 1 asses 
C-r ich 
S i - r i c h  
Ca-r ich 
Fe-r ich 
Mixed c lay  
Misc 
Totals 

Mass X 2.5 
0.4 44.1 

Table D 

Table E 

Average Con-position 
Classes # C 0 NA MG AL S1 P S CL K CA T I  CR MN FE NI CU ZN AS PB 
C- r i ch  8 6 8 9 1 0 0 1 5 0 0 0 0 1 1 0 0 0 0 0 0 0 0  
S i - r i c h  7 5 1 6 5 0 0 0 7 7 0 0 0 0 0 0 0 0 1 0 0 0 0 0  
Ce-r ich 1 1 2 9 5 0 0 3 1 3  1 8 0 0 3 4 6 0 0 0 0 0 0 0 0  
Fe-r ich 1 3 1 6  5 0 0 1 9  0 4 0 0 2 0 0 0 6 1  0 0 0 0 0  TebleF 
M i x e d c l a y  310 16 6 1 1 15 47 0 0 0 3 4 0 0 0 7 0 0 0 0 0 
Misc 5 4 1 3 0 0 0 7 0 3 0 1 4 8 1 0 1 0 2 9 2 0 0  
Totels 5 0 0 5 1 4 0 0 6 2 7 0 1 0 1 2 1 0 0 5 0 1 0 0 0  



Client-Name MOA-DHHS 
C l i e n t - N h r  PM10#82 
P r o j e c t - N h r  ESH503033 
S a n p l e - N h r  60ZQ55 
Analysis-Date 3 / 1 6 j g ~  
1 ns t  runent JSM-840 

Mag Fie lds par t i c les  
200 1.295 200 
400 1.422 200 
800 1.947 99 

Classes # N h r X  W t X  Ave. s i ze  
C- r i ch  67 30.98 0.84 0.6 
S i - r i c h  81 13.66 18.69 2.1 
Ca-r ich 12 2.73 0.87 1.4 
Fe-r ich 17 4.84 1.93 1.2 
Mixed c lay  320 46.71 77.67 2.6 
Misc 2 1.07 0.00 0.5 
Tota ls  499 100.00 100.00 1.8 

N d x r  D i s t r i b u t i o n  by Average Diameter (microns) ' 

0.2 2.5 5.0 10.0 15.0 20.0 

Classes 
C- r i ch  
S i - r i c h  
Ca-r ich 
Fe- r i ch  
Mixed c lay  
Misc 
Tota ls  

Size D i s t r i b u t i o n  by Average Diameter 
0.2 2.5 5.0 

Classes N W r  X  2.5 
C- r i ch  31.0 98.3 
S i - r i c h  13.7 66.0 
Ca- r i ch  2.7 85.9 
Fe- r i ch  4.8 85.5 

, Mixed c l a y  46.7 54.4 
Misc 1.1 100.0 
To ta ls  100.0 72.5 

(microns) 
10.0 15.0 

Table A 

Teble B 

Table C 
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Client-Name ROA-DHHS 
C l  i e n t - N h r  PM10#83 
Project-Nunber ESH503033 
S a n p l e - N h r  607056 
Anal ysis-Date 3/1&795 
lnstrunent JSM-860 

Mag Fie lds p a r t i c l e s  
2 00 1.098 199 
400 0.971 200 
800 0.477 100 

C lasses # Nuher  X Ut X Ave. s i ze  
C-r'ich 97 65.04 1.28 0.4 
S i - r i c h  91 14.58 16.37 1.2 
Ca-r ich 7 0.51 0.77 2.4 
Fe-r ich 12 1.59 2.52 1.5 
Hixed c l a y  292 18.28 79.05 2.7 
Totals 499 100.00 100.00 1 .0 

Nunber D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes N h r  2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 9 7 9 4  1 2 0 0 0 0  
S i - r i c h  91 45 24 21 1 0 0 0 
Ca-r ich 7 3 2 2 0 0 0 0  
Fe-r ich 1 2 6 3 3 0 0 0 0  
Mixed c lay 292 92 112 83 5 0 0 0 
Totals 499 240 142 111 6 0 0 0 

Size D i s t r i b u t i o n  by Average Diameter 
0.2 2.5 5.0 

Classes Nunber X 2.5 5.0 10.0 
C-r ich 65.0 99.8 0.1 0.1 
S i - r i c h  14.6 89.4 7.5 3.0 
Ca-r ich 0.5 55.1 36.8 8.1 
Fe-r ich 1.6 78.2 17.9 3.9 
Hixed c lay  18.3 58.6 31.3 9.5 
Totals 100.0 90.2 7.4 2.3 

(microns) 
10.0 15.0 

15.0 20.0 
0.0 0.0 
0.1 0.0 
0.0 0.0 
0.0 0.0 
0.6 0.0 
0.1 0.0 

Table A 

Table B 

Table C 



Client-Name HOA-DHHS 
C l  ient-N-r PM10#83 
Project-Nunber ESH503033 
Sanple-Nvnber 607Q56 
Analysis-Date 3/16)95 
Instrunent JSM-840 

Hass D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Hass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 1.3 32.7 24.2 43.0 0.0 0.0 0.0 0.0 
S i - r i ch  16.4 8.0 23.1 53.6 15.4 0.0 0.0 0.0 
Ca-rich 0.8 7.3 41.8 50.9 0.0 0.0 0.0 0.0 
Fe-r ich 2.5 11.7 47.5 40.8 0.0 0.0 0.0 0.0 
Mixed c l ay  79.1 5.6 27.3 52.3 14.9 0.0 0.0 0.0 
Totals 100.0 6.5 27.2 52.1 14.3 0.0 0.0 0.0 

Aerodynamic Mass D i s t r i bu t i on  by Aerodynamic Diameter 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes Mass X 2.5 5.0 10.0 15.0 20.0 25.0 
C-r ich 1.3 32.7 24.2 43.0 0.0 0.0 0.0 
S i - r i ch  16.4 3.8 13.4 52.5 14.8 15.4 0.0 
Ca-rich 0.8 7.3 41.8 50.9 0.0 0.0 0.0 
Fe-r ich 2.5 2.6 19.0 78.4 0.0 0.0 0.0 
Mixed c lay  79.1 2.1 13.0 44.0 29.8 11.1 0.0 
Totals 100.0 2.8 13.6 46.3 26.0 11.3 0.0 

(microns) 
25 .O 

30.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Table D 

Table E 

Average Composition 
Classes # C 0 NA MG AL S I  P S CL K CA TI CR HN FE NI CU ZN AS PB 
C-r ich 9 7 9 1 1 0 0 0 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0  
S i - r i c h  9 1 3 8 6 0 0 0 5 4 0 1 0 0 1 0 0 0 0 0 0 0 0 0  
Ca-rich 7 3 0  8 0 0 3 1 1  4 1 1  0 3 2 5  0 0 0 3 0 0 1 0  0 TableF 
Fe-r ich 1 2 2 8 6 0 0 2 8 0 1 0 1 1 0 0 1 5 3 0 0 0 0 0  
M i x e d c l a y 2 9 2  15 6 1 1 1 5 4 6  0 0 0 3 4 0 0 0 8 0 0 0 0 0 
Totals 4 9 9 6 8 3 0 0 3 1 9 0 1 0 1 1 0 0 0 2 0 0 0 0 0  



Client-Name HOA-DHHS 
Client-Nuher PM10#128 
P r o j e c t - N h r  ESH503033 
Sarrple-Nuher 607057 
Analysis-Date 3/13195 
lnstrunent JSM-840 

nag F ie lds  par t i c les  
200 2.703 200 
400 i . s n  199 
800 0.752 100 

Closses # 
C-r ich 1 04 
S i - r i c h  48 
Ca-rich 4 
Fe-r ich 8 
Hixed c lay  333 
Hisc 2 
Totals 499 

Ave. s i ze  
0.4 
0.9 
0.8 
1.6 
1.9 
0.4 
0.9 

Nunber D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes Nunber 2.5 5.0 10.0 15.0 20.0 25.0 
c - r i c h  104 92 3 9 0 0 0 
S i - r i c h  48 27 8 13 0 0 0 
Ca-rich 4 2 0 2 0 0 0  
Fe-r ich 8 7 1 0 0 0 0  
n ixed c lay  333 115 114 102 2 0 0 
n i s c  2 2 0 0 0 0 0  
Totals 499 245 126 126 2 0 0 

Size D i s t r i b u t i o n  by Average Diameter 
0.2 2.5 5.0 

Classes Nunber  X 2.5 5.0 10.0 
C-r ich 62.1 99.7 0.1 0.2 
S i - r i c h  8.4 95.6 2.2 2.1 
Ca- r i ch 0.9 97.0 0.0 3.0 
Fe-r ich 0.7 98.0 2.0 0.0 
Hixed c lay  26.3 n . 5  22.1 5.3 
Hisc 1.6 100.0 0.0 0.0 
Totals 100.0 92.2 6.1 1.7 

(microns) 
10.0 15.0 

15.0 20.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.1 0.0 
0.0 0.0 
0.0 0.0 

Table A 

Table B 

Table C 
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Client-Name WOA-DHHS 
C l i e n t - N h r  PU10#131 
P r o j  e c t - N h r  ESH503033 
Sample-Nunber 607058 
Analysis-Date 3/15155 
lnstrunent JSW-840 

Hag Fie lds p a r t i c l e s  
200 0.954 200 
100 0.788 200 
800 0.701 W 

Classes 
C-r ' ich 
S i - r i c h  
Ca-r ich 
Fe-r ich 
Mixed c l a y  
Hisc 
To ta ls  

N h r  X Ut X Ave. s ize 
52.03 0.93 0.5 
13.93 11.57 1.3 

1.14 3.75 2.3 
1.34 0.80 1.5 

31.53 80.03 2.5 
0.03 2.93 13.3 

100.00 100.00 1.3 

N u h e r  D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 

Classes 
C- r i ch  
S i - r i c h  
Ca-r ich 
Fe-r ich 
Hixed c l a y  
Hisc 
Tota ls  

N h r  
93 
74 
1 1  
10 

310 
1 

499 

Size D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 

Classes Nunber X 2.5 5.0 10.0 15.0 20.0 
C-r i ch  52.0 99.6 0.3 0.1 0.0 0.0 
S i - r i c h  13.9 85.2 10.5 4.3 0.0 0.0 
Ca-r ich 1.1 76.7 15.4 5.3 2.6 0.0 
Fe-r ich 1.3 97.8 0.0 2.2 0.0 0.0 
Hixed c l a y  31.5 63.3 26.6 9.8 0.5 0.0 
Hisc 0.0 0.0 0.0 0.0 100.0 0.0 
Tota ls  100.0 85.8 10.1 3.9 0.2 0.0 

Table A 

Table B 

Table C 
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Client-Name MOA-DHHS 
C l  ient-Nunber PM10#198 
Project-Nuher ESH503033 
Sarrple-Nuher 607059 
Analysis-Date 3/1d795 
Instrunent JSM-840 

Mag Fie lds p a r t i c l e s  
200 3.211 199 
400 1.477 200 
800 1.004 100 

C l a p e s  # 
C-r ich 109 
S i - r i c h  82 
Ca-rich 14 
Fe-r ich 7 
Mixed c lay  285 
Misc 2 
Totals 499 

Ave. s i ze  
0.5 
1.2 
2.1 
1.9 
1.9 
0.5 
1 .o 

N d x r  D i s t r i b u t i o n  by Average 
0.2 2.5 

Classes N h r  2.5 5.0 
C- r i ch  109 98 6 
S i - r i c h  82 36 20 
Ca-r ich 14 7 3 
Fe-r ich 7 6 1  
Mixedc lay  285 107 93 
Misc 2 2 0 
Totals 499 256 123 

Diameter (microns) 
5.0 10.0 15.0 20.0 

10.0 15.0 20.0 25.0 
5 0 0 0  

2 5 1 0 0  
4 0 0 0  
0 0 0 0  

8 1 4 0 0  
0 0 0 0  

115 5 0 0 

Size D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 

Classes N d x r  X 2.5 
C- r i ch  57.2 99.0 
S i - r i c h  13.0 89.9 
Ca-r ich 1.2 73.1 
Fe-r ich 0.8 98.1 
Mixed c l a y  27.0 77.8 
Misc 0.8 100.0 
Totals 100.0 91.8 

Table A 

Table 0 

Table C 



C l  ient-Name MOA-DHHS 
C l  ient-Nunber PM10#198 
Project-Nunber ESH503033 
S a n p l e - N h r  607059 
Analysis-Date 3/14]95- 
1 ns t runent  JSH-840 

Hass D i s t r i b u t i o n  by  Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Hass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C - r i c h  3.2 30.6 34.1 35.3 0.0 0.0 0.0 0.0 
S i - c i c h  17.1 7.2 21.3 59.7 11.8 0.0 0.0 0.0 
Ce-r ich  2.4 14.8 38.8 46.4 0.0 0.0 0.0 0.0 
Fe - r i ch  1.2 79.8 20.2 0.0 0.0 0.0 0.0 0.0 
M i x e d c l a y  76.0 10.1 27.0 50.0 12.9 0.0 0.0 0.0 
Misc 0.1 100.0 0.0 0.0 0.0 0.0 0.0 0.0 
To ta l s  100.0 11.3 26.5 50.5 11.8 0.0 0.0 0.0 

Aerodynamic Hass D i s t r i b u t i o n  by  Aerodynamic Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Hass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C - r i c h  3.2 27.1 36.6 36.3 0.0 0.0 0.0 0.0 
S i - r i c h  17.1 4.5 14.3 42.1 27.2 11.8 0.0 0.0 
Ca- r i ch  2.4 9.2 15.2 75.6 0.0 0.0 0.0 0.0 
Fe - r i ch  1.2 2.8 77.0 20.2 0.0 0.0 0.0 0.0 
Mixed c l a y  76.0 3.8 18.8 40.1 26.2 11.1 0.0 0.0 
M i  sc 0.1 100.0 0.0 0.0 0.0 0.0 0.0 0.0 
To ta l s  100.0 4.9 19.2 41.0 24.6 10.4 0.0 0.0 

Average Composition 
CLasses # C 0 NA HC AL S1 P S CL K 
C - r i c h  1 0 9 9 8 0 0 0  0 1 0  0 0  0 
S i  - r i c h  8 2 2 3  5 0 0 0 6 9  0 0 1 0  
Ca- r i ch 1 4 2 4 4 0 2 2 6 0 7 0 0  
Fe - r i ch  7 5 4 0 0 2 4 0 0 2 0  
H i x e d c l a y  285 14 6 1 1 17 48 0 0 0 1 
M i  sc 2 6 4  0 0 0 0 0 0 0 1 5  0 
To ta l s  4 9 9 6 4 2 0 0 5 2 3 0 0 0 0  

Table D 

Table E 



Client-Name HOA-DHHS 
C l i e n t - N h r  PH10#305 
P r o j e c t - N h r  ESH503033 
Sam1 e - N h r  607060 
Analysis-Date 3/15/b5- 
lnstrunent JSM-840 

Hag Fields pa r t i c l es  
200 1.855 199 
400 1.011 200 
800 0.475 99 

Classes # 
C-r ich 82 
S i - r i ch  32 
Ca-r ich 6 
Fe-r ich 9 
Mixed c lay  367 
Hisc 2 
Totals 498 

Nunber X Vt X Ave. s ize 
54.15 1.28 0.4 
9.21 4.66 0.8 
0.40 0.99 2.1 
0.60 2.15 2.2 

34.84 90.75 1.6 
0.81 0.17 0.8 

100.00 100.00 0.9 

Nunber D i s t r i bu t i on  by Average 
0.2 2.5 

Classes 
C-r ich 
S i - r i c h  
Ca-r ich 
Fe-r ich 
Hixed c lay  
Hisc 
Totals 

Diameter (microns) 
5.0 10.0 15.0 20.0 

10.0 15.0 20.0 25.0 
5 0 0 0 
6 0 0 0  
2 0 0 0  
3 0 0 0  

104 3 0 0 
0 0 0 0  

120 3 0 0 

Size D i s t r i bu t i on  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 

Classes Nunber X 2.5 5.0 10.0 15.0 20.0 
C-r ich 54.1 99.8 0.0 0.1 0.0 0.0 
S i - r i c h  9.2 98.6 0.6 0.8 0.0 0.0 
Ca-r ich 0.4 70.2 23.4 6.4 0.0 0.0 
Fe-r ich 0.6 78.0 15.6 6.4 0.0 0.0 
Hixed c lay  34.8 83.9 12.2 3.8 0.1 0.0 
Hisc 0.8 98.4 1.6 0.0 0.0 0.0 
Totals 100.0 93.9 4.5 1.5 0.0 0.0 

Table A 

Table B 

Table C 



Client-Name MOA-DHHS 
C l i e n t - N d r  PM10#305 
Project-Hunber ESH503033 
Sanple-Nunber 607060 
Analysis-Date 3/15/#5- 
l n s t  r a n t  JSM-840 

Mass D i s t r i b u t i o n  by Average Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Hass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 1.3 27.9 9.3 62.9 0.0 0.0 0.0 0.0 
S i - r i c h  4.7 13.0 11.4 75.6 0.0 0.0 0.0 0.0 
Ca- r i ch 1.0 10.5 21.2 68.3 0.0 0.0 0.0 0.0 
Fe- r i ch  2.1 21.7 21.4 56.9 0.0 0.0 0.0 0.0 
M i x e d c l a y  90.8 10.6 25.7 55.6 8.2 0.0 0.0 0.0 
M i s c  0.2 10.6 89.4 0.0 0.0 0.0 0.0 0.0 
Totals 100.0 11.2 24.8 56.6 7.4 0.0 0.0 0.0 

Aerodynamic Hass D is t r ibu t ion  by Aerodynamic Diameter (microns) 
0.2 2.5 5.0 10.0 15.0 20.0 25.0 

Classes Hass X 2.5 5.0 10.0 15.0 20.0 25.0 30.0 
C-r ich 1.3 27.9 9.3 62.9 0.0 0.0 0.0 0.0 
S i - r i c h  4.7 9.8 3.2 49.8 37.2 0.0 0.0 0.0 
Ca- r i ch 1.0 10.5 21.2 68.3 0.0 0.0 0.0 0.0 
Fe-r ich 2.1 6.0 15.7 56.1 22.2 0.0 0.0 0.0 
Mixed c lay  90.8 3.8 19.4 38.4 32.7 5.8 0.0 0.0 
Misc 0.2 10.6 0.0 89.4 0.0 0.0 0.0 0.0 
Tota ls  100.0 4.5 18.4 40.0 31.9 5.3 0.0 0.0 

Average Corrposition 
Classes # C 0 NA MG AL SI P 
C-r ich 8 2 9 4  0 0  0 0 2 0 
S i - r i c h  3 2 3 2  4 0 0 0 5 5  0 
Ca-rich 6 2 8 6 2  0 2 1 5  0 
Fe-r ich 9 5 2 0 0 1 7 0  
Mixed c l a y  367 14 7 0 1 14 48 0 
Misc 2 6 7  0 0 0 1 1 7  0 
Totals 498 59 3 0 1 5 23 0 

Table E 

Table F 
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Rapid acquisition/storage of electron 
microscope images 

T HE SClENCE OF microscopy, 
historically limited to opti- 
cal or light microscopy, can 

provide a tremendous amount of in- 
formation on specimens too small 
to be examined with the unaided 
eye. The optical microscope has 
been, and will continue to be, a pow- 
erful analytical tool for providing 
size information about the morphol- 
ogy of microscopic features. The 
optical microscope's practical reso- 
lution, however, is ultimately lim- 
ited by the wavelengths associated 
with light of the visible spectrum. 
When features of interest begin to 
occur in micron and sub-micron size 
ranges, detailed resolution is lost. 
Since complete characterization of 
materials is often dependent on an 
understanding of microstructure, the 
analytical world needed a tool capa- 
ble of providing information, not 
only on morphology, but also on 
composition and at sizes well be- 
yond capabilities of the light micro- 
scope. 

The requirement for additional 
resolution of microscopic features 
led to experimentation during the 
first half of this century using accel- 
erated electrons to strike the speci- 
men and form an image. It was soon 
discovered that a fine beam of elec- 
trons provided better image resolu- 
tion, a wider range of magnifica- 
tions for viewing, and a tremendous 
increase in depth-of-field when 
compared with images formed using 
visible light. In addition toenhanced 
imaging capabilities, the impinging 
electron beam was also found to 
generate many other signals, often 

The authors are with the RI Irc Croup. Mon- 
rocville. Pennsylvania. USA.  The authors 
would likt to acknowledge the ~ ~ ~ i s t o n c e  of 
Ray Callihan for producing thefigures in this 
article. 

yielding a wealth of information 
about the specimen. 

Experimentation with electrons 
ultimately resulted in development 
of the transmission electron micro- 
scope (TEM) and the scanning elec- 
tron microscope (SEM), two of the 
most important analytical instru- 
ments in use today. In the SEM and 
scanning TEM (or STEM), a mi- 
nutely focused electron beam is ras- 
tered over the specimen. As the 
beam strikes the sample, various 
signals are generated, which include 
secondary, backscattered, and Aug- 
er electrons, characteristic x-rays, 
photons, and cathodoluminescence. 
These signals may be collected in 
synchronization with the beam posi- 
tion to provide highly detailed &for- 
mation on a point-by-point basis. 

The secondary electron signal 
yields an image of the specimen with 
three-dimensional high 
depth-of-field, and the appearance 
of overhead illumination. Backscat- 
tered electron images are often used 
for discriminating between phases 
containing elements of different 
atomic number. Specific informa- 
tion about elemental composition 
can be acquired through the collec- 
tion and processing of x-rays emit- 
ted as a result of the electron beam 
striking the sample. X-rays of 
characteristic energy and wave- 
length are emitted from atoms of the 
different elements present in the ma- 
terial of the sample and may be de- 
tected and sortedto identify elemen- 
tal composition. 

The science of electron micros- 
copy has undergone significant ad- 
vancement since the advent of the 
SEM over twenty years ago. In the 
past, manipulation of SEM and 
STEM controls for analytical pur- 
poses was performed in a manual 

fashion. Typically, specimens con- 
taining particle populations would 
be characterized by having a scien- 
tist search the sample in the SEM 
for particles having a size, morphol- 
ogy, and/or chemistry of interest. 
Elemental spectra and photomicro- 
graphs would be collected, one at a 
time, to describe the individual fea- 
tures present. 

When employing any of the mi- 
croscopy disciplines, such manual 
examination of multiple fine parti- 
cles or features is very time consum- 
ing and tedious. The data generated 
from such analyses are often consid- 
ered to be only statistically qualita- 
tive because of the relatively small 
number of features or particles that 
can be characterized in a reasonable 
period of time. In addition, in at- 
tempting to adequately characterize 
an overall structure by microscopi- 
cal methods, there is a natural ten- 
dency on the part of the observer to 
select unusual or aesthetically pleas- 
ing features rather than the typical. 
and often less interesting. Thus o p  
erator bias is often a problem when 
extended periods of time are re- 
quired to characterize a great num- 
ber of a specimen's components. 

Automated or computer control of 
the SEM has allowed scientists to 
bridge the gap between statistically 
qualitative analyses of particle sam- 
ples and quantitative analyses de- 
scriptive of an entire population of 
features. Computer-controlled SEM 
(CCSEM) is accomplished by the 
controlled manipulation of thedlec- 
tron beam that is rastering over the 
sample's surface. ~ased-on signals 
generated as the impinging electrons 
strike the sample, features are iden- 
tified, measured, and x-ray informa- 
tion obtained automatically. Data 
from the individual particle or fea- 



ture are ultimately sorted and sum- 
marized by the computer to describe 
the entire specimen based on various 
factors. Calculations can be per- 
formed detailing a specimen's fea- 
tures by parameters such as number 
percent, weight percent. area per- 
cent, aspect ratio, and elemental 
composition. Therefore, size and 
composition correlations can be for- 
mulated to specifically identify and 
label specimen constituents. This 
technology has been described in 
greater detail elsewhere.' 

The advantages associated with 
such automated particle analysis 
quickly became apparent to the sci- 
entist, as did its limitations. More 
often than not, microscopy exami- 
nations take the analyst into un- 
known territory. Frequently, a fea- 
ture's morphology and surface tex- 
ture prove to be crucial factors in 
its proper characterization. CCSEM 
analyses were essentially lacking in- 
formation that only the photomicro- 
graph of a manual investigation 
could provide. In short, the limiting 
factor to automated analyses was 
that images from individual features 
of interest were lost when the scien- 
tist relied on computer control of the 
instrumentation. 

This concern has been addressed 
by the enhancement of CCSEM (by 
RJ Lee Group, Monroeville, Penn- 
sylvania) to permit the collection of 
an image of each particle or feature 
examined during the automated 
analysis in addition to the aforemen- 
tioned parameters. The concept of 
performing a CCSEM analysis 
while acquiring and archiving the 
image of a feature is called Micro- 
Imaging. Microlmaging, or the ac- 
quisition and storage of individual, 
high-resolution images, has evolved 
from an existing analytical method 
pioneered by United States Steel Re- 
search (Monroeville, Pennsylvania) 
and Tracor Northern (Middleton, 
  is cons in).^^ Through the use of 
software, it is possible to dynami- 
cally alter the position and apparent 
magnification of the digitally res- 
tered electron beam in order to ac- 
quire images and direct these to 
magnetic or optical media for stor- 

Microlmaging with CCSEM is 
made possible by interfacing a mi- 
crocomputer with a conventional 
SEM (or STEM) for the purpose of 
controlling the energy dispersive 
spectrometer, an automated stage, 
and a digital scan generator. In ad- 
dition to collecting size, shape, po- 
sition, and spectral data for each-in- 
dividual particle, MicroImaging en- 
ables high-resolution images of the 
analyzed features to be acquired and 
stored. Images of each particle ana- 
lyzed may be saved, or, alterna- 
tively, algorithms may be applied 
during the data acquisition process 
to select images based o n  x-ray, 
size, or shape criteria. 

In order to accomolish MicroIm- 
aging, three additidns have been 
made to existing automated particle 
analysis technology. The first is the 
use of an automated stage. By defin- 
ing a local coordinate system, it is 
possible to record the position of 
each feature analyzed. In the event 
that a reexaminahon of that feature 
is required, it is possible, by reini- 
tializing the stage with respect to 
index ~ilarks on the samole. to drive 
the stage to the specificXc&rdinates 
of the feature of interest. 

The second addition is the inter- 
facing of the digital scan generator 
to control both raster position and 
size. It is thus possible, by software 
control, to alter both magnification 
and beam position to enable micro- 
images of selected features to be ac- 
quired. 

Finally, in order to exploit the full 
capabilities of the system, a high- 
speed data link between the SEM 
and energy dispersive spectroscopy 
(EDS) system, as well as acomputer 
workstation, was developed (RJ Lee 
Group) to allow the transmission of 
images during collection of an x-ray 
spectrum for the particle being ana- 
lyzed. 

The images and data collected 
during the sample examination are 
stored on magnetic or optical media 
which are removable. Examples are 
Bernoulli disks or optical WORM 
(Write Once Read Many) devices. 
These may then be transferred tooff- 
line computer workstations where 
the data may be retrieved;- exam- 

ined, and interrogated. Figure 1 il: 
lustrates the architecture associated 
with the Microlmaging system. 

An important feature of the Mi- 
crolmaging system (RJ Lee Group) 
is the data manipulation that can be 
performed off-line. Data manage- 
ment programs have been developed 
which enable the researcher to dis- 
play the particle chemistry in a va- 
riety of ways: 

1. A ternary plotting routine per- 
mits display of particle composi- 
tions within a ternary composition 
diagram, the vertices of which may 
be assigned by the observer while 
the use of color permits a fourth "di- 
mension" to be added, such as the 
size variations of particles or, per- 
haps, the presence or absence of ad- 
ditional elements. A mouse-driven 
cursor allows selection within the 
ternary plot of individual particles, 
the complete chemistry and stored 
image of which may then be re- 
trieved and displayed. Figure 2 pre- 
sents a ternary diagram based on the 
analysis of inclusions in a stainless 
steel sample. 

2. Application of selected min- 
eral composition algorithms permits 
a modal analysis to be performed in 
which the computer assigns a min- 
eral composition to each particle and 
presents an overall mineral compo- 
sition of the bulk material. 

3. Sizing algorithms enable rapid 
size distribution determinations and 
their correlation with shape and/or 
chemical composition factors. Such 
investigations frequently give pre- 
liminary indications of the number 
of possible components present 
within the sample. 

4. Image files of standards may 
be generated and combined with 
their elemental composition to pro- 
duce electronic encyclopedias of 
various standards. A pollen Atlas 
has already been generated and work 
is in progress on various Atlases of 
minerals and other particulars mat- 
ter. Figure 3 is a digitized image 
from the electronic pollen Atlas. 

Because Microlmaging data are 
readily accessible at an off-line 
workstatien. researchers are no 
longer limited in their investigations 
by the availability of time on a re- 
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Figure 1 Schematic illustrating the architecture associated with ori-line and off-line 
components of the Micmlmaging workstation. 

Figure 2 Ternary diagram of Mn, S, and 
Cr inclusions observed in a stainless 
steelsample. The ring cursor enables the 
operator to isolate any individual inclu- 
sion. The table at the left of the diagram 
displays the full elemental analysis and 
the size of the inclusion. 

Flgure 3 Dgitized secondary electron 
image of a pdlen particle acquired with 
a oixel resolution of 5 12 x 5 12 usina 
~ i c m l m a ~ i n ~  techndogy. This imaggis 
taken from an "electrunic encvclo~edia" 
of @ens which is being deverdped at 
RI Lee Group, Inc. 

search microscope. One microscope 
can generate enough data to support 
numerous workstations, and the ex- 
tent to which the data may be man- 
ipulated and interrogated is limited, 
for the most part, only by the in- 
genuity and persistence of the inves- 
tigator. Figure 4 depicts the off-line 
Microimaging workstation. 

Summary 

MicroImaging technology as 
applied to the SEM may be de- 
scribed as the rapid acquisition and 
digital storage of images of each fea- 
ture examined as well as data on 
particle size and elemental compo- 
sition (classical CCSEM). In es- 
sence, MicroImaging links aspects 
of manual and automated specimen 
analyses. With this method, it is 
possible to describe a sample more 
efficiently than with manual meth- 
ods alone, and more cost effectively 
than with on-line i n t e r n o n  of 

In the future, thedatacollec- 
tion, storage, retrieval, and manipu- 
lation technologies that collectively 
make up Microimaging should 



Flgure 4 Micmlmaging off-line workstation consisting of a tower-de- 
sign PC with an internally mounted WORM drive, graphics monitors, 
keyboard, and mouse. 

make possible the use of advanced 
data interrogation schemes such as 
artificial intelligence and fractal ge- 
ometry in the analysis of particulate 
samples, composite materials, and 
metal and ceramic microstructures. 
Figure 5 presents a digital image of 
a metal alloy specimen. 

MicroImaging techniques are also 
being applied to conventional TEM - - -  
images captured through use of a 
high-resolution television system. 
Here the potential for the application 
of MicroImaging techniques in the 
biomedical field, particularly to 
stereological studies performed on 

Figure 5 A digital image displayed from an on-line Micmlmaging 
workstation showing a fracture surface associated with a fatigue 
test specimen composed of a cast Co-Cr-Mo alloy. 

serial sections, promises to be an 
exciting one. 
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T h e  microscope has long been used to identify the 
chemical and morphological characteristics of features 
too small to be detected w'ith the naked eye. T h e  ability 
to analyze individual microscopic features provides a 
resolution of sample constituents and their associations 
unobtainable by most gross or bulk analysis methods. 
Because of this increased resoiution, both Light (optical) 
and electron microscopy have often been employed in 
the analysis of particulate matter. However, manual 
microscopic analysis is both tedious and time consum- 
ing. Therefore, the results obtained from manual mi- 
croscopic analysis have usually been only qualitative 
because of the relatively small number of particles 
characterized. A quantitative analysis requires repro- 
ducible sizing and identification of individual particles 
in numbers sufficient t o  satisfy statistical counting re- . 
quirements. Using automated imaging, computer con- 
trolled scanning electron microscopy (CCSEM) can 
provide quantitative results within a reasonable analysis 
time. Because of this automation, microscopy has en- 
tered a new era. CCSEM permits comparison of mi- 
croscopic results with those from bulk analyses while 
retaining the feature specific resolution of manual mi- 
croscopy. T h e  replicability, precision, and accuracy of 
CCSEM were recently evaluated during a study for the 
Texas Air Control Board. Elemental concentrations 
obtained by CCSEM were compared with those from 
several bulk analysis methods. T h e  CCSEM results 
weqe determined to be quantitative. The  environmental 
applications of CCSEM described in this paper are: a) 
determination of equivalent aerodynamic diameters, 
b) air particulate sampler inlet modeling, c) source 
emission characterization, and d)  receptor modeling. 

croxopy have included design modifications and development 
of techniques such as dispersion staining and phase contrast 
which aid in feature resolution and identification. However, 
the tiieory of image formation developed by Abbe near the end 
of the nineteenth century predicted an ultimate resolution for 
the light microscope of about 0.2 pm. limited by the wave- 
length of light.* The practical resolution of the light micro- 
scope is more typically about 1-2 pm. The desire to obtain . 
additional resolution of microscopic features inspired ex- 
perimentation with the use of electrons in the early 1900s. 
Developments in electronics eventually resulted in the con- 
struction of the first successful electron microscope in 1932 
During the past 50 years. electron microscopy has evolved to 
include the transmission electron microscope (TEM). the 
scanning electron microscope (SEMI and the scanning 
transmission electron microscope (STEM). The use of elec- 
trons to form magnified images provides feature resolution 
as great as a few angstroms. 

Both optical and electron miscroscopy have been widely 
used in environmental studies of particulate matter. Until 
recently. however, the information obtained from these 
techniques has usually been aualitative because of the limited 
number of particles counted.'Early image analysis techniques 
provided more rapid particle co~nt ing.~ However. to obtain 
a quantitative analysis. particles must be properly sized and 
identified by chemistry and/or morphology in sufficient 
numbers to be representative of the entire sample. In this 
manner, the microscopic characteristics can be directly and 
reliably related to the bulk or macroscopic properties of the 
sample. With the proliferation of the microcomputer. mi- 
croscopy has entered a new era The use of the microcomputer 
has enabled the collection of individual particle data in a 
fashion which permits comparison with the macroscopic 
properties of the sample while retaining the particle specific 
resolution. Today. many environmental studies are incorpo- 
rating the use of automated scanning electron micros copy^ 
This method of analysis, referred to as computer controlled 
scanning electron microscopy (CCSEM). provides simulta- 
neous measurement of individual particle size, shape and el- 
emental composition. This paper briefly describes how 
CCSEM works. discusses its strengths and lirpitations. and. 
illustrates how it is being used in environmetital studies. 

The miamPC its has an important sci- Computer Conlrolled Scanning Eleclr& Microscopy 
entific tool for four centuries. Using a rudimentary compound 
optical microscope, Anton van ~eeiwenhoek (i632-17e) was CCSEM combines three analytical tools under computer 
able to view bacteria and other single cell organisms. He also control: 1) the scanning electron microscope. 2) the energy 
played a key role in the controversy surrounding spontaneous dispersive spectrometry X-ray analyzer. and 3) the digital scan 
generation, by observing that insects develop from eggs laid C - 
in mud.' Since that time. improvements in optical light mi- c-ht 1963-~i, P~dlulian ~ m v o ~  ~ u n c ~ ~ i a ~  
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Table I. Comparison of CCSEM results from replicate analysis 
(Wt. 90). 

Original Replicate 
Particle tyve analysis analflis 

- 

Si-rich 6.7 7.1 
Ca-rich 19 20.6 
Fe-rich 2.6 2.1 
Ca-Si 23.2 21.4 
Pb-rich 6.1 6.3 
Pb-Br 1.3 23 
Pb-bearing 3 3.4 

Both physical (geometric) and aerodynamic particle size 
are determined. 
Data from each particle are permanently stored. 
The analysis is compatible with most sampling methods 
and filter media. 
Effects of operator bias, fatigue and subjectivity, inherent 
in manual microscopy, are eliminated. 
Results are reproducible. and compare favoribly with 
other analytical methods. 

Disadvantages 
Most filter samples require redeposition to separate and 
disperse the particles. 
Sample changes may be induced by the redeposition 

The volume of each particle. computed from the projected process. 
area measurements, is multiplied by the particle density to 
obtain the particle's mass. Particles with an atomic number close to that of the filter 

An example of the type of individual particle information substrate are difficult to detect. 

that  is acquired with CCSEM is illustrated in Figure 1. The Particle volume is inferred from the projected area. 
top pictures are secondary electron micrographs of two par- Particle mass is calculated using a density that is assumed 
tides (note difference i n  morphologies). T h e  calcium am- to correspond to the particle type. 
phibole particle is naturally occurring, while the cenosphere Chemical inhomogeneities within a particle may not be 
(round flyash) particle is the result of a combustion process. recognized. 
The  middle pair of micrographs are backscattered images of Partides yielding few or no detectable are assumed 
each particle. The  superimposed diagonals on each particle to be carbonaceous. 
illustrate how average particle size and shape are determined. 
The bottom pictures show the elemental X-ray spectra from 
the particles. 

Table 11. Precision of CCSEM elemental results. 

95 percent 
Elemental Average relative confidence 

concentration (Wt %) error (%I intend (9%) 

<1 35 0.65-1.35 
25 32 1.963.06 
5 16 4.m.64 
10 8 8.8-11.2 

> 15 5 14.3-15.7 

Advantages and Disadvantages of CCSEM 

CCSEM, like most analytical techniques, possesses both 
advantages and disadvantages. These are as follows: 

Advantages 
Particle size may range from 0.2-300 pm. 
Elemental chemistry is obtained from each particle. 
Particles are classified by elemental composition and 
morphology. 
Analysis time averages two seconds for each particle. 
Mass and frequency distributions are obtained for each 
particle class as a function of size. 

Preclsion and Accuracy of CCSEM 

The ability of CCSEM to rapidly analyze large numbers of 
particles overcomes many of the limitations inherent with 
manual microscopic methods.lS Because the analysis of each 
particle by CCSEM is accomplished in about two seconds, 
large numbers of particles can be analyzed in a relatively short 
period of time. Computer control of the SEM also enables each 
particle to be tested against the same set of analysis parame- 
ten, assuring uniformity of the analysis. CCSEM results have 
been shown to be more precise and accurate than commonly 
employed manual methods.l6 

Examples of the replicability, precision. and accuracy of 
CCSEM results are illustrated in Tables I through 111. Table 
I, presenting selected particle type results from the analysis 
of a cellulose filter. illustrates the replicability of the CCSEM 
analysis. The replicate analysis was obtained by preparing a 
different section of the original sample. As can be seen, there 
is very good agreement for all particle types. Generally, the 
relative error decreases as the elemental concentration in- 
creases, as illustrated in Table 11. This table presents the av- 
erage relative errors based on CCSEM results from 17 repli- 
cate samples. The results are presented at  the 95% confidence 
level. On average, there is a relative error of 35% for elements 
that account for less than 1 weight percent, and a relative error 
of 5% for elements contributing more than 15 weight percent. 
Since the replicate samples were prepared from a different 

Table 111. Comparison of elemental concentrations from analpes of collocated and replicate filters (Po TSP). 

Glass fiber filter Cellulose filter Replicate cellulose 
Element AA XR- TCm Id AA XRF CCSEM 16 AA XRF PIXE CCSEM iC 

si b • 0 10.5 b 6.9 11.8 10.1 b b 10.3- 9.6 
s b a 3.1 1.7 3.3 4.2 3.2 2.8 2.1 b . 29 2.1 2 
c a  • 10.3 12.5 b 11.9 10.7 10.8 b b .  9.6 10.8 b 
Fe a 2.1 3.3 b 23 2.6 3 b b b 24 2.3 b - 
Pb 2.1 2.2 2.3 1.3 2.6 2.6 2.5 , b b b 26 2.7 b 
Br 0.3 0.3 0.7 0.7 1.2 0.9 0.6 0.4 . 0.8 1.1 0.4 
Zn 1.1 a 1 .  0.8 1 1.2 0.8 b b . 1.1 1 b 

5 Not reported 
Not analyzed. 
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Figure 1. Pictorial demonstration of typical CCSEM analyses of arr 

generator for image processing. In the SEM, a finely focused 
electron beam impinges upon the sample surface. The inter- 
action of the electron beam with the sample produces various 
effects that can be monitored with suitable detectors. Some 
of these effects include the production of secondary, back- 
scattered and Auger electrons; emission of characteristic 
X-rays; photo and cathodoluminescence; and electron chan- 
neling. Most commonly, secondary and/or backscattered 
electrons are used to create a viewing image, while the X-ray 
emission is monitored to determine the elemental chemistry 
of features of interest. 

In air particulate studies, the automated image analysis 
generally uses the backscattered electron mode, which is 
sensitive to differences in atomic number, to determine when 
the beam is on a particle. As the computer moves the electron 
beam across the image, the image intensity a t  each point is 
compared with a threshold level. This comparison is used to 
determine whether the electron beam is "on" a particle (above 
threshold) or "off' a particle (below threshold). If the signal 
is below the threshold level, the computer selects a new 

COVW photograph. Spatial distribution of elements within a lead- 
bearing particle. obtained by CCSEM. Digilal processing of the X-ray 
signal was performed on a Tracor Northern image processing system. 
Left Intensity maps of the characteristic X-rays for each of the fan el- 
ements-lead (red). chlorine (geen). tin (blue). and calcium (gold). R i m  
Corqwsite elemental map of the same parIicle (at twice Uw magnifl- 
cation). produced by combining lhe maps of three elements-lead. 
chlorine. and tin. Where PM or m e  elemems are present. a new c o b  
results: lead and chlorine (yellow). lead and tin (magenla). 

(-RAY SPECTRA 

~bient air particles. 

coordinate and directs the beam to the new point. The dis- 
tance between these "off points" is specified so that all par- 
ticles larger than a selected size will be detected. Once a 
coordinate is reached where the signal is above the threshold 
level, the computer switches to a subroutine that drives the 
beam across the particle in a preset pattern to determine the 
dimensions and shape of the detected feature. For each fea- 
ture, the maximum, minimum, and average diameters are 
stored, along with the centroid location. The centroid of each 
particle is compared with those of previously detected parti- 
cles to prevent double counting. More detailed descriptions 
of automated imaging in the scanning electron microscope 
have been presented el~ewhere.~-l~ 

CCSEM classifies each particle as a particle type based on 
its elemental chemistry. This is accomplished by collection 
of characteristic X-rays which are fluoresced by the electron 
beam on the particle. The X-ray spectrum from each particle 
is processed to obtain relative concentrations for the following 
19 elements: Na. Mg, Al, Si, P, S, C1, K, Ca, Ti, V, Cr, Mn, Fe, 
Cu, Ni, Zn, Pb, and Br. Using the chemistry and shape factor, 
each particle is assigned to a defined particle type. If a parti- 
cle's chemistry fits none of the predefined_-, a new type 
can be created. The absence of elemental peaks, or a low peak 
to background ratio, causes the particle to be classified as 
carbon. I t  should be noted that the labels assigned to particle 
types are often descriptors of elemental composition and do 
not imply positive identification of a specific chemical com- 
pound. For example, metallic iron, iron oxides, and iron car- 
bonates occupy the iron-rich category. Based on the most 
h e l y  chemical compound(s) represented by the observed 
particle properties, each particle type is assigned a density. 



Table IV. Comparison of physical and aerodynamic size disiributions in a coal-fired boiler sample. 

Diameter (pm) 
Particle Type b.2-2.5 2.5-5 5-10 10-15 15-30 >30 Total ( Wt. 90) 

Weight distribution. physical diameter range 
Cenosphere 25 25 36 
Quartz 2 14 40 
Fe-rich 2 39 34 
Round- Fe 18 37 32 
Mix-clay 6 26 36 
Carbon 4 9 0 
Fe-Si 15 19 30 
Miscellaneous 14 23 27 
Total 13 25 35 

Weight distribution, aerodynamic diameter range 
Cenosphere 9 24 33 
Quartz 0 4 19 
Fe-rich 2 0 28 
Round-Fe 2 3 43 
Mix-clay 2 10 33 
Carbon 4 3 6 
Fe-Si 3 17 30 
Miscellaneous 10 9 27 
Total 5 13 31 

section of the original filter, the results also include any in- 
fluences that  sample preparation may have on precision. 

Elemental results obtained from CCSEM and various bulk 
chemistry methods are presented in Table 111. The  analytical 
methods compared with CCSEM in this table include: atomic 
absorption (AA), bulk X-ray fluorscence (XRF), proton in- 
duced X-ray emission (PIXE), and ion chromatography (IC). 
The glass fiber and cellulose filters were obtained from col- 
located hi-vol samplers. A replicate analysis (from another 
section of the original filter) was performed on the cellulose 
sample. Because the T S P  concentrations from the glass fiber 
filter (156 pg/m" and the cellulose filter (111 pg/m3) were 
significantly different, elemental results are presented as a 
percent of TSP. For the XRF method. only heavier elemental 
results were reported from the glass fiber filter because of 
interferences from the filter matrix. Replicate XRF analysis 
was not performed on the cellulose filter. AA was performed 
only on the glass fiber filter, while PIXE, CCSEM and IC re- 
sults were performed for all samples. The results in this table 
generally show good agreement between methods. The PIXE 
results for silicon (Si) illustrate the difficulties encountered 
by bulk methods in correcting for interferences from elements 
present in the glass fiber filter. CCSEM was capable of mea- 
suring the silicon content of the TSP because it can recognize 
and reject the filter particles from the analysis. Results for 
sulfur (S) showed that CCSEM reported a lower value than 
PIXE and IC for the glass fiber filter. The sulfur results from 
the cellulose filter show better agreement between IC and 
CCSEM. T h e  lead (Pb) results show good agreement for all 
methods with the exception of CCSEM reporting a lower value 
on the glass fiber filter. 

Envtronmental Applications of CCSEM 

One of the earliest environmental applications of CCSEM 
was the identification of sources contributing to TSP  con- 

centration~.'~ With continued development, the role CCSEM 
plays in environmental studies has expanded to encompass 
additional applications. The CCSEM applications discussed 
in this paper include: a) determination of equivalent aero- 
dynamic diameter, b) air sampler inlet modeling. c) source 
emission characterization, and d) receptor modeling. 

DeCrrnlnatlon d Equivalent Aerodynamk Dlametw 

The importance of the size distribution of suspended par- 
ticulate matter has taken on new significance in light of a 
possible size specific standard. At this writing, a thoracic 
particulate (TP) standard will most likely be proposed based 
on the fraction of the aerosol components that are believed 
to enter the human respiratory system. Monitoring would be 
conducted with samplers having a cut point based on aero- 
dynamic size. As a part of the CCSEM analysis, both number 
(frequency) and weight distributions of the particulate matter 
sample are determined. T o  convert a measured physical di- 
ameter to an  equivalent aerodynamic diameter, an approxi- 
mation can be made, based on the particle's density, physical 
diameter and shape. The equation used by CCSEM to cal- 
culate the equivalent aerodynamic diameter is: 

where D ,  = equivalent aerodynamic diameter 
x = aerodynamic shape factor 

D p  = physical diameter 
p = particle specific gravity 

This aerodynamic conversion was recently validated by 
comparing the CCSEM aerodynamic size distributions with 
results obtained by more conventional aerodynamic size 
measurement methods.18 

Table IV provides a comparison of the physical and aero- 
dynamic size distributions for various particle types found in 

Table V. Inlet mcdeling results averaged by type of mining operation. - 2' 
TP-Dp TP-Du TP -DI 

Operetion TSP T P - 4 ,  T P -  DW TSP TSP TP - Go 

Silver 2423 59.1 10:1.2 0.24 0.43 1 .i7 
hloIy1)denurn 148.9 26. I 3 . 2  0.15 0.:13 2.11 
('lq~lwr 174.6 29.5 58.4 0.17 0.M 1.02 
(.on1 I 126.4 24.3 48.2 0.19 O.;li 2.08 
(' tb i11  I I 2 I 4.3 :\:I5 78.1 O.I:I O.:ll 2.4 I 
:\I1 ISII.; :\.I.? 1i7.8 0. l n  O.:ki '1.1 

Inn,m*l nf (k- A i r  Dnlltttinn cnntrnl Accnriatinn 



a coal-fired boiler stack. For this sample, the equivalent 
aerodynamic diameter is slightly larger than physical diam- 
eter. An example of the variability in the aerodynamic size a 

2- 
distribution of particulate matter collected by the hi-vol is 
illustrated in Figures 2 and 3. Figure 2 shows a pronounced 
bimodality, with the majority of the mass around 12 pm. o 

Figure 3. from a different geographic area, shows no evidence 0- 
of bimodality. In both figures. note the decrease in mass oc- 
curring around 30 pm. The steep slope may reflect the poor 
collection characteristics of the hi-vol sampler for particles 
larger than 30 pm.19 0 - - 

a 

Inlet Modeling 
S 
5 % 

The relative mass fraction that wouid be collected by a size 3 
selective sampler may be predicted from the sampler inlet 
effectiveness curve and the aerosol particle size distribution. z. 
Although this application of inlet modeling is relatively new, o 
EPA has been examining the possible use of a multiplier to 
convert hi-vol TSP measurements to estimate the concen- 

I 0. tration of respirable particulate An EPA docu- n 

ment" has reported that a 0.5-0.6 factor is expected to convert 
TSP to T P  in typical urban areas. As the appropriate size inlet 

. I for the collection of T P  is currently being reviewed by EPA. 
additional information regarding the relationship between 
sampling devices is needed. P m n a E  DIAMETER (AERODYNAMIC) UM 

In a study olsurface mining operations, an inlet model that m. 3. (iraph'i ilbuatim of me &- d&~& at a 
incorporated aerodynamic size results from CCSEM analyses coal mining opera-. 

0 

*- - was used to convert TSP to T P  concentrations.24 The results 

Table VI. CCSEM results from lime kiln stacksam~le. 

o 
0- 

- 

Diameter (rrm) Total 
Particle T Y D ~  0.2-2.5 2.5-5 0 10-15 15-30 >30 (Wt%) 

from this inlet modeling study, averaged by mining operation. 
are presented in Table V. The estimated TP/TSP ratios 
suggest that a conversion factor applied to areasaround sur- 
face mining operations should be lower than the reported EPA 
values for typical urban areas. Overall, the average TPITSP 
ratio was 0.18 for a 10 pm Do inlet and 0.35 for a 10 pm DM 

Weight distribution. aercdynamic diameter range 
Silicon-Rich 1 8 
Calcium-Rich 1 9 
Calcium-Sulfur :1 2.i 
Magnesium-Calci~rm - > 8 
Halide (1;-CI) 9 9 
Mix-C11ty 4 1:t 
('ulriuln-Silico~~ :I - , 
('ilrlxlll I 2: 1 
Mi?rc.cllarrrou?; > 17 
-rl9lill '1 I0 

3 0- e inlet. A 10 pm Do sampler is one which theoretically will ex- 
% clude all particles which have an aerodynamic diameter 
a greater than 10 pm. A 10 pm Dm sampler is one which ideally . S 
0 0. 

has a 50% probability of collecting 10 pm particles, and has - * 
fn 

a lower probability of collecting larger partides Results of the 
fn * study indicate that TP/TSP ratios vary by geographic loca- 
si tion, monitoring site, and in some instances. by TSP 
C z- loading. 
0 

Source Charaderizatlon 
0- 
c" In source characterization studies. CCSEM is used to 

measure the relative distributions, in different size ranges, of 
particle types generated by'a specific source. This information 
is often used to evaluate the effectiveness of emission control 

d devices. Table VI shows results from the analpis of particue 
PARTtCLE DlAMEER (AERODYNAMIC) UM late matter collected in a lime kiln stack. Referring to this 

.. ~lg.. z (iraphic ~~lramtlon of me wodyrramit distrbullm at a table, the lime kiln is characterized mainly by calcium-rich. 
. . . . . , - . . . . 

sibm mining opemtlon. calcium-silicon and halide particles. The difference in emis- 
sions from various sources is illustrated by comparing the 

25 16 
37 20 
60 12 
41  13 
I I 12 
1:) 12 
'23 26 
It) 19 

- 
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Table VII. Fingerprint/ratio source apportionment results for TSP and lead-bearing particles at various monitors in 
El Paso: results vresented at the 95% confidence interval. 

- - - 

Average Urban Industrial 
Monitor concentration Number of soil fugitives Highway Smelter Unknown 

site (pglm3) samples (90) (90) (90) (90) 

Total Suspended Particulates 
10 50-54 17-21 
9 53-59 15-19 
4 55-65 11-17 
4 78-92 2-4 

12 45-49 21-25 
8 75-83 7-9 
8 54-60 4 

Lead-Bearing Particlesa 
10 2 0 
9 4 0 
4 1 0 
4 8 .  0 

12 4 0 
8 17-19 0 

l Includes all particles that have lead composition. not elemental lead. 

analysis results from the lime kiln with those from the bdiler receptor models. Fingerprinthati0 results .from the seven 
house in Table IV. As can be seen, the boiler house emissions monitors studied are summarized at the 95% confidence level 
are comprised mainly of mix-clay and cenosphere particle in Table M. The source apportionment results indicated that 
types. Source characterization has also been used to define the soil and industrial fugitive emissions accounted for the ma- 
source "fingerprint" or "signature" in receptor modeling jority of the TSP. As expected, smelter and automotive 
studies. emissions accounted for the majority of the lead-bearing 

particles. 

Receptor Modellng Summary and Fulure Research 
Mathematical models have been developed to estimate the During the past five years, CCSEM has become recognized impact of emission sources on ambient air quality. Dispersion as an extremely powerful tool. The use of CCSEM models are source oriented, predicting ambient concentrations 

from measured source strengths. Receptor models, however, 
to sscertain s-c particulate information in environmental 

characterize ambient samples to identify the sources and to studies will enable scientists to evaluate data in a more so- 

quantify their contribution. Receptor models have attracted phisticated manner. Because CCSEM can obtain size related 

interat a pogible tml to vdihte dirpenion modek.as information. this technique may become more widely used to 

Presently, a variety of receptor modeling techniques exist, elucidate the health effects aspects of particulate matter. As 
a result of this technology, the field of environmental science 

incorporating data generated by a number of will  be able to explore areas not accessible by most other an- methodrn For air particulate studies, these analytical .dyticalmethods. methods are generally divided into two categories: macro- 
scopic methds  based on bulk chemical anaiysis, and mi- 
croscouic methods based on individual particle analysis. Each Ack"ow'edgments 
type of model has certain advantages-and disadvantages.= 
However, models which use microscopic data presently show 
the most promise for resolving specific source impact29 

The fingerprinthati0 receptor model, developed over the 
past three yean. utilizes the size, shape and chemistry data 
from CCSEM to apportion the sources of particulate matter. 
The ratios of particle type concentrations a t  the source(s) are 
fitted to those found a t  the ambient monitor, using a least 
squares procedure. This fitting process is performed sepa- 
rately for various size ranges, in an attempt to account for 
particle deposition between source and receptor. In two 
studies employing the fingerprinthati0 receptor model, the 
source apportionment results were used to evaluate the In- 
dustrial Source Complex (ISC) dispersion modelf-30 An im- 
portant feature of the ISC model is that it was designed to 
calculate particle deposition. A comparison of the receptor and 
dispersion model results showed good agreement when 
CCSEM size distributions of sources were used in the ISC 
model. 

Recently, the Texas Air Control Board conducted a study 
to identify and quantify sources of TSP and particulate lead 
in El Paso.31 To accomplish thin goal. CCSEM and the fin- 
gerprindratio receptor model were selected as the primary 
methods. The CCSEM analyses and fingerprinthatio results 
correlated well with results from other analytical methods and 
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