Protocol for TEM Analysis of Chrysotile Asbestos: 
Modification of ISO Method 10312 for quality and cost-effective analysis 

of archival samples from Charleston, South Carolina textile plant
by  SEQ CHAPTER \h \r 1E. Kuempel, J. Dement, A. Ristich, J. Bena, R. Zumwalde

April 8, 2004
(with revisions for clarification through June 27, 2014)

Purpose:  to use transmission electron microscopy to obtain data on the bivariate fiber size distribution and airborne concentration of chrysotile asbestos from archived samples. 

Summary of Protocol Development:  Due to higher time and cost estimates than originally estimated for these analyses, we needed to develop a modified method that is consistent with the ISO (the International Organization for Standardization) Standard, Direct-Transfer Method (10312, 1995-01-01).  A major reason for the greater time than expected is the high proportion of complex structures on the filters.  Through discussions and small trials, we have developed a modified approach that (1) improves the efficiency of fiber counting (e.g., by reducing measurement sensitivity and using easier data recording format), and (2) reduces the number of samples and fibers per sample counted, while maintaining statistical data integrity.  
Protocol 
Sample preparation 

1.
Approximately one-half of each 37-mm, mixed cellulose ester filters will be provided by NIOSH for TEM analysis.  NIOSH will provide the sample numbers to be analyzed and reported as a group.

2.
The sample filters shall be prepared and analyzed according to the ISO (the International Organization for Standardization) Direct-Transfer Method (10312, 1995-01-01) with the  exceptions and clarifications are noted below.  No O2 plasma ashing of the filters shall be used in the preparation of the TEM grid samples.

3.
Three to five TEM grid samples shall be prepared from each filter, depending on the size of the filter wedge available.  In order to preserve the filter samples, no more than ½ the filter wedge shall be used to prepare the TEM grids.  If more than one grid opening is read, then the grid openings read shall be dispersed approximately equally across the 3 prepared grids with the best prep quality.  All grid preps shall be archived.  
Counting and sizing fibers
4.
Structures shall be counted and sized according to the ISO method, except as noted in this protocol.  
An exception to the counting and sizing rules is the stopping rule for dispersed matrices and dispersed clusters.  The ISO method allows recording diameter and length for up to 5 component fibers or bundles. If more than 5 such components are identified, these are recorded as a single "cluster residual" with a length and width that encompasses the area covered by all the remaining component fibers.  The dimensions of the cluster residual therefore do not represent any of the individual components in the cluster.  For these analyses, the 5-component stopping rule will be omitted in order to  achieve a more accurate estimate of the size distribution for individual fibers and bundles.  (This is also consistent with the fiber counting and sizing previously done on these samples).

5.
A fiber shall be defined as having an aspect ratio of greater than or equal to 3:1.  (Note: the ISO method allows use of 5:1 or 3:1 aspect ratio, as long as this is recorded.  We will use 3:1 for consistency with other U.S. methods).  We will use the ISO minimum length for counting and sizing fibers of 0.5 μm (i.e., structures <0.5 μm are not recorded).  There is no minimum structure width (other than detection limit of TEM).

6.
In addition to individual fibers, the samples contain a large proportion of bundles, clusters, and matrixes.  These structures are defined in the ISO 10312 method.  The term structure is used to indicate any of these forms.  

7.
The ISO method involves counting and sizing approximately 100 structures at each of two magnifications (a and b, below).  This protocol adds a third analysis, counting fibers longer than 15 microns, to obtain greater reliability of the data for the more sparse, longer fibers:

(a)
all structures at least 0.5 microns long (at approximately 20,000X magnification) 

(b)
all structures longer than 5 μm (at approximately 10,000X magnification), using procedures described in the Annex E to the ISO method for longer fibers, with the modification that all fibers longer than 5 μm shall be enumerated, including those too narrow to be counted by PCM.  

(c)
all structures longer than 15 μm (at approx. 10,000X magnification), as primary or component structures.
8.
For fibers that extend beyond the grid opening, use ISO criteria in Section C.3, record the side(s) it intersects and the visible length within the grid (do not double length).  In the count of “>5 μm structures”, include only those structures with at least 2.5 μm showing.  (NIOSH will double the observed length according to ISO procedure during data analysis).  Similarly, in the third-tier count of >15 μm structures, include only those structures with at least 7.5 μm showing.  

9.
For fibers partially obscured by matrix particles, follow the ISO procedure (Annex C.4.8, p. 32, of the ISO report).  That is, if <1/3 of fiber length is obscured by a particle, record the fiber as a separate component of a disperse matrix.  
10.
For fibers that intersect a cluster, apply the same procedure as used for a matrix. 

11.
For fibers that intersect a particle, follow the ISO procedure for recording fiber length (i.e., record the sum of visible fiber length plus particle width).  If a fiber crosses a particle, record the entire fiber length (including obscured portion).

12.
In classifying structure types, try to determine if a complex structure is actually made up of overlapping, separate structures.  The slightly extra time will be offset by the reduced number of component structures to be sized/counted within the smaller primary structure.  It will also tend to provide simpler and more useful component structure data (i.e., more individual structure information, rather than complex secondary structures with little information on tertiary components).

13.
The presence of  fibers <0.5 μm in length or particles <0.5 μm in diameter attached to a fiber or bundle shall not change the structure designation from a fiber or bundle to a cluster or matrix.  However, a structure made up of only fibers <0.5 μm long shall be recorded if the structure itself is longer than 0.5 μm; but the individual component structures will not be recorded.  Make a note in the comment column “components <0.5 μm.”
Minimum number of fibers analyzed and filter loading
14.
The minimum number of primary structures to analyze per sample has been reduced following evaluation of preliminary analyses.  Originally, a minimum of 100 primary structures of each length stratum was to be sized and recorded.  However, this resulted in approx. 300 secondary structures in the “all structures” count and approx. 150 in the “>5 μm” count, which exceeds the statistically required number.  Also, in the “>5μm” count, a situation was encountered where slightly fewer than 100 primary structures were counted and another grid opening had to be fully counted.  Reducing the number of primary structures as below, should provide 100 or more secondary structures in each length stratum.

Thus, the minimum number of primary structures to be sized and recorded is:

(a)
all structures: 50

(b)
structures longer than 5 μm: 80

(c)
structures longer than 15 μm:  50
In all cases, the entire grid opening shall be finished (i.e., once the minimum primary structure count has been reached, continue to size and record all structures within that grid opening).  Up to 24 grid openings will be examined to attempt to reach these minimum numbers (this should be more than sufficient for most samples, except possibly a few sparsely-loaded samples).
NOTE:  See 14A for an exception to 1-grid minimum.
14A. Due to some extremely heavily-loaded filters (which would require an unreasonable amount of time to complete the all-structure count of only one grid opening), we have revised the 1-grid minimum counting rule as follows:

In the all-structure count:  Once the minimum number of 50 primary structures has been reached, continue counting until that entire grid opening is completed, with the following exception:  if the primary structure count reaches 100, then continue counting to the next 1/2 grid opening.  Record the number of grid openings counted (e.g., 0.5, 1.0, 1.5, etc).  The half-way line is treated the same as a grid bar with regard to counting and sizing fibers crossing it (see item 8).    

Note:  this 1/2-grid exception to the 1-grid minimum does not apply to the >5 μm or >15 μm structure counts.  

14B. Overloaded filters.  The ISO method defines five criteria for an acceptable TEM grid specimen (Section 9.5), stating that if conditions b through e are not met, “it may not be possible to analyze the sample by this method” (emphasis added).  Note that if item a is not met (i.e., the TEM specimen has not been cleared of filter medium by the filter dissolution step) then either additional washing with solvent is required or a new grid specimen must be prepared.  In items b and d, ISO recommends rejecting a specimen as overloaded if it contains more than approximately 7,000 structures/mm2, (roughly 70 structures per grid opening), or  if the filter area has more than 10% coverage by fibers and/or particulate debris in a majority of grid openings.  
For the heavily loaded chrysotile samples initially analyzed, the fiber concentrations were approximately five times the recommended 7,000 structures/mm2 limit; yet the particulate material was well below the 10% limit, and the analyst did not have difficulty distinguishing or measuring the structures.  Thus, we will accept these samples as readable.  This is necessary because within certain jobs, most of filters are heavily loaded; and if we followed the ISO recommended loading limit, we would have no data for some jobs.  Thus, if the fiber concentration exceeds the ISO recommendation, but is otherwise readable, the sample will be analyzed and a note (e.g., “exceeds ISO fiber concentration”) will be added to the comments.  
Among the 50 or more samples analyzed to date, two were extremely heavily loaded. One had 71 primary structures in 1/15 of a grid opening, or approximately 100,000 primary structures/mm2, most of which were <3 m in length. Besides being difficult to read, the time required to analyze only one grid would be unreasonable.  

Thus, our working definition for overloaded filters will be as follows:  After scanning the grid and selecting a representative grid opening (i.e., assuming the specimen is otherwise readable) -- if the number of primary structures is estimated to exceed 200 fibers within the first 1/2 grid opening, then the sample will be set aside and designated as overloaded.   

14C. Non-uniform filters.  As item c of the ISO method states, if the structures are “obviously not uniformly distributed from one grid opening to the next, then the specimen shall be designated as non-uniform.”  Such samples shall be put on hold (and NIOSH notified when results for that group are submitted).  If available, another sample from the same sampling location will be substituted.  If no other comparable samples are available, then it may be necessary to use that sample and to increase the number of grid openings; this shall be decided in consultation with NIOSH.   

Data sheet details
15.
The data sheet shall be consistent with the format shown in Figure 4 of the ISO report, but modified as shown in the attachment (file name: Excel Print Layout Aug 2002rev.xls) and as described below.  

These data shall be delivered to NIOSH as Excel spreadsheets 

16.
Each sample and analysis shall be recorded on a separate, labeled sheet (see file:  Excel Print Layout Aug 2002rev.xls): 

 Sheet one:  Sample 1, grid evaluation; 

 Sheet two:  Sample1, all structures; 

 Sheet three:  Sample 1, fibers > 5 μm;
 Sheet three:  Sample 1, fibers > 15 μm.

 
 Repeat for Sample 2, etc.

17.
The data sheet template will include 9 lines of heading information, with the 10th line for the single-line variable names (see file:  Excel Print Layout Aug 2002rev.xls).
Data descriptions are provided in Tables 1, 2, and 3 (below).

Data shall begin on same row (i.e., 11th) on each data sheet.  (We will program data import to begin on that line).

Use of formulas to calculate cell values is completely acceptable (e.g., to auto-convert from on-screen cm to μm).  The number of significant digits used in the calculations shall not be limited; however, the final answer can be automatically set to round to 2 decimal places (e.g., fiber width 0.25).

Variable column width is acceptable.  

Borders and headers/footers are acceptable.
Please record the date of analysis on the grid evaluation sheet.  

Do not add any other columns (e.g., for structure tally) to the data sheets sent to NIOSH (since we would need to delete before importing data for use in other software). 

18.
Numeric columns (num) must include only numerical data.  All comments must be written in the comment column.  In either numeric or character (char) columns, do not use punctuation (other than decimals in numbers).  For example, in column 18 (Intersect grid), do not use commas to separate the grid sides; also, do not use spaces between characters (e.g., mark TLfor “intersects top and left”).  

19.
On the standard data sheet forms, please add a letter “z”  the first row of the following columns (to ensure column won’t be blank on a given worksheet and not be imported):   SAED; Intersect Grid; Comments.  If you should need to enter data in that first row of these columns, just delete z, and add your data.

20.
Under SAED (selected area electron diffraction), leave blank if chrysotile.  Indicate only if not chrysotile (e.g., A for amphibole; O for other, e.g. gypsum).  

21.
In the structure type columns, record just the component structure (e.g., B, F), rather than repeating the C or M, which is already recorded in a previous column for the primary structure.  

Measurement sensitivity  

Modifications have been made here to save time by modifying the measurement approach to conform to the TEM screen ruler markings and thereby minimize the microscopist’s decisions and measurement judgments.  The microscope screen ”rulers” have major marks 1 cm apart (corresponding to ~ 0.5 μm at 20k mag. and to ~1 μm at 10k) that are arranged along several screen diameters.  This will provide fine size categories of adequate measurement sensitivity, while reducing the time needed for more exact individual length and width sizing.

22.
All measurements will be recorded as the next highest category (see Items 24 & 25).  

For example, if the length (as observed on screen) is slightly greater than 7 cm, it is recorded as 8 on the Excel spreadsheet.  If length is exactly 7 cm, it is recorded as 7.   If length is >0.5 cm and <1 cm, then it is recorded as 1.  If diameter is <0.25 cm, it is recorded as 0.25, etc.  (Note: spreadsheet automatically computes structure dimensions via a pre-formatted column to convert microscope measure to actual measure).

23.
The ISO lower limit for fiber length is 0.5 μm.  That is, only structures at least 0.5 μm are counted and sized.  Thus, the lowest fiber length category is 0.5-1 μm.

There is no lower limit on fiber diameter other than limit of detection by TEM at specified magnifications (consistent with ISO).  The lowest fiber width category is <0.25 μm (which will be recorded as 0.25 cm at 10k mag and as 0.5 cm at 20k mag).

No upper limits will be used for fiber width or length.  

24.
Fiber length 
(a)
All structures (at ~20k mag.; 1 cm = ~0.5 μm):  

- record to next highest cm: 1,  2,  3, … cm corresponding to 

- actual fiber lengths (μm):  <0.5,  0.5-1.0,  1.0-1.5, ...

      (b)
Structures > 5μm (at ~10k mag.; 1 cm = ~1 μm):  

- record to next highest cm: 6,  7,  8, … cm corresponding to   

            - actual fiber lengths (μm):  5-6,  6-7,  7-8,....

      (c)
Structures > 15 μm (at ~10k mag.; 1 cm = ~ 1 μm):  

- record to next highest cm: 16,  17,
 18, …cm corresponding to   
            - actual fiber lengths (μm):  15-16,  16-17,  17-18 ….

25.
Fiber diameter
(a)
All structures (at ~20k mag.; 1 cm = ~0.5 μm):  

- record to next highest 0.5 cm for widths up to 2 cm:

0.5,  1,  1.5,  2 cm corresponding to
- actual fiber diameters (μm): 
 <0.25,  0.25-0.5,  0.5-0.75,  0.75-1.0; 


- For wider structures, record to next highest 1 cm: 

3,  4,  5 cm corresponding to
- actual fiber diameters (μm): 
1.0-1.5,  1.5-2.0,  2.0-2.5… μm;
(b)  Structures > 5 μm and >15 μm (at ~10k mag.; 1 cm = ~1 μm): 
- record to next highest 0.25 cm for widths up to 1 cm:

0.25,  0.5,  0.75,  1.0 cm corresponding to
- actual fiber diameters (μm): 
 <0.25,  0.25-0.5,  0.5-0.75,  0.75-1.0; 


- For wider structures, record to next highest 0.5 cm: 
1.5,  2,  2.5 cm corresponding to
- actual fiber diameters (μm): 
1.0-1.5,  1.5-2.0,  2.0-2.5… μm;

26.  Quality control re-reading
Standard NIOSH procedures for analytical lab quality control will be followed, which includes re-reading of 10% of all samples.  For these fiber samples, QC will be done on the same grid openings  previously read in one randomly-selected sample from the last 10 samples completed (to evaluate inter-reading variability while avoiding intra-filter variability). 

Sample disposition
The laboratory shall return to NIOSH all unused filter samples and sample grids prepared for TEM analysis.  

	Table 1.  DESCRIPTION OF DATA SHEET FOR ALL STRUCTURES

	Column Number
	Column Type
	Column

Label
	Description

(AS=all structures)

	1
	char
	AS_grid
	grid 

	2
	char
	AS_open
	Opening

	3
	num
	AS_nP
	Number of primary (P) structures

	4
	num
	AS_nT
	Total number of structures

	5
	char
	AS_ SAED
	Selected area electron diffraction (blank=chrysotile; A=amphibole; O=other)

	6
	char
	AS_tP
	Type of primary structure

	7
	char
	AS_P_CD
	Compact or disperse 

	8
	num
	AS_P_nC
	Number of components (use -5 for +; -9 for ?)*

	9
	num
	AS_P_gt5
	Number of components > 5 μm (-5 for +; -9 for ?)*

	10
	char
	AS_P_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	11
	char
	AS_tC
	Type of component (C) structure

	12
	char
	AS_C_CD
	Compact or disperse 

	13
	num
	AS_C_nC
	Number of components (use -5 for +; -9 for ?)*

	14
	num
	AS_C_gt5
	Number of components > 5 μm (-5 for +; -9 for ?)*

	15
	char
	AS_C_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	16
	num
	AS_D_cm
	Screen fiber diameter (cm)

	17
	num
	AS_L_cm
	Screen fiber length (cm)

	18
	num
	AS_D_um
	Actual fiber diameter (μm)

	19
	num
	AS_L_um
	Actual fiber length (μm)

	20
	char
	AS_Comm
	Comments


* record as -5 for counts greater than 5 but uncountable; record as -9 for unknown or uncountable

	Table 2.  DESCRIPTION OF DATA SHEET FOR STRUCTURES >5 μm 

	Column Number
	Column Type
	Column

Label
	Description

(G5=structures >5 μm)

	1
	char
	G5_grid
	grid 

	2
	char
	G5_open
	opening

	3
	num
	G5_nP
	Number of primary (P) structures

	4
	num
	G5_nT
	Total number of structures

	5
	char
	G5_ SAED
	Selected area electron diffraction (blank=chrysotile; A=amphibole; O=other)

	6
	char
	G5_tP
	Type of primary structure

	7
	char
	G5_P_CD
	Compact or disperse 

	8
	num
	G5_P_nC
	Number of components (use -5 for +; -9 for ?)*

	9
	num
	G5_P_gt5
	Number of components > 5 μm (-5 for +; -9 for ?)*

	10
	char
	G5_P_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	11
	char
	G5_tC
	Type of component (C) structure

	12
	char
	G5_C_CD
	Compact or disperse 

	13
	num
	G5_C_nC
	Number of components (use -5 for +; -9 for ?)*

	14
	num
	G5_C_gt5
	Number of components > 5 μm (-5 for +; -9 for ?)*

	15
	char
	G5_C_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	16
	num
	G5_D_cm
	Screen fiber diameter (cm)

	17
	num
	G5_L_cm
	Screen fiber length (cm)

	18
	num
	G5_D_um
	Actual fiber diameter (μm)

	19
	num
	G5_L_um
	Actual fiber length (μm)

	20
	char
	G5_Comm
	Comments


* record as -5 for counts greater than 5 but uncountable; record as -9 for unknown or uncountable
	Table 3.  DESCRIPTION OF DATA SHEET FOR STRUCTURES >15 μm 

	Column Number
	Column Type
	Column

Label
	Description

(G5=structures >5 μm)

	1
	char
	G15_grid
	grid 

	2
	char
	G15_open
	opening

	3
	num
	G15_nP
	Number of primary (P) structures

	4
	num
	G15_nT
	Total number of structures

	5
	char
	G15_ SAED
	Selected area electron diffraction (blank=chrysotile; A=amphibole; O=other)

	6
	char
	G15_tP
	Type of primary structure

	7
	char
	G15_P_CD
	Compact or disperse 

	8
	num
	G15_P_nC
	Number of components (use -5 for +; -9 for ?)*

	9
	num
	G15_P_gt15
	Number of components > 15 μm (-5 for +; -9 for ?)*

	10
	char
	G15_P_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	11
	char
	G15_tC
	Type of component (C) structure

	12
	char
	G15_C_CD
	Compact or disperse 

	13
	num
	G15_C_nC
	Number of components (use -5 for +; -9 for ?)*

	14
	num
	G15_C_gt15
	Number of components >15 μm (-5 for +; -9 for ?)*

	15
	char
	G15_C_IG
	Fiber intersect grid bar (L=left; R=right; T=top; B=bottom) 

	16
	num
	G15_D_cm
	Screen fiber diameter (cm)

	17
	num
	G15_L_cm
	Screen fiber length (cm)

	18
	num
	G15_D_um
	Actual fiber diameter (μm)

	19
	num
	G15_L_um
	Actual fiber length (μm)

	20
	char
	G15_Comm
	Comments


* record as -5 for counts greater than 15 but uncountable; record as -9 for unknown or uncountable
1

