
ER
DC

/C
RR

EL
 M

P-
21

-1
2 

  

  

  

Effects of Milling on the Metals Analysis of 
Soil Samples Containing Metallic Residues 
 

Co
ld

 R
eg

io
ns

 R
es

ea
rc

h 
an

d 
 

En
gi

ne
er

in
g 

La
bo

ra
to

ry
 

  Jay L. Clausen, Samuel A. Beal, T. Georgian, K.H. Gardner, 
T.A. Douglas, and Ashley M. Mossell 

July 2021 

   
 

  

Approved for public release; distribution is unlimited. 



  

The U.S. Army Engineer Research and Development Center (ERDC) solves 
the nation’s toughest engineering and environmental challenges. ERDC develops 
innovative solutions in civil and military engineering, geospatial sciences, water 
resources, and environmental sciences for the Army, the Department of Defense, 
civilian agencies, and our nation’s public good. Find out more at 
www.erdc.usace.army.mil. 

To search for other technical reports published by ERDC, visit the ERDC online library 
at https://erdclibrary.on.worldcat.org/discovery. 

 

http://www.erdc.usace.army.mil/
https://erdclibrary.on.worldcat.org/discovery


ERDC/CRREL MP-21-12 
July 2021 

Effects of Milling on the Metals Analysis of Soil 
Samples Containing Metallic Residues

Jay L. Clausen, Samuel A. Beal, T. Georgian, K.H. Gardner, T.A. Douglas, Ashley M. Mossell 

Cold Regions Research and Engineering Laboratory  
U.S. Army Engineer Research and Development Center 

   Building 4070 
  Fort Wainwright, AK 99703 

72 Lyme Road            
Hanover, NH 03755 

T. Georgian

U.S. Army Corps of Engineers 
1616 Capital Avenue  
Omaha, NE 68102  

K.H. Gardner 

Department of Civil and Environmental Engineering 
University of New Hampshire  
Durham, NH 03824  

Final report 

Approved for public release; distribution is unlimited. 

Prepared for U.S. Army Corps of Engineers  
Washington, DC 201314



ERDC/CRREL MP 21-12  ii 

Preface 

This study was based on the results of a privately funded PhD dissertation 
using data from multiple projects funded from different sources. The re-
search did not receive any specific grant from funding agencies in the pub-
lic, commercial, or not-for-profit sectors. 

The work was performed by the Biogeochemical Sciences Branch (Mr. Na-
than Lamie, Chief) of the Research and Engineering Division (Dr. George 
Calfas, Chief), U.S. Army Engineer Research and` Development Center, 
Cold Regions Research Engineering Laboratory (ERDC-CRREL). At the 
time of the initial publication, the Deputy Director for ERDC-CRREL was 
Mr. David Ringelberg and the Director was Dr. Joseph Corriveau. 

This article was originally published online in the Microchemical Journal 
on 8 January 2020.  

The Commander of ERDC was COL Teresa A. Schlosser and the Director 
was Dr. David W. Pittman. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 



Effects of milling on the metals analysis of 
soil samples containing metallic residues

A B S T R A C T

Metallic residues are distributed heterogeneously onto small-arms range soils from projectile fragmentation
upon impact with a target or berm backstop. Incremental Sampling Methodology (ISM) can address the spatially
heterogeneous contamination of surface soils on small-arms ranges, but representative kilogram-sized ISM
subsamples are affected by the range of metallic residue particle sizes in the sample. This study compares the
precision and concentrations of metals in a small-arms range soil sample processed by a puck mill, ring and puck
mill, ball mill, and mortar and pestle prior to analysis. The ball mill, puck mill, and puck and ring mill produced
acceptable relative standard deviations of less than 15% for the anthropogenic metals of interest (Lead (Pb),
Antimony (Sb), Copper (Cu), and Zinc (Zn)), with the ball mill exhibiting the greatest precision for Pb, Cu, and
Zn. Precision by mortar and pestle, without milling, was considerably higher (40% to >100%) for anthropogenic
metals. Median anthropogenic metal concentrations varied by more than 40% between milling methods, with
the greatest concentrations produced by the puck mill, followed by the puck and ring mill and then the ball mill.
Metal concentrations were also dependent on milling time, with concentrations stabilizing for the puck mill by
300 s but still increasing for the ball mill over 20 h. Differences in metal concentrations were not directly related
to the surface area of the milled sample. Overall, the tested milling methods were successful in producing
reproducible data for soils containing metallic residues. However, the effects of milling type and time on con-
centrations require consideration in environmental investigations.

1. Introduction

Small-arms ranges worldwide are used for training with weapon
systems that result in the release of projectile fragments containing
antimony (Sb), copper (Cu), lead (Pb), and zinc (Zn) [1,2]. A significant
amount of metal, principally Pb, is deposited to surface soils. Ap-
proximately 2 million tons/year of lead are deposited to target range
soils every year in the U.S. [3]. The resulting surface soil concentrations
up to percent levels [1,3] present an internationally recognized en-
vironmental problem [4–6]. Prior studies of organic energetic com-
pounds found conventional grab sampling does not address the het-
erogeneous distribution of particulates on military training ranges. This
leads to nonreproducible mean contaminant concentration estimates
with large uncertainty [7,8]. Subsequently, conventional grab (i.e.,
discrete) sampling, was questioned for addressing metal contamination

in the environment [9,10]. Clausen et al. [9] demonstrated a large
number of grab samples (n> 35 at a minimum and preferably as many
as several hundred) would be needed to address the large degree of
spatial variability on small-arms ranges. The high uncertainties in metal
concentrations associated with grab samples propagate to calculated
exposure point concentrations used in risk assessments [11].

Research on the distribution and sampling of energetic residues at
firing points and on impact areas led to recommendations [12–15] and
modifications to U.S. Environmental Protection Agency (USEPA)
Method 8330 [16] for the sampling and processing of soil, resulting in
an update to the Method (8330B) [17]. Collectively, the modifications
to the field sampling and sample processing methods are referred to as
the Incremental Sampling Methodology (ISM), multi-incremental sam-
pling (MIS)™, or Incremental Sampling (IS) [12,13,18], which is based
on Pierre Gy's sample theory for materials consisting of particulates
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and potentially leads to greater metal concentrations. In addition,
milling enhances the dissolution of some metals containing an insoluble
oxide layer that would otherwise remain intact post extraction. How-
ever, studies conducted by Felt et al. [39] using “clean” (native) soils
milled with equipment containing nonmetallic milling surfaces (mortar
and pestle, ball mill, and pulverisette) suggest minimal enhancement to
extraction efficiencies by sample milling. Similarly, studies by Clausen
et al. [40] using a contaminated soil, Ottawa sand, and glass beads
found a puck mill with metallic components yielded only a slight in-
crease in concentrations of most metals (10% to 30%) compared with
an unmilled split sample following the standard Method 3050B [16].
Studies using soil from a small-arms range suggests milling increases
the Sb, Cu, and Pb concentrations due to an increased extraction effi-
ciency of the pure metal fragments [9].

Multiple variables in milling procedures, including equipment type,
material, and milling time, may affect reproducibility and mean metal
concentrations. Felt et al. [39] found a mortar and pestle and a pul-
verisette produced more reproducible metal concentrations than a ball
mill for uncontaminated soils. In contrast, Clausen et al. [9] obtained
acceptable precision (i.e., percent relative standard deviations [RSD]
less than 15%) after ball milling for a longer period of 18 h (vs. 6 h in
Felt et al. [39]). Here we examined the variables of milling equipment
and milling time on subsample reproducibility and mean metal con-
centration by using a contaminated ISM soil sample from a small-arms
range.

2. Methods

2.1. Soil sample collection

The soil used was obtained in June 2010 from the military small-
arms berm face at Range 4-3 located on Camp Ethan Allen in Jericho,
Vermont. The berm face is approximately 3 × 100 m, sparsely vege-
tated, and composed of loamy sand with gravel and visible small-arms
bullet fragments [9]. Range 4-3 is used by Army National Guard units
for training with small-arms weapons systems, such as the M16 Rifle
that fires a 4.5 cm long by 5.56 mm diameter (caliber) projectile round.
Clausen et al. [9,11] present additional information on the character-
istics of the range. Camp Ethan Allen has a temperate climate with
warm, humid summers and cold winters. Monthly daily average tem-
peratures range from 70.6 °F (21.4 °C) in July to 18.7 °F (−7.4 °C) in
January, and annual precipitation is 36.8 in. (935 mm).

A single 200-increment surface soil sample was collected to a depth
of 5 cm using a 2 cm diameter metal corer [38] following procedures
outlined in [9,10,13] yielding a 20 kg sample. The largest particle size
was less than 1 cm in diameter. Field sampling error was controlled by
collecting sufficient mass to reduce the effects of compositional het-
erogeneity. The long-range and periodic heterogeneity was addressed
by collecting a sufficient number of increments, 200, across the sample
area of interest. The delimitation error was addressed by collecting a
cylindrical volume of material with the corer so that every fragment of
the population of interest has an equal probability of being included in
the sample. A cylindrical corer also allows for a consistent depth of
sample recovery for every increment. The corer diameter size selected
ensured that no soil particulate was excluded from the sample. Equip-
ment rinseate samples have previously demonstrated no cross-con-
tamination from the soil corer [9]. .

2.2. Sample preparation and milling methods

The 20 kg sample was sent to the U.S. Army Cold Regions Research
and Engineering Laboratory (CRREL) geochemistry laboratory in
Hanover, NH, where it was air-dried, and sieved through a no. 10 mesh
sieve to remove material larger than 2 mm diameter (0.43 kg of which
was set aside). The USEPA does not consider material larger than 2 mm
in size to constitute soil and thus is not analyzed and included in human

[19–21] Gy's sample theory focuses on minimizing seven sampling er-
rors; (1) fundamental, (2) grouping and segregation, (3) long-range 
heterogeneity, (4) periodic heterogeneity, (5) increment delimitation,
(6) increment extraction, and (7) sample preparation. A direct cause of 
fundamental error is due to compositional heterogeneity, which is the 
difference in composition of individual soil particles composing the 
population and the parameter of interest. The distributional hetero-
geneity of the contaminant of interest results in the grouping and seg-
regation error. Francis Pitard translated Gy's work to English and dis-
cusses these specifics errors and the mechanisms to address and reduce 
the errors [22]. Pitard summarizes this as “Incremental sampling meth-
odology (ISM) is a structured composite sampling and processing protocol 
that reduces data variability and provides a reasonably unbiased estimate of 
mean contaminant concentrations in a volume of soil targeted for 
sampling” [13]. ISM involves the collection of tens to hundreds of 
discrete field increments from a defined area of interest (typically 
referred to as the “Decision Unit [DU]”) composited into a single 
sample and modifica-tions to the sample processing procedures [13]. 
The sample processing modifications as compared to conventional 
grab sampling include air-drying, sieving, milling, changes to the 
sample aliquot mass, and sub-sampling.

The ISM approach allows for an estimate of the mean contaminant 
concentration when particulates are present in environmental media 
(e.g., soils and sediments) having a large compositional and distribu-
tional heterogeneity [13]. The Department of Defense (DoD), the reg-
ulatory community, and environmental consultants are now using ISM 
for analytes other than energetics, including metals [13,18,23–25]. 
Comparison studies between grab and ISM have demonstrated less 
uncertainty [26] and lower sampling errors [27] associated with ISM 
samples.

Despite the desire for the use of ISM, information on appropriate 
milling devices or the milling interval necessary for soils containing 
metallic residues is nonexistent. Milling is one of the principal steps to 
address contaminant heterogeneity and is one step of the ISM process 
[13]. Milling is not a common sample preparation process [28,29] and 
is not specified in USEPA Method 3050B, 3051, or 3052 [16,30,31], 
methods commonly followed to prepare solid samples. Clausen et al.
[32] showed simply collecting multiple increments in the field to form a 
composite sample only addresses distributional heterogeneity in the soil 
substrate, a finding consistent with Gy's sample theory [33,34]. Milling 
is necessary to address the compositional or constitutional hetero-
geneity for soils containing metallic residues [35,36], as well as en-
ergetics [12,37,38], by reducing the subsampling uncertainty prior to 
analysis. However, most milling equipment has metallic surfaces ex-
posed to the sample during the milling process, which can result in 
contamination of the sample during processing [39]. A recent study by 
Clausen et al. [9] used glass beads and a contaminated soil from a 
small-arms range to show significant metal cross-contamination from a 
puck mill for chromium (Cr), vanadium (V), and nickel (Ni). However, 
since the predominant metals of interest at small-arms ranges include 
Pb, Sb, Cu, and Zn [1,11,37,38], there may be little to no risk of cross-
contamination for these metals.

A potential side-effect of sample milling is the enhancement of acid 
extraction efficiency through the increase in the surface area of metallic 
residues, soil particles, and mineral grains present in a sample. A recent 
study focused on the > 2mm size fraction of an urban soil suggests 
milling does result in a significant concentration increase of many trace 
metals [33]. The two commonly used EPA methods 3050 and 3051 
employ nitric and hydrochloric acids on a hot block (3050) and in open 
vessels in a microwave (3051) to dissolve metals for later analysis. 
These two methods have yielded complete or nearly complete recovery 
of many metals (i.e., Pb, Cu, Zn) in finely ground standard reference 
materials, specifically National Institute of Standards and Technology 
(NIST) 2711, a Montana soil. However, extraction in coarser material is 
likely limited by the availability of soluble surfaces for interaction with 
acids. By reducing particle size, milling increases sample surface area
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The splits for the two puck mills, puck and ring mill, and mortar and
pestle were milled over five 60-s intervals (300 s total milling time)
with 60 s of cooling between each interval. The ball mill sample split
was milled continuously for 18 h.

2.3. Sample analysis

The split samples shipped to APPL and Test America for milling
were subsampled, digested, and analyzed at their respective labora-
tories following the procedures above. The CRREL experimental sam-
ples were subsampled in-house and then shipped to the USACE
Environmental Laboratory (EL) in Vicksburg, MS, for digestion and
analysis. Each laboratory used the same digestion protocol (Method
3050B) and analysis protocol (Method 6020, [42]). Analysis at APPL
Inc. was performed on an Agilent 7500cx ICP-MS with the following
setting: RF power at torch = 1600 W, carrier gas flow = 1 L/min.,
auxiliary gas flow = 0.1 L/min., nebulizer flow = 0.4 mL/min., and
pump flow rate = 0.1 rpm. Analysis at Test America was performed on
an Agilent 7500 series ICP-MS operated in the collision-cell mode, with
helium as the collision gas. Samples at EL were analyzed with a Perkin
Elmer Sciex ELAN 6000 ICP-MS. The quantification limits for most
metals were approximately 1 mg/kg. Surface area was measured on
duplicate subsamples of certain splits using Brunauer-Emmett-Teller
(BET) adsorption with nitrogen gas.

3. Data analysis

Precision was assessed by RSDs calculated as the standard deviation
divided by the mean. Differences in variances between milling techni-
ques were derived from Levene's test, and differences in concentrations
derived from Kruskal-Wallis analysis of variance with Benjamini-
Hochberg p-value correction. Concentration differences between in-
dividual milling techniques were assessed using the Conover-Iman test.

4. Results and discussion

4.1. Comparison of milling techniques

The performance of each milling technique in producing re-
producible metal concentrations was evaluated based on a target RSD
of less than 15% for the 15 replicates [13]. The two unmilled splits
yielded RSDs varying from 17 to 257% for Cu, Pb, Sb, and Zn (Fig. 1).
These high RSDs are a result of the unpredictability in the number of
particulates present in any given subsample, despite implementing the
incremental subsampling approach. The presence (or absence) of a
single large particle in any one increment could have a significant im-
pact on the resultant metal concentration. For example, the range in Cu
concentrations for the Unmilled #1 samples vary from 299 to 10,900
mg/kg (Supporting Material). The precision for the mortar and pestle
was also above the 15% RSD target, varying from 28 to 55%, reflecting
this technique's tendency for disaggregation rather than pulverization.
Pulverization involves reducing the particle size of the individual soil
grains and any metallic residues, whereas disaggregation involves
physical separation of cohesive soil grains.

The puck mill, ring and puck mill, and ball mill each yielded results
meeting our performance criteria for the anthropogenic metals of in-
terest Cu, Pb, Sb, and Zn (Fig. 1). The one exception being an RSD of
21% for Sb in the Puck Mill #1 samples. Increased precision indicates
the milling techniques adequately reduced total sample error due to
heterogeneity by increasing the number of metal particles in the sample
and improving the probability of subsampling a consistent number of
residue particles, consistent with Gy's theory [20]. In contrast, the RSDs
for lithogenic metals were below 15% for all milling techniques, in-
cluding unmilled splits, which reflects the homogeneous distribution of
these metals in the native soil matrix (Supporting Material). These re-
sults indicate milling is required for samples with anthropogenic

Milling technique Milling time (s) Analysis method Digestion acids

Ball Mill 64,800 ICP-MS HNO3
Mortar & Pestle 300 ICP-OES HNO3 + HCl
Puck & Ring Mill 300 ICP-MS HNO3
Puck Mill #1 300 ICP-MS HNO3
Puck Mill #2 300 ICP-OES HNO3 + HCl
Unmilled #1 0 ICP-MS HNO3
Unmilled #2 0 ICP-OES HNO3 + HCl

health and ecological risk assessments. Sieving followed by milling did 
not result in significant bias, although larger concentrations were ob-
served for Pb and Cu sample variance was greatly reduced [40]. Fol-
lowing air-drying and sieving a sectorial rotary splitter operated at 
100 rpm was used to split the less than 2 mm material in half. Previous 
work has demonstrated the superiority of the sectorial splitter yielding 
representative sample as compared to other mass reduction techniques 
[41]. Half of the material, 10 kg, was used in earlier experiments de-
scribed in Clausen et al. [11,26,32].

Subsample replicates of the unmilled 10 kg soil were obtained by 
spreading the soil on a flat surface produced a layer 1 to 2 cm thick. A 
total of 15 replicate subsamples of this unmilled material were collected 
using the Japanese slab cake approach by collecting 20 increments in a 
systematic random fashion (similar to the field sample collection ap-
proach) using a flat bottom scoop with sides to yield a 2 g subsample for 
digestion and analysis (Unmilled #1). A flat bottom scoop ensured a 
consistent volume of soil was obtained from the top and bottom of the 
soil layer. It was necessary to collect the unmilled sample prior to 
proceeding with the following sample processing.

The remaining approximate 10 kg of sieved material was processed 
through a sectorial rotary splitter operated at 100 rpm to create 12 
splits of approximately 0.8 kg each for the milling experiments. The 
procedure in USEPA Method 8330B Appendix B [16] was followed to 
subsample all of the split samples for the milling experiments as de-
scribed above for the unmilled sample.

Ultrapure reagent-grade acids were used for the digestions com-
bined with deionized water with a resistivity of greater than 10 MΩ cm. 
Fifteen replicate subsamples were collected, digested, and analyzed for 
each milling apparatus. Five splits of sieved material were milled with 
the following equipment: (1) a Labtech Essa chrome steel puck mill 
grinder (Model LM2, B elmont, Australia) at APPL Inc. (Clovis, CA)(Puck 
Mill #1); (2) a Labtech Essa chrome steel puck mill grinder (Model LM2, 
B elmont, Australia) at CRREL (Puck Mill #2); (3) a chrome steel TM 
Engineering ring and puck mill grinder (Model TM/S) at Test America 
(Denver, CO) (Puck & Ring Mill); (4) a Stoneware roller mill (Model 
803FVM) with polyurethane coated steel jars and agate milling stones at 
Test America (Denver, CO) (B all Mill); and (5) a ceramic mortar and 
pestle at CRREL (Mortar & Pestle). One split of sieved material was not 
milled (Unmilled #2). Table 1 summarizes relevant parameters for each 
milling technique.

The composition of the Labtech Essa bowl and puck principally 
consists of Cr and Fe, with lesser amounts of Mn (0.37 %), Ni (0.30 %), 
Cu (0.20 %), Zn (52 mg/kg), Sb (18 mg/kg), and Pb (7 mg/kg) [10] The 
Labtech Essa puck mills can accommodate up to 800 g of material and 
mill a sample to a 75 µm particle size. The TM Engineering ring and 
puck mill can mill up to 500 g of material in a single batch and has a 
similar bowl, ring, and puck composition as the Labtech Essa compo-
nents. The Stoneware ceramic ball mill can accommodate up to six 
sample jars and is operated at 290 rpm. The mortar and pestle is 
composed of glazed, hard, chemical-resistant porcelain and can ac-
commodate up to 70 g of material per batch. Manual disaggregation 
with the mortar and pestle involved multiple batches combined to form 
a single processed sample.

Table 1
Five different sample processing methods with milling times and relevant 
analytical parameters for comparison test.
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metallic residues when the composition of those residues are of interest.
The concentrations of anthropogenic metals vary significantly

(Kruskal-Wallis p < 1 × 10−14) between milling techniques (Table 2,
Fig. 2). For Pb, the two puck mills produced the greatest concentrations,
followed by the ring and puck mill for which metals concentrations
were greater than the ball mill (Conover-Iman p < 0.003). There were
no statistically significant differences between the two unmilled tech-
niques and the mortar and pestle for Pb. The higher Pb concentrations
for the puck mills may be related to the intense force this technique
places on sample grains, which may increase surface area and digestion
efficiency. Puck Mill #2 produced the greatest Sb concentrations
(Conover-Iman p < 0.0001).However, Puck Mill #1 had concentrations
greater than the ball mill and puck and ring mill, but not different from
the mortar and pestle and unmilled splits. The ball mill had the lowest
Sb concentrations of any of the tested techniques. The difference in Sb
concentrations may reflect the usage of hydrochloric acid in digestion
for Puck Mill #2 (analyzed by ICP-OES) but not for Puck Mill #1
(analyzed by ICP-MS). Analysis with the ICP-OES requires the use of
hydrochloric acid whereas the ICP-MS does not. Digestion with hy-
drochloric acid has been shown to greatly improve Sb recovery. Simi-
larly, hydrochloric acid was not used for the ball mill, puck and ring
mill, and Unmilled #1, which may explain their relatively low Sb
concentrations.

Median Cu concentrations were 30 to 44% higher for Puck Mill #2
than for the other techniques (Conover-Iman p < 0.0001). There were
significant differences in Cu concentrations between some of the other
milling techniques, but median differences were low, between 0 and
21%. For Zn, Puck Mill #2 again had the highest concentrations
(Conover-Iman p < 0.0002). The mortar and pestle and unmilled #1
splits had higher Zn concentrations than the other techniques, but
median differences among the other techniques were less than 4%. The
higher concentrations of Cu and Zn for Puck Mill #2 are likely not from
the chrome steel bowl (2000 mg/kg Cu and 52 mg/kg Zn), as such

concentration differences would reflect significant erosion of the bowl
metal and as the same equipment was used in Puck Mill #1 and the
puck and ring mill, which did not have elevated Cu and Zn. The ex-
tremely high outliers for both Cu and Zn in the unmilled samples sug-
gest the presence of particles of Cu and Zn in the sieved sample, which
may not have been equally distributed during splitting. The relatively
consistent and precise Cu and Zn concentrations for the ball mill, puck
and ring mill, and Puck Mill #1 indicate complete and reproducible
homogenization for these metals. On military small-arms ranges using
conventional Pb munitions, these metals are typically released from the
bullet jacket, which may be more easily pulverized than Pb and Sb,
which are typically from the bullet slug.

The magnitude of the effect from milling as it relates to within-
sample heterogeneity was calculated for the small arms metals Pb, Sb,
Cu, and Zn using Glass Δ. For the calculation of Glass Δ, the milled ISM
results were viewed as the “control group” and the corresponding la-
boratory replicate subsamples prior to milling was viewed as the
“treatment group.” Glass Δ was calculated by dividing the difference
between the means of the “unmilled” replicates and means of the milled
by the sample standard deviation of the “control group” (i.e., the
standard deviation of the milled replicates):

x x
s

¯ ¯1 2

2

An effect size is qualitatively considered to be large if it is near or
greater than one. As shown in Table 3, for the control of within-sample
heterogeneity, the effect size associated with milling for the small arms
metals is very large. The effect size will likely be smaller when total
measurement variability is taken into account because sample-to-
sample variability is expected to be larger than within-sample varia-
bility. Estimation of the effect size is challenging when there is large
variability, because relatively large sample sizes are needed to accu-
rately estimate the mean and standard deviation.

As Pb is the major contaminant of concern for small arms ranges and
possess the largest effect size associated with within-sample variability,
the Glass Δ effect size was calculated for both ISM and grab samples
collected from the same DU (Table 4).

= = =Glass (2758 4411)/435 1653/435 3.8

As shown above, the effect size for Pb is significantly smaller when
total measurement variability is taken into account. However, the
magnitude of Glass Δ suggests milling of the ISM sample still yields a
large effect as compared to an unmilled sample.

4.2. Effect of milling time

The effect of milling time of resultant concentrations and precision

Fig. 1. Average relative standard deviation (RSD) of anthropogenic metal concentrations from each milling technique. Unmilled #1 RSDs are 257% for Cu, 116% for
Sb, and 162% for Zn. Acceptance level of 15% RSD is shown as a dashed line.

Table 2
Mean± one standard deviation of anthropogenic metal concentrations for each
milling technique.

Cu (mg/kg) Pb (mg/kg) Sb (mg/kg) Zn (mg/kg)

Ball Mill 319.3 ± 9.5 1687 ± 18 3.47 ± 0.26 51.6 ± 1.1
Mortar & Pestle 370 ± 140 1360 ± 440 10.5 ± 5.7 72 ± 20
Puck & Ring

Mill
346 ± 19 2350 ± 120 5.20 ± 0.40 50.5 ± 3.0

Puck Mill #1 279 ± 29 3040 ± 440 11.2 ± 2.3 49.9 ± 2.5
Puck Mill #2 496 ± 74 2760 ± 120 21.8 ± 1.5 81.0 ± 7.8
Unmilled #1 1000 ± 2700 2000 ± 1300 16 ± 18 80 ± 140
Unmilled #2 357 ± 90 1600 ± 630 14.2 ± 9.8 66 ± 11
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was explored using the puck mill and ball mill. Fig. 3 shows anthro-
pogenic metal concentrations after five time intervals for Puck Mill #2.
Acceptable precision of less than 15% RSD was achieved for all four
anthropogenic metallic residue of interest only after the full 300 s of
milling (Fig. 3). Concentrations of each anthropogenic metal tended to
increase with milling time (Kruskal-Wallis p < 0.005) and appeared to
plateau by 120 s of puck milling. Overall, the variances of Pb, Sb, and
Cu decreased as milling time increased (Levene p < 0.0003), suggesting
particle size reduction of bullet fragments resulted in a corresponding
decrease in total subsampling error. Zinc concentrations seemed to in-
crease with puck milling time (Kruskal-Wallis p < 0.00001), but var-
iances did not change over time (Levene p= 0.37). The general lack of
improvement in Cu and Zn subsampling precision with milling time
may reflect that this material tended to form flat plates rather than be
ground to a smaller particle size. The unusual increase in Zn con-
centrations between the 120 and 300 s puck milling intervals is not met
with a difference in variances (F-test p = 0.28). Overall, a puck milling
time of 300 s is required to achieve acceptable precision and maximum

Fig. 2. Boxplots of anthropogenic metal concentrations for each milling method. The Unmilled #1 method had one sub-sample with outlying Cu (10,900 mg/kg) and
Zn (574 mg/kg) that is not plotted. Median values are shown as bars, 25th and 75th percentiles as hinges, at most 1.5 times the interquartile range from each hinge as
whiskers, outliers as points, and means as diamonds.

Table 3
Effect size estimates.

Metal Mean_U Mean_M Mean_U - Mean_M SD_M SD_Pool Glass Δ

Pb 1600 2720 −1120 119 370 −9.4
Sb 14.2 22.6 −8.3 1.58 5.76 −5.3
Cu 357 550 −193 102 97.9 −1.9
Zn 66.1 77.2 −11.1 8.66 9.60 −1.3

U = Unmilled data set, M = Milled data set, SD = standard deviation.

Table 4
Descriptive statistics for grab and ISM small arms Pb results from same DU.

Variable N Mean SE Mean SD Minimum Median Maximum

Pb_Grab 36 4411 2204 13227 44 1245 79020
Pb_ISM 7 2758 164 435 2406 2539 3595

N = number of samples, SE = standard error, SD = standard deviation.

Fig. 3. Effect of puck mill grinding time on method precision. Acceptance level of 15% RSD is shown as a dashed line.
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concentrations for Pb and Sb, and to a lesser extent for Cu and Zn
(Fig. 4). Trends in lithogenic metal concentrations were mostly random,
except for the metals Fe, Cr, and Ni, which are major components of the
puck bowl and show a steady increase in concentrations with milling
time.

The effect of milling time was also studied using the ball mill on a
separate unsieved fraction of the Camp Ethan Allen soil. Unlike the
other sieved soil splits that are presented here, this experiment included
soil particles greater than 2 mm. A ball milling time of 8 h produced
acceptable precision (RSD < 15%) for Pb, Cu, and Zn but not for Sb
(Table 5), which may reflect its relative hardness and difficulty in
milling. By 12 h, Sb precision was acceptable; and precision for all
analytes increased monotonically with milling time. The increase in
precision with milling time is consistent with Gy's theory, as extended
milling produces an increasing number of metallic particles that sub-
sequently increase the probability of reproducible subsampling [32].

Similar to the observations with the puck mill, an increase in the
milling interval with the ball mill resulted in an increase in anthro-
pogenic metal concentrations (Fig. 5), but in lithogenic metals as well
(Supporting Material). However, unlike with the puck mill, metal
concentrations did not appear to plateau within the tested milling in-
tervals but rather continued to increase through the longest tested in-
terval of 20 h. Consequently, the selection of a 20-h over an 8-h milling
time results in median concentrations that were greater by 53% for Pb,
65% for Sb, 29% for Cu, and 35% for Zn. We hypothesize this mono-
tonic increase in metal concentrations with milling time is the result of
continuous particle size reduction and a subsequent increase in particle
surface area and associated digestion efficiency.

4.3. Surface area effects

By reducing particle size, milling not only increases precision by
increasing the number of metallic particles but also may increase metal
concentrations by increasing surface area. Increased surface area of
metallic and soil particles likely increases the efficiency of acid diges-
tions, resulting in greater analyzed concentrations. Milling increased
surface areas dramatically compared with unmilled material (Fig. 6).
The general disaggregation caused by the mortar and pestle resulted in
surface areas that were approximately 3 to 5 times lower than the other
milling techniques. Surface area generally increased with puck milling
time but slightly decreased between the 120 and 300 s intervals, po-
tentially indicative of aggregation or particle welding. Overall, pro-
cessing the sample with the puck and ring mill yielded particles with
the largest surface areas, followed by the ball mill. However, despite
these high surface areas, the puck and ring mill and ball mill had Pb and
Sb concentrations that were significantly less than the puck mills
(Fig. 2). One potential explanation for this disparity is that the puck and
ring mill and ball mill, being less vigorous in milling than the puck
mills, reduced the particle size of primarily the soil matrix and to a
lesser degree the bullet slug particles that contained Pb and Sb, whereas
the puck mill milling process is more aggressive and results in greater
abrasion of the bullet particles. The effect of ball milling time on metal
concentrations suggests that more than 20 h will be necessary to match
the reduction in metallic residue particles produced by the puck mills.

5. Conclusions

This study showed the necessity of milling soils containing metallic
residues. Unmilled subsamples, as well as soil processed with the
mortar and pestle, resulted in metal concentrations with unacceptably
high RSDs. The puck mill, puck and ring mill, and ball mill all exhibited
acceptable RSDs; however, both the precision and resultant metal
concentrations depended on the milling time used. A puck milling time
of 300 s and ball milling time of 12 h was needed to achieve acceptable
RSDs less than 15%; but whereas anthropogenic metal concentrations
stabilized after 300 s of puck milling, they continued to increase
through 20 h of ball milling time. A study with longer ball milling times
is needed to determine if and when concentrations stabilize. Differences
in resultant metal concentrations we hypothesized are the result from
differences in soil particle sizes and associated surface area and

Fig. 4. Effect of puck mill milling time on anthropogenic metal concentrations. Mean values are plotted as diamonds.

Table 5
Precision of anthropogenic metallic residue results for varying ball milling in-
tervals.

Time (h) RSD (%)

Pb Sb Cu Zn

8 10.0 19.7 5.6 3.6
12 3.9 7.2 3.8 3.5
16 1.4 6.8 3.0 2.5
20 1.1 2.1 1.8 1.3
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digestion efficiency. However, the puck mills exhibited the highest Pb
and Sb concentrations but had surface areas less than those produced by
the puck and ring mill and the ball mill. The actual surface areas of
metallic particles within the soil matrix may not co-vary with the
overall surface area of the soil sample. Confirmation by particle size
analysis and/or size-resolved metal analysis (i.e., Field Flow
Fractionation ICP-MS) would support the hypothesis that the impact of
the puck mill is more efficient at reducing the particle size of small-arms
residues. The dependence of metal concentration data on the milling
method, combined with the wide range of milling methods in use,
cautions the direct comparison of data produced from different milling
methods.

6. Novelty statement

The novelty discussed in the paper is a comparison of different types
of milling equipment and the resulting precision from grinding soils
from small arms ranges. The paper also documents the milling time
necessary to achieve acceptable precision levels for sample processing
of heterogeneously contaminated soils.
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