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ABSTRACT 
Although not widely practiced in most forensic laboratories, numerous case studies 
exist in literature showing the evidentiary value of the forensic comparative analysis of 
soil [1]. Soil in a forensic context can be of limited size and although numerous 
comparative techniques exist, the minimum sample size required for reproducible and 
accurate data in each of these techniques is not well known. In fact, determining the 
minimum sample size for visual color determination of soil samples has been identified 
as an OSAC research need. In this study, 15 surface layer soil samples from 13 different 
geological areas were collected and homogenized for analysis. Various techniques 
including particle size distribution, d-space ordering by x-ray diffraction (XRD), digital 
color determination, and loss on ignition (organic content) were applied to sample sizes 
ranging from 2.0 to 0.25 grams. Of all techniques examined in the study, particle size 
distribution showed the greatest consistency between sample sizes. Analysis of variance 
performed on loss on ignition determined that samples with lower carbon content were 
more likely to show statistical differences between sample sizes than soil samples with 
higher organic content. D-space ordering via x-ray diffraction showed no difference 
between sample sizes when comparing particle size base fractions. Comparisons with 
ashed soil samples of different sizes using Jaccard Indices did not yield conclusive 
comparative data. Soil color was quantitatively measured using the RGB color format and 
differences between samples were calculated using Delta E. It was found that color 
differences between samples and sample sizes was highly dependent on particle size. 
Soil composed of a higher percentage of small particles were more likely to show low 
Delta E values between sample sizes, compared to samples with a greater amount of  
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large particles and minerals. Based on conducted data findings and analysis, samples 
smaller than 0.5 grams begin to give divergent results compared to larger sample sizes. 
 
Keywords: Soil, Sample Size, Comparative Analysis 
 

INTRODUCTION 

Soil can be found on forensic evidence types such as clothing, tires, floorboards of cars, 
and the soles of footwear. Soil has the potential to provide investigative leads such as 
linking a suspect to a crime or crime location [2,3]. One of the earliest cases of soil 
analysis in forensic science was in 1856 when sand found in a questioned barrel was 
able to link perpetrators to the origin of their crime [3,4]. Soil analysis was also key to 
many Sherlock Holmes stories where qualities of soil allowed for differentiation of 
locations [2,5]. Since these early accounts of forensic soil analysis, soil has been utilized 
in many different scenarios. Most times it is simply used for inclusion or exclusion in 
activities such as rape, robbery, and traffic accidents [6–8], but also has reconstruction 
purposes [9].  

Soil is a complex mixture of various biological, chemical, physical, and mineralogical 
components. This makeup is a result of the topography, climate, botanical, 
microorganisms, and watering during soil formation [10]. Soil conditions continue to 
vary based on pedogenic processes, soil management, human activities, and rock 
weathering [8,11]. Soil components can be separated and analyzed to determine origin, 
and this allows soil to be potentially individualistic [12]. Many laboratories focus on 
parameters such as color, particle size distribution, and elemental profile, which are 
influenced by different organic and inorganic components [12]. For exemplar analysis, 
samples are typically drawn from the topmost layer or section of soil (except in cases 
involving buried bodies or objects) since this is often the layer that is involved in the 
transfer of soil to physical evidence.  

Since soil is comprised of various components, an abundant number of methods exist to 
separate and analyze the various components of soil. These methods can be divided 
into categories based on what portion of soil they are analyzing including elemental and 
chemical, physical, and biological. Scanning electron microscopy-energy dispersive x-
ray analysis (SEM-EDX) and x-ray diffraction are the most common techniques in 
determining an elemental profile of samples [13–15]. These methods are considered 
useful, reliable, accurate, precise, and fast [14,15]. SEM specifically has the advantages 
of 3D imaging of microscopic particles, which allows non-soil particles to be identified 
in the sample [12,16], and can give sample size, shape, surface texture alongside 
elemental composition in small quantities [13]. X-ray diffraction is often considered the 
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gold standard of mineral identification in soil samples but is underutilized due to the 
lack of instrumentation in many forensic laboratories [17]. X-ray diffraction is also 
minimally destructive allowing samples to undergo additional analysis [12,18,19]. 
Elemental analysis is one technique which most often utilizes small sample sizes, often 
as small as several milligrams [10,15,19,20]. Conversely, x-ray diffraction and x-ray 
fluorescence typically use sample sizes ranging from 1-3 g [7,21] or higher [18].  As 
with other techniques, the sample size for these methods is often not mentioned in 
public literature [13,16,22,23].  

Many chemical techniques focusing on the organic components have been optimized for 
soil analysis including infrared spectroscopy, pyrolysis gas chromatography-mass 
spectrometry, and high-performance liquid chromatography (HPLC). Loss on ignition is 
an inexpensive, convenient, and often accurate method for estimating organic content 
found in a sample [24–26], but the scientific community lacks a standard consensus 
protocol and instead consists of procedure adaptations that vary with author and 
researcher [27,28]. In addition, the lack of standards is also due to the variability based 
on organic material present in the location sample, mineral water loss, furnace type, and 
general operator error [26–29]. Hoogsteen et al. [27] observed that as sample size 
increases, standard deviation decreases between measurements. This, along with the 
lack of standard protocol, may explain why many analysts choose to utilize larger 
sample sizes for this analysis technique. The smallest sample size found in surveyed 
literature is 0.15 g [27], although many sources simply do not list one [21,24,28–31].  

One of the most obvious forms of physical analysis of soil is color, often being a good 
indicator of composition such as high organic content or high mineral content [32,33]. 
The traditional method of analyzing the color of soil samples is with the use of the 
Munsell color chart. However, the usefulness of the soil color charts may depend on soil 
treatments, i.e., air-dried soil, moistened soil, and organic matter content [33–35]. 
Unfortunately, due to the discrepancies often found between Munsell color chart sheets 
printed by different manufacturers and the subjectivity involved, this method is less 
preferred [32,36]. Visible microspectrophotometry is useful in situations where a sample 
may be composed of a range of colors and offers the potential to be a more 
comprehensive indicator for small soil samples which is useful in forensic casework 
[34,36]. Unfortunately, this technology is not always accessible in many labs due to 
costs or space [34]. Thus, many soil researchers have adapted to using smartphone 
apps or digital cameras to capture color values of samples [37,38]. One new, 
inexpensive tool that can be in soil analysis is the Nix Color Pro Sensor. This device has 
been compared to the measured color capabilities of a spectrophotometer and 
continues to show promise for being an inexpensive way of measuring soil colors for 
comparison [29].  
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Particle size is another physical characteristic analysis method that is commonly used.  
Since particle size distribution influences other soil properties, it is frequently measured 
[39–41] and has been historically used in a variety of applications [42]. Particle size 
distribution can be utilized to show similarities or differences between soil samples of 
various locations since soil samples from different geographic locations are likely to 
consist of different compositional makeups [43–45]. Furthermore, particle size 
distribution and soil texture have a large influence on the behavior of soil and knowing 
these characteristics may contribute to the understanding of the transfer of the sample 
in question [46]. While a common analysis technique, sample size is not mentioned in 
many primary literature sources [39,41,44,46–49]. In cases where it is mentioned, 1 g 
and 3 g sample sizes are most commonly used [50–53]. 

In 2019, the Organization of Scientific Area Committees (OSAC) for Forensic Science’s 
Trace Materials Subcommittee issued a research-needs assessment stating that more 
research is needed to determine the minimum sample size required for color 
determination, since many forensic casework samples are limited in quantity. Most 
forensic soil studies conduct research with soil samples greater in size than what would 
normally be found as real forensic evidence [54,55]. Dong et al. [56] appears to be one 
of the few researchers to specifically report an analysis of sample size, reporting a 
sensitivity of 0.02-0.04 mg for colorimetric analysis. Other papers use a common 
weight of close to 1.0 g [35,36], but many papers do not include their sample size used 
during analysis [37,38,57–64].  

Overall, it can be observed that most scientific sources fail to report the sample size in 
their analysis, which may make it difficult in forensic casework comparisons. In response 
to the OSAC needs assessment, the main goal of this research is to determine the 
minimum soil sample size required before divergent results are achieved with four 
common analysis techniques: particle size distribution, x-ray diffraction, color 
determination, and loss on ignition.  

MATERIALS AND METHODS 

Sample collection 
Surface samples were collected across 15 different geographical locations containing 13 
geological types along the Eastern region of the United States during May and June 2021 
(Figure 1, Table 1). Exact locations of sample collection were noted by latitude and 
longitude GPS coordinates.  
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Figure 1: Marked locations of sample collection sites. 
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Table 1: Legend of locations and soil type for Figure 1. 

Color Location Parent Material Type [65–68] 

 
Allentown NJ Cretaceous 

 
Allentown PA Limestone, dolomite 

 
 

Burlington NJ Cretaceous 

 
 

Center Valley PA 
Schist, gneiss, porcelanite, 

metahyolite, metabasalt 
 
 

Brookfield CT Gneiss, schist, granite 

 
 

 Newnan GA Paleozoic/Precambrian 

 
 

Manchester Twp NJ Paleogene and Neogene 

 
 

Hanover NH Hitchcock silt 

 
 

Valhalla NY Glacial till 

 
 

Round Valley Reservoir NJ Jurassic 

 
 

Scranton PA Glacial till 

 
 

Spruce Run Reservoir NJ Ordovician 

 
 

Tuckerton NJ Halocene 

 
 

Voorhees State Park NJ Gneiss, granite 

 
 

Walnutport PA Sandstone, shale, siltstone 

 
Research Design 
Given the repeated observation of 1-3 g samples being utilized in literature for various 
techniques, 2 g was chosen as the representative sample size for comparison. Triplicate 
samples of 2.0 g, 1.0 g, 0.5 g, and 0.25 g were utilized for particle size distribution, 
loss on ignition, and color determination analysis. X-ray diffraction was run on one 
randomly selected ashed sample of each sample size (each examined in triplicate) for 
each location due to limited access to the instrument. Descriptive statistical analysis was 
utilized to observe significant differences between sample sizes within each method.  
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Particle size distribution 
Samples from each source were weighed respectively before being dried in an oven in a 
beaker for two hours at 65°C to remove initial moisture content. Following this, samples 
were treated with 1 mL of 1.0 M sodium acetate (Catalog# 236500, Sigma Aldrich, St. 
Louis, MO) and 1-2 mL of 20% hydroxide solution to remove carbonates, organic 
material, and cementing material prior to analysis by particle size distribution. 20% 
hydrogen peroxide solution was made from 30% w/w hydrogen peroxide stock solution 
(Catalog# 31642, Honeywell, Muskegon, MI diluted with deionized water). Samples sat 
over night at room temperature before peroxide solution was removed by placing in 
oven for two hours at 93°C. Deionized water was added before samples were left to cool 
and stand overnight. Residual floating organic particles were decanted out of sample 
before water was removed by heating in the oven at 93°C for several hours. Clumps of 
sample were gently broken and dispersed with a mortar and pestle before being placed 
at the top of a particle size distribution sieve stack (Hubbard Scientific, Chippewa Falls, 
WI). Sieve sizes included 4 mm, 2 mm, 500 µm, 250 µm, 125 µm, and 63 µm with a 
base pan (Figure 2). S-curve cumulative weight distribution curves were prepared for all 
samples post-sieve separation and weighing of each resulting fraction collected.  

Size samples of 1.0 g, 0.5 g, and 0.25 g were respectively compared statistically to the 
2.0 g sample by determining the correlation coefficient for each pair-wise comparison 
[69] to determine if a correlation could be observed between sample sizes. In addition, 
pair-wise test for significance were performed at the 95% confidence interval using the 
Kolmogorov-Smirnov (K-S) Test [70] to test for significance between sample sizes.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Hubbard Scientific sieves used for particle size distribution. 
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Loss on ignition 
Total organic content loss (each weighed to four decimal places) from each source were 
determined by calculating the weight loss following ignition and ashing of each of the 
samples. This was done by adding each replicate sample to respective preweighed 
crucibles and placing in a muffle furnace (Blue M Electric Co., Blue Island, IL) for two 
hours at 500ºC. Samples were allowed to cool prior to weighing (each to four decimal 
places) and percent organic content lost was calculated. Tests for significance were 
performed using one-way analysis of variance (ANOVA) between sizes for each location 
at 95% confidence [71]. In addition, pairwise comparisons at 95% confidence of values 
obtained respectively with 1.0 g, 0.5 g, and 0.25 g samples were compared to values 
generated from the 2.0 g sample using two-tail independent t-testing [69].  

X-ray diffraction 
Ashed samples of each location were prepared by homogenizing with a pestle and 
mortar. Each sample was placed onto a zero-background sample holder and XRD was 
performed using a Philips X’Pert PW 3040 Powder instrument (s/n dy1284) at 40 kV. A 
40 mA Cu K-alpha radiation source was used with a scanning mode of 12º to 164º at a 
time step of 20 s. Following analysis, d-space ordering was performed based on 2-theta 
relative intensity measured by the instrument. Additionally, base fractions from particle 
size distribution of each sample size from five chosen locations were analyzed and 
reported d-spacing values ordered by abundance. To determine similarity between 
ashed samples sizes within a location, a Jaccard Index [69,72] was calculated for 2.0 g v. 
1.0 g, 2.0 g v. 0.5 g, 2.0 g v. 0.25 g, 1.0 g v. 0.5 g, 1.0 g v. 0.25 g, and 0.5 g v. 0.25 g. 
This Jaccard Index accounts for the number of shared values between two samples over 
the total number of possible shared values to obtain a percent similarity.  

Color determination 
Triplicate samples of 2.0 g, 1.0 g, 0.5 g, and 0.25 g soil from each location were dried 
in an oven overnight at 93ºC prior to analysis. Color measurements were taken using 
the Nix Color Pro QC sensor (Hamilton, Ontario) [73] (Figure 3). All samples were 
scanned in triplicate and an average measurement was determined for each replicate by 
the Nix software. Differences in color were determined by calculating Delta E between 
two samples [74]. Delta E considers the differences in measured red, green, and blue 
values to produce an interpretable value to measure difference. 
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Figure 3: Nix Color QC Sensor used in analysis. 

Traditionally Delta E values are interpreted within ranges. Typically, values between 0-
3.5 are considered minimal differences, 3.5-5 are considered notable differences, and 
values above 5 are considered different colors [75,76]. These boundaries were used in 
interpretation of calculated Delta E values between samples. Delta E values were 
obtained for 2.0 g v. 2.0 g (within group), 2.0 g v. 1.0 g, 2.0 g v. 0.5 g, and 2.0 g v. 0.25 
g at each location.  

RESULTS AND DISCUSSION 

Particle size distribution 
A summary of results of the calculated correlation coefficients between sample sizes can 
be seen in Table 2. The correlation coefficient was used as a qualitative measure to 
assess the similarity of two cumulative weight curves data sets. 

The correlation coefficient was taken from the cumulative weight S-curve data sets 
produced from mean values for each fraction (example provided in Figure 4).  

The values in Table 2 show that a large majority of locations maintained a positive 
correlation coefficient value above 0.900, with the exception of a few locations. Georgia, 
Spruce Run, and Voorhees had comparisons fall below 0.900 but remained above 0.800 
- still indicative of a good positive correlation [77]. All were comparisons made between 
2.0 g and 0.25 g and one 2.0 g compared to 0.5 g comparison within the Georgia 
sample that fell below a correlation of 0.900. 

Calculated D-statistics [70] from the K-S test are summarized in Table 3. A D-statistic is 
a measure of the two furthest points on the cumulative weight S-curve between two 
compared samples (example given in Figure 5).  
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Table 2: Summary table of correlation coefficients calculated between sample sizes of each 
location. 

 2.0 g v. 1.0 g 2.0 g v. 0.5 g 2.0 g v. 0.25 g 
Allentown NJ 0.999 0.989 0.972 
Burlington NJ 0.997 0.959 0.948 
Allentown PA 0.982 0.970 0.999 

Center Valley PA 0.994 0.992 0.967 
Connecticut 0.992 0.963 0.954 

Georgia 0.982 0.896 0.870 
Manchester Twp NJ 0.995 0.997 0.987 

New Hampshire 0.998 0.978 0.953 
Round Valley NJ 0.996 0.976 0.944 

Scranton PA 0.989 0.952 0.917 
Spruce Run NJ 0.995 0.939 0.812 
Tuckerton NJ 0.994 0.975 0.959 

New York 0.998 0.992 0.986 
Voorhees NJ 0.990 0.945 0.896 

Walnutport PA 0.994 0.990 0.981 
 
 

 
Figure 4: Cumulative weight S-curve for Manchester Twp.  

 
 

 

0

0.2

0.4

0.6

0.8

1

1.2

>4 mm >2 mm >500 μm >250 μm >125 μm >63 μm

W
ei

gh
t P

er
ce

nt

Manchester Twp Weight Distribution Curve

2.0 g 1.0 g 0.5 g 0.25 g



JASTEE 2022;12(1):22-46 Claassen et al.: Minimum Weight of Soil Samples 

Page 32 of 51 

 

Table 3: Summary table of D-statistic and D critical values calculated between sample sizes of 
each location (N=3). 

 2.0 g v. 1.0 g 2.0 g v. 0.5 g 2.0 g v. 0.25 g 
 D-statistic D-critical D-statistic D-critical D-statistic D-critical 

Allentown NJ 0.143 1.00 0.286 0.726 0.286 0.726 
Burlington NJ 0.286 0.726 0.286 0.726 0.286 0.726 
Allentown PA 0.286 0.726 0.286 0.726 0.286 0.726 

Center Valley PA 0.286 0.726 0.286 0.726 0.286 0.726 
Connecticut 0.429 0.726 0.571 0.726 0.571 0.726 

Georgia 0.286 0.726 0.286 0.726 0.286 0.726 
Manchester Twp NJ 0.143 1.00 0.143 1.00 0.143 1.00 

New Hampshire 0.143 1.00 0.286 0.726 0.286 0.726 
Round Valley NJ 0.286 0.726 0.286 0.726 0.286 0.726 

Scranton PA 0.286 0.726 0.429 0.726 0.429 0.726 
Spruce Run NJ 0.143 1.00 0.286 0.726 0.429 0.726 
Tuckerton NJ 0.143 1.00 0.143 1.00 0.286 0.726 

New York 0.143 1.00 0.286 0.726 0.286 0.726 
Voorhees NJ 0.286 0.726 0.571 0.726 0.571 0.726 

Walnutport PA 0.286 0.726 0.286 0.726 0.286 0.726 
 
 
 

 
Figure 5: Empirical Distribution Factor plot used to determine the D-statistic from a K-S Test [70] 
for New Hampshire sample. The black arrow between the two data sets (N=3) represents the 
greatest distance between two samples which is the D-statistic for the sample comparison.  
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Of all comparisons made, no D statistic exceeded the critical D value [70] (α = 0.05) 
indicating that there was no significant difference between samples sizes using particle 
size distribution.  These results refute previous statements that particle size distribution 
needs a substantial sample size to be a viable technique for comparison [44] as samples 
as small as 0.25 g produced reproducible and consistent results.  
 
Loss on ignition 
Data showing the measured loss on ignition for all locations is presented in Table 4. 
Hoogsteen et al. [27] had previously found that as sample size decreases, larger 
standard deviations are achieved. In this research, that trend was not consistently 
observed. This could be attributed to the use of different furnaces and initial water 
content found within the soil [27].  

Table 4: Summary of loss on ignition percent organic content lost results across all locations 
analyzed, ordered from least to most measured organic content lost (N=3). 

 2.0 g 1.0 g 0.5 g 0.25 g 
Manchester Twp 

NJ 
4.319 ±0.578 3.563 ±1.097 4.070 ±0.618 2.267 ±0.377 

Connecticut 13.747+0.253 13.002+0.304 11.575+2.317 13.309+1.345 
New York 8.713 ±0.085 9.007 ±0.227 8.161 ±0.106 7.692 ±0.177 

Allentown NJ 9.613 ±0.067 9.504 ±0.681 9.632 ±0.375 8.631 ±0.226 
New Hampshire 19.134+0.198 18.873+0.342 18.242+1.103 17.493+1.704 
Burlington NJ 13.569 ±0.168 13.099 ±0.148 12.518 ±0.329 11.760 ±0.185 
Allentown PA 20.865 ±0.796 20.664 ±1.498 23.697 ±2.521 26.397 ±1.036 
Scranton PA 26.126 ±0.563 25.303 ±0.373 25.699 ±1.136 25.418 ±0.659 

Voorhees State 
Park NJ 

26.201 ±0.987 25.854 ±2.368 26.007 ±3.065 28.773 ±1.557 

Round Valley 
Reservoir NJ 

28.601 ±0.734 30.214 ±2.131 30.660 ±0.680 30.060 ±1.614 

Tuckerton NJ 28.985 ±1.021 30.355 ±1.406 29.093 ±1.401 27.743 ±1.652 
Georgia 33.211 ±0.687 33.423 ±0.203 30.999 ±2.206 33.584 ±1.573 

Center Valley PA 34.005 ±0.182 33.714 ±0.191 35.321 ±0.951 33.406 ±0.620 
Walnutport PA 52.278 ±0.672 51.499 ±2.929 49.271 ±2.905 48.360 ±2.23 
Spruce Run NJ 51.887±1.514 51.939±1.250 51.118±2.047 55.406±3.678 

 
A one-way ANOVA at 95% confidence [71] showed that difference (p<0.05) in organic 
content loss between samples sizes occurred in six of the 15 locations. Of these six 
locations, Allentown NJ, Burlington NJ, Manchester Twp NJ, and New York had lower 
amounts of organic content (below 20% loss), which supports the belief that samples of 
low organic content may not be suitable for this type of analysis. Conversely, two of the 
six locations (Allentown PA and Center Valley PA) had moderate amounts of organic 
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content present (20-35% loss on ignition). This significant difference between sample 
size and organic content in these two samples could not be explained.  

Subsequently, pairwise independent two-tailed t tests at 95% confidence were 
performed on all locations to find particular divergent samples [71] (Table 5). 

Table 5: Pairwise Independent t-test results for all locations. Loss on ignition values for each size 
sample are given in triplicate under each sample size (first four columns) and p values for each 
comparison are given in the latter three columns. *denotes significant difference at 95% 
confidence interval 

 2.0 g 1.0 g 0.5 g 0.25 g 2.0 g v. 
1.0 g 

 

2.0 g v. 
0.5 g 

2.0 g v. 0.25 g 

Manchester 
Twp NJ 

3.7884 
4.9351 
4.2329 

2.4468 
3.6028 
4.6396 

4.4144 
4.3921 
3.3972 

1.8339 
2.4476 
2.5207 

 
0.3518 

 
0.6407 

 
0.0066* 

Connecticut 13.439 
13.741 
14.061 

12.924 
12.674 
13.408 

12.672 
8.3533 
13.701 

13.645 
11.520 
14.762 

 
0.0565 

 
0.2580 

 
0.6742 

New York 8.7585 
8.6158 
8.7661 

8.8554 
9.2684 
8.8984 

8.0496 
8.2605 
8.1718 

7.8968 
7.5919 
7.5970 

 
0.1035 

 
0.0022* 

 
0.0008* 

Allentown NJ 9.6908 
9.5664 
9.5839 

8.7399 
10.048 
9.7250 

9.3787 
9.4552 
10.063 

8.2629 
8.8053 
8.3376 

 
0.7959 

 
0.9354 

 
0.0014* 

New 
Hampshire 

18.918 
19.398 
19.086 

18.404 
19.211 
19.005 

19.200 
18.686 
16.840 

15.480 
17.351 
19.648 

 
0.4045 

 
0.2900 

 
0.2476 

Burlington NJ 13.557 
13.407 
13.743 

12.932 
13.156 
13.210 

12.818 
12.166 
12.569 

11.618 
11.969 
11.691 

 
0.0110* 

 
0.0039* 

 
0.0002* 

Allentown PA 20.454 
20.359 
21.783 

19.092 
22.075 
20.834 

20.998 
25.991 
24.101 

25.850 
27.592 
25.749 

 
0.9469 

 
0.1372 

 
0.0018* 

Scranton PA 25.496 
26.578 
26.304 

25.510 
24.528 
24.873 

26.461 
24.393 
26.241 

26.016 
25.528 
24.711 

 
0.0562 

 
0.5903 

 
0.2300 

Voorhees State 
Park NJ 

27.241 
25.278 
26.084 

23.139 
27.495 
26.928 

22.469 
27.683 
27.869 

29.572 
26.978 
29.768 

 
0.8262 

 
0.9219 

 
0.0730 

Round Valley 
Reservoir NJ 

29.297 
28.454 
27.951 

28.486 
32.595 
29.561 

19.201 
30.913 
29.890 

31.863 
28.747 
29.571 

 
0.2829 

 
0.6351 

 
29.571 
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Table 5 (continued) 
 2.0 g 1.0 g 0.5 g 0.25 g 2.0 g v. 

1.0 g 
 

2.0 g v. 
0.5 g 

2.0 g v. 0.25 g 

Tuckerton NJ 29.667 
27.811 
29.476 

31.922 
29.203 
29.940 

28.787 
27.871 
30.622 

28.873 
28.508 
25.747 

 
0.2438 

 
0.9188 

 
0.3301 

Georgia 32.908 
32.726 
33.997 

33.214 
33.619 
33.436 

32.866 
31.566 
28.566 

32.642 
35.399 
32.711 

 
0.6344 

 
0.1728 

 
0.7255 

Center Valley 
PA 

34.129 
33.797 
34.089 

33.529 
33.909 
33.704 

36.381 
34.544 
35.038 

33.136 
32.966 
34.115 

0.1284 0.0782 0.1835 

Walnutport PA 53.050 
51.828 
51.956 

49.860 
54.880 
49.756 

52.541 
46.987 
48.286 

50.336 
45.948 
48.794 

 
0.6766 

 
0.1556 

 
0.0216* 

Spruce Run NJ 50.269 
51.481 
53.911 

51.664 
53.590 
50.565 

53.940 
50.270 
49.145 

51.608 
60.383 
54.229 

 
0.9715 

 
0.6909 

 
0.2789 

 
Of these six locations, Allentown NJ, Allentown PA, and Manchester Twp NJ showed 
significant differences only when 2.0 g was compared to 0.25 g. New York had 
significant differences at 2.0 g compared to 0.5 g and 0.25 g. Center Valley PA indicated 
that differences were not between 2.0 g and the other sample sizes, but rather between 
1.0 g v. 0.5 g (p=0.0222) and 0.5 g and 0.25 g (p=0.0133). Conversely, the Burlington 
NJ had significant differences observed in all sample size comparisons. In addition, one 
sample location (Walnutport PA) which did not show a significant difference with the 
one-way ANOVA showed a small significant difference between 2.0 g and 0.25g.  Based 
on these observations, data suggests that 0.25 g is too small for reliable comparisons of 
loss on ignition and that 0.5 g may be the minimal sample size necessary for 
reproducible results for most soil types given that only two of the 15 locations yielded a 
significant difference at this weight.  
 
X-ray diffraction 
The order of the top six d-spacing values from size fractions for ashed samples was 
used as a comparative parameter. A tolerance of ±0.1 was set by the authors for 
grouping of d-spacing values. To determine the similarity between sample sizes, the 
Jaccard Index [69,72] was calculated by comparing the top six most abundant d-spacing 
value of each location (an example seen in Table 6).  
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Table 6: Ordered d-spacing values for Allentown NJ. 
D-spacing value 2.0 g 1.0 g 0.5 g 0.25 g 

1 3.34 3.35 3.34 2.32 
2 4.25 4.26 3.18 1.81 
3 1.81 1.37 4.23 4.22 
4 2.45 1.81 1.53 3.23 
5 1.54 1.54 1.81 2.45 
6 1.38 2.28 2.45 1.53 

 
To calculate the Jaccard Index the following equation is used:  
 

Jaccard Index = 
Number of shared observations 

x 100 
Total observations – shared observations 

 
 
An example of the calculation is shown, using the following set of numbers from the 
Allentown NJ sample set (Table 7), where numbers that are shared between the two 
samples are highlighted in red. 
 
Table 7: D-space values for Allentown NJ 2.0 g and 1.0 g samples for example calculation.  

D-spacing value 2.0 g 1.0 g 
1 3.34 3.35 
2 4.25 4.26 
3 1.81 1.37 
4 2.45 1.81 
5 1.54 1.54 
6 1.38 2.28 

 
 

Jaccard Index = 
5 shared observations 

x 100 
12 total observations – 5 shared observations 

 
Jaccard Index = 71% 

 
A summary of calculated Jaccard Indices for all locations analyzed can be seen in Table 
8.  
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Table 8: Summary of Jaccard Indices reported for compared size fractions of each location.  

Location 
2.0 g  

v. 1.0 g 
2.0 g  

v. 0.5 g 
2.0 g  

v. 0.25 g 
1.0 g  

v. 0.5 g 
1.0 g  

v. 0.25 g 
0.5 g  

v. 0.25 g 

Allentown NJ 71% 71% 71% 50% 50% 71% 

Burlington NJ 50% 50% 50% 71% 71% 71% 

Allentown PA 71% 71% 50% 71% 71% 100% 

Center Valley PA 71% 71% 71% 71% 71% 71% 
Connecticut 50% 50% 50% 71% 50% 71% 

Georgia 33% 71% 50% 50% 71% 50% 

Manchester Twp NJ 71% 71% 33% 71% 33% 50% 
New Hampshire 50% 50% 100% 50% 50% 33% 

Round Valley NJ 71% 71% 100% 71% 71% 71% 

Scranton PA 71% 71% 50% 100% 71% 71% 

Spruce Run NJ 50% 100% 71% 50% 50% 50% 
Tuckerton NJ 50% 71% 100% 100% 71% 71% 

New York 50% 50% 71% 100% 71% 71% 
Voorhees NJ 71% 50% 71% 50% 100% 71% 

Walnutport PA 71% 71% 71% 100% 100% 100% 

 
Many of the comparisons produced at least a 50% Jaccard Index comparison value. Only 
four comparisons had a Jaccard Index of 33%, which is observed in Georgia 2.0 g v. 1.0 
g, Manchester Twp NJ 2.0 g v. 0.25 g and 1.0 g v. 0.25 g, and New Hampshire 0.5 g v. 
0.25 g. Three locations (New Hampshire, Round Valley NJ, and Tuckerton NJ) of the 15 
analyzed had a Jaccard Index of 100% when comparing 2.0 g v. 0.25 g. The data 
suggests that 1.0 g v. 0.5 g comparisons yielded the greatest number of high value 
indices (composed of five 50%, six 71%, and four 100% index values), meaning this may 
be the ideal sample size range for this analysis although the difference compared to 
other sample sizes is marginal. Overall, XRD analysis of whole ashed samples showed 
that differences exist between all sizes for most samples potentially indicating that 
ashed samples from neat soil may not be the most suitable sample for XRD soil analysis 
regardless of sample size.   

Five locations were selected for additional study by XRD by analyzing the base fraction 
after sieving by particle size distribution for comparison. Following this analysis and d-
space ordering performed, it was observed that all five locations showed minimal (71% 
Jaccard Index) or no difference (100% Jaccard Index) in d-space ordering between 
sample sizes indicating that the base fraction (clay/silt fraction) is viable for comparison 
for soil samples as small as 0.25 g. This data continues to display the pattern of higher 
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similarity index values being reported when comparing 1.0 g v. 0.5 g meaning this may 
be the ideal sample size for this technique overall.  

The Jaccard Index was used in this study as an objective tool for comparison.  Most soil 
experts currently attempt to identify the minerals present, estimate their approximate 
relative abundance, and evaluate two samples during a comparison based on the 
presence/absence of identified/observed phases as well as the relative abundance of 
identified/observed phases.  The authors did not perform this method because it was 
simply out of their expertise to do so.  It is possible that a specific statistical test is not 
the best way to compare certain data sets. 
 
Color determination 
A summary of ranges of Delta E values collected between sample sizes can be found in 
Table 9.   
 
Table 9: Summary of mean Delta E values between sample sizes of each location analyzed (N=9). 

 Within 2.0 g 2.0 g to 1.0 g 2.0 g to 0.5 g 2.0 g to 0.25 g 
Allentown NJ 1.28 ±0.43 1.82 ±1.08 3.34 ±1.39 5.39 ±1.60 
Burlington NJ 1.00 ±0.36 1.12 ±0.24 1.36 ±0.40 2.47 ±0.44 
Allentown PA 1.19 ±0.44 1.03 ±0.66 1.19 ±0.50 2.82 ±0.69 

Center Valley PA 2.00 ±1.02 2.04 ±0.59 3.69 ±1.08 4.09 ±1.19 
Connecticut 0.64 ±0.20 1.62 ±0.53 1.59 ±0.72 2.76 ±0.95 

Georgia 1.44 ±0.63 1.51 ±0.39 2.31 ±1.06 4.02 ±1.27 
Manchester Twp NJ 1.80 ±0.62 2.09 ±0.86 2.68 ±0.94 2.10 ±0.83 

New Hampshire 0.00 ±0.00 1.27 ±1.09 1.79 ±0.61 1.45 ±0.17 
Round Valley NJ 1.53 ±0.81 2.87 ±0.39 2.27 ±0.33 1.97 ±0.63 

Scranton PA 2.58 ±0.76 1.45 ±1.05 1.88 ±0.62 1.97 ±1.03 
Spruce Run NJ 1.21 ±0.32 3.94 ±1.30 1.89 ±1.05 2.73 ±0.51 
Tuckerton NJ 2.07 ±1.01 2.08 ±0.99 4.00 ±0.63 3.00 ±0.75 

New York 1.38 ±0.50 2.11 ±0.53 4.18 ±1.13 6.25 ±1.80 
Voorhees NJ 1.03 ±0.16 1.52 ±0.87 1.60 ±0.36 2.37 ±0.80 

Walnutport PA 0.95 ±0.37 1.28 ±0.37 1.88 ±0.42 1.76 ±0.34 
 
Considering that any Delta E value near or above 3.5 is considered to be visually 
different, most differences observed in this study are between 2.0 g to 0.5 g and 2.0 g 
to 0.25 g with a few exceptions. It was noted that the Spruce Run NJ sample showed that 
the 2.0 g v. 1.0 g comparison yielded an abnormally high Delta E value compared with 
comparisons of smaller sample size, which can possibly be explained by the 
homogeneity of the sample. Most of the Delta E values exceeding 3.5 can be observed 
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when 2.0 g v. 0.5 g and 2.0 g v. 0.25 g where out of 15 locations, it was seen that three 
locations (Center Valley PA, Tuckerton NJ, and New York) had a Delta E value greater 
than 3.5 within 2.0 g v. 0.5 g. Of all the locations analyzed, four locations (Allentown NJ, 
Center Valley PA, Georgia, New York) had Delta E values greater than 3.5 when 
comparing 2.0 g to 0.25 g. This indicates that more prominent changes may begin to be 
observed in 0.5 g weight samples and smaller.  

Overall, it was observed that determining the minimum soil sample size by color 
determination using the Nix Color Pro Sensor was location dependent. Samples from all 
locations prior to analysis underwent mechanical homogenization via mortar and pestle, 
but total homogenization could not be achieved based on the presence of minerals and 
large particles that could be observed visually even after vigorous homogenization. It 
can be noted that locations that consisted of these various particle sizes resulted in a 
greater change in Delta E between sample sizes. The opposite was also observed; when 
a location had fewer large particles (such as Walnutport PA or New Hampshire) present 
in the samples and appeared more homogenous to the human eye, smaller Delta E 
values were determined. It is possible that at lower sample weights the presence of 
larger particles influences the color average determined from the Nix Color Sensor and 
reported in a single RGB value, therefore resulting in a larger Delta E value calculated 
when compared to larger sample sizes. For this reason, it can be said that 0.5 g may be 
the smallest sample size for color determination by Nix Color Pro Sensor before results 
begin to diverge. 

 
CONCLUSIONS 

Although it has been reported to be a method that requires an abundant amount of 
sample, particle size distribution in this study was the most consistent analysis method 
for all sample sizes. Correlation analysis and K-S test statistics indicated that there were 
no significant differences noted between sample sizes at any location. Similarly, no 
differences in x-ray diffraction data were noted between sample sizes when using the 
base fraction (<63 µm) of particle size separated fractions. Color determination and loss 
on ignition were highly dependent on soil characteristics. The Nix Color Pro Sensor 
showed promise in yielding consistent results for sample sizes greater than 0.5 g based 
on the comparison of Delta E values. Loss on ignition data suggests that the method is 
better utilized on samples with a larger amount of organic content. Based on the value 
comparison, 0.5 g may be the lower bound sample weight for this method to produce 
consistent results. Overall, based on all methods utilized in this study, the smallest 
sample weight evaluated that produced reliable comparative data for most tests was 0.5 
g.   
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