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Abstract

Human—terrain interactions, such as trafficking and excavation, cause
changes to soil bulk density and porosity via compaction or mechanical
bulking. The degree of compaction, as measured by bulk density, is a phys-
ical indicator of changing patterns of human—terrain interaction. Because
soil radionuclide activity is a function of the mass content of the radionu-
clide and the volume of soil, the spectral signature of the naturally occur-
ring soil radioisotope Potassium-40 (40K) should be sensitive to changes in
the soil bulk density and reflect the soil’s disturbance history. If natural
variations from geology and soil texture are systematic and predictable,
one could map spatiotemporal bulk-density changes relative to some
standard state as a metric of terrain disturbance. However, the natural
variation in soil 49K content is unknown and may confound density deter-
minations via radionuclide activity measurements.

This study used a handheld sodium iodide gamma-ray detector to collect
in situ gamma-ray spectra of four soils as a function of their potassium
content, bulk density, texture, and water content. A statistically significant
difference between the 40K activity of uncompacted and compacted soil
suggests that in situ 40K gamma-ray emissions from soils are a sensor mo-
dality useful for soil-disturbance detection.
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1.1

Introduction

Background

Characterizing human—land interactions is critical to success in counterin-
surgency and stability operations. Agricultural stability and capacity, hy-
draulic infrastructure, and natural-resource management all rely on meas-
urements of soil physical properties. Additionally, the state of the ground
and electro-optical and electromagnetic signatures require non-conven-
tional soil properties (e.g., emissivity) as inputs for models. Such proper-
ties frequently depend on estimates of static physical soil properties, such
as texture, grain size distribution, mineral content, etc. A knowledge gap
exists in the local spatial variation of both conventional static properties
and non-conventional properties. This problem is exacerbated in many
military applications that require soil knowledge in denied areas, preclud-
ing direct measurement.

Human—terrain interactions, such as land management, trafficking, and
excavation, can result in changes to soil bulk density and porosity via soil
compaction or mechanical bulking. Thus, the degree of relative compac-
tion of the soil (i.e., relative to the soil’s natural uncompacted state or to
the maximum obtainable density characteristic of the soil material as
measured by the Procter [ASTM D698-12] or modified Proctor [ASTM
D1557-12] density procedure [ASTM 2012a, 2012b; Diaz-Zorita et al.
2001]) can serve as a physically based indicator of changing patterns of
human—terrain interaction. Consequently, compaction of soil from intru-
sive activities (e.g., vehicular and non-vehicular traffic) and disaggregation
of soil as result of soil excavation (e.g., improvised explosive device [IED]
emplacement) would be a useful phenomenon to exploit from a human—
terrain interaction perspective.

Excavation and trafficking change the bulk density of natural soils and
compacted lifts of soil used in roadbeds or building construction. If soil
bulk density is a function of disturbance, then gamma-ray emission of the
entire spectra or in a particular energy region of the spectrum characteris-
tic of a specific radionuclide (Rossel et al. 2007) should differ between un-
disturbed and disturbed soil.



ERDC/CRREL TR-16-10

Remote, aerially extensive mapping of soil bulk density is conceivable via
signatures of naturally occurring in situ soil radioisotopes such as potas-
sium-40 (#9K) because the measured radionuclide activity in soil is a func-
tion of the mass of the radionuclide in the soil and the volume of soil mate-
rial. However, the variation in the natural 40K content of soils is unknown.
The 40K content is a function of soil parent material (surficial geological
material) and soil texture (i.e., grain size distribution of the soil material);
both of which may confound density determinations via radionuclide ac-
tivity measurements. If the geological material and texture variations were
systematic and predictable in terms of their influence on gamma-ray spec-
tral signature of 40K, it would be possible to map spatiotemporal changes
in bulk density (i.e., relative compaction state) as a metric of terrain dis-
turbance due to human influences.

Interest in passive detection of nuclear threats has driven the development
of portable gamma-ray spectrometers (Kouzes et al. 2007), with high-pu-
rity germanium (HPGe) spectrometers commercially available (Feng et al.
2008; Vo and Russo 2002). Thallium-activated sodium iodide (Nal) detec-
tors are most commonly used in airborne gamma-ray detectors (Paine and
Minty 2005).

The soil mineralogy and soil-forming processes control the 4°K content of
soil. Attenuation of 40K gamma emissions is a result of scattering due to
the water content and solid particle mass at any point in time or within the
landscape. This scattering and attenuation is due to the photoelectric and
Compton effects, both of which depend on material density, in addition to
other factors (Hendriks et al. 2001). The combined mass attenuation effect
of water and solid particles impacts the gamma-ray emissions within a ma-
terial of given mineralogy (Rossel et al. 2007; Phogat et al. 1991; Jones and
Carroll 1983). In practice, because the actual content of 40K and other nat-
urally occurring isotopes varies, the variation resulting from mass density
differences (Blum 1997) may be hard to discriminate unless there is some
knowledge of the surficial and underlying geology in the area and its rela-
tionship to 49K content and distribution (Dickson and Scott 1997; Wilford
et al. 1997).

Field soil nuclear density meters exploit the phenomenon of gamma-ray
sensitivity to soil density and water content. Such meters make use of an
active high-energy or external gamma-ray source, typically cesium-137
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(137Cs) either inserted into the soil from which direct gamma-ray transmis-
sion and attenuation is read or via backscatter from the soil surface after
an active source has been directed onto it. To determine attenuation due to
soil density, a need exists for a separate estimate of soil water content.

In the laboratory, spectra collected from two radioisotope sources, typi-
cally via a high-energy active source such as 13’Cs and a low energy active
source such as ytterbium-169 (16°Yb) or americium-241 (242Am), have been
used to simultaneously determine soil water content and bulk density. The
low-energy source is needed to factor out the impact of soil water content
on the total attenuation of the high-energy source (Phogat et al. 1991).
Again, this approach also relies on an active external source placed in close
proximity to the soil surface.

The disadvantage of both techniques is the requirement of near direct con-
tact of an external gamma-ray source with the soil. However, passive
gamma-ray emissions from in situ radioisotopes are detectable via aerial
surveys. These emissions are the result of radioisotopes found in the upper
35 cm of soil material (Paine and Minty 2005), though a majority of this,
greater than 99%, comes from the upper 10 cm of the soil (Jones and
Caroll 1983). If independent estimates of soil moisture content are availa-
ble, as from satellite microwave-based systems such as the Advanced Scat-
terometer (ASCAT), then the bulk density of the soil and its relative state
of compaction can theoretically be assessed for a given mineralogy and
land cover. This assumes the soil moisture data is integrated with aerially
sensed gamma-ray emissions of surficial material.

If an independent measure of soil water content is not available, then one
must rely on a time series of gamma-ray measurements. Soil bulk density
should be relatively constant under a given land cover or use (as a proxy
for compactive effort). In addition, the mineralogy in a given area should
be relatively constant if landform and provenance are known and con-
trolled. As the soil dries out, the gamma-ray spectra should change over
time as the contribution of water to the total mass attenuation changes.
One should then be able to back out the soil density component of the total
attenuation from such a time series.

Thus, by observing 40K gamma emissions spatiotemporally across the ter-
rain and conducting coherence and other spatial variance analyses, one



ERDC/CRREL TR-16-10

can create continuous geospatial datasets of soil density for given textural
classes of soils without direct sampling. The typical gamma-ray aerial sur-
vey covers an area of approximately 600 m in diameter, depending on ter-
rain and aircraft height. Work by others has shown submeter variability in
soils for 40K activity (Santo Junior et al. 2005).

1.1.1 Nature of the problem

Detecting, characterizing, and predicting signs of human—terrain interac-
tions have become critical components of intelligence, surveillance, and
reconnaissance (ISR) activities in support of modern counterinsurgency
and stability operations. Land use activities, such as agriculture and man-
agement of natural resources, transportation, and infrastructure develop-
ment, aspects of the so-called patterns of life, are all influenced to some
extent by the nature of the land surface and underlying soil. In turn, these
patterns of life influence the land surface characteristics and leave their
mark by altering the soil’s physical and chemical properties (i.e., soil dis-
turbance). Thus, the properties of the soil at or near the land surface pre-
sent a potential suite of soil-disturbance indicators of human—terrain in-
teraction. These markers may be manifested temporally, as before or after
a particular human—Iland interaction event at a specific point in the ter-
rain, or spatially as a result of the presence or absence of such activities
taking place at numerous locations across wide swaths of terrain.

To use these indicators for ISR purposes, the knowledge gap between hu-
man activities at the surface of the soil and the nature of alteration of the
underlying soil properties must be understood. This knowledge would al-
low selection of specific soil properties as indicators of ongoing or past soil
disturbance and give those properties potential forensic value. To exploit
this, development of an effective means of measuring the spatiotemporal
changes in these properties is required. Ideally this would use stand-off
methodologies deployable on existing equipment or personnel (i.e.,
handheld, ground vehicle, or aircraft) because many military applications
require such intelligence in real time, in denied terrain, or over aerially ex-
tensive portions of the landscape.

1.1.1.1 Soil-disturbance indicators

Human-induced soil disturbance can alter both the chemical and physical
properties of the soil (e.g., liming an agricultural soil changes the pH and
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percentage base saturation while tillage of an agricultural soil alters the
soil structure, consistence, and porosity). The military’s interest involves
anthropogenic physical disturbance of the soil surface caused by excava-
tion, cut and fill, and trafficking. Therefore, soil properties that are suscep-
tible to the processes of soil compaction (increasing the bulk density of the
soil and decreasing the porosity) and the converse, mechanical soil bulking
(decreasing the bulk density of the soil and increasing the porosity), are of
interest. Changes in the spatiotemporal patterns of soil bulk density and
porosity can be measured and attributed to either natural conditions, an-
thropogenically altered conditions reflective of normal patterns of life, or
anomalies suggestive of a departure from natural conditions or normal
patterns of life.

1.1.1.2 Soil structure and bulk density

Soil structure refers to the aggregation of primary soil particles (individual
mineral grains or rock fragments) into secondary aggregates and the spa-
tial arrangement of these aggregates to one another and to the pore space
created. Soil fabric is a general term for the spatial arrangement of solid
soil particles, soil aggregates, and the voids in a sample of soil (Brewer
1976). Soil structure is not directly measurable but can be descriptively
conveyed categorically (Figure 1).

Figure 1. Classes of soil structure: (4) prismatic, (8) columnar, (0)
angular blocky, (D) subangular blocky, (£) platy, and (F) granular
(Soil Survey Staff 1951).

“\ SN
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Soil bulk density, on the other hand, being defined as the weight of soil per
unit volume of soil material, is a continuous, directly measureable prop-
erty of the soil with units of weight/unit volume, typically g/cm3 or kg/m3
in the metric system and Ib/ft3 in English units. Soil porosity refers to the
void space created by contact and packing of both primary soil particles
and secondary soil aggregates in a unit volume of soil material. It is in-
versely related to soil bulk density as follows:

n=1-v (1)
P

where
n = the decimal fraction of pore space in a unit volume of soil,

po = soil bulk density in units of g/cm3 or kg/m3, and
ps = soil particle density (about 2.65) in units of g/cms3 or kg/m3.

Like soil structure, soil bulk density (and consequently soil porosity)
changes in response to intentional or inadvertent manipulation of the soil
resulting in compaction or mechanical bulking. Thus, soil bulk density is a
use-dependent, temporarily variable soil property. A very rough guide is
that a soil consists of approximately 50% solid soil particles and 50% pore
space, which equates to a bulk density of approximately 1.32 kg/ms3. The
soil pore space contains either air or water or both, depending on the soil
water content. The volume of air-filled versus water-filled pore space
changes as a function of precipitation or irrigation events and subsequent
soil drying via deep percolation and evapotranspiration.

Undisturbed and agricultural soil bulk-density values typically fall within
the range of 1.0 to 1.6 kg/m3; but soils composed of volcanic ash and or-
ganic soils can have bulk-density values less than 1.0 g/cm3, and soils
heavily compacted or cemented by silica, iron oxides, carbonates, or salts
can have values approaching 2.0 g/cm3. Solid quartz sand particles and
other silicate mineral grains have a density of approximately 2.65 g/cms3.
Because of soil structure and close packing limitations of individual pri-
mary soil particles and aggregates, a given volume of soil, even if highly
compacted, always contains some proportion of pore space.
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1.1.1.3 Soil compaction

Soil compaction refers to an increase in bulk density and a decrease in po-
rosity relative to some uncompacted reference state or relative to adjacent
surrounding soils in different states of relative compaction. Bulk density is
sensitive to the compactive effort (the amount of force applied to the soil
by a particular implement or action) associated with human—terrain inter-
actions. These interactions typically stem from land management and traf-
ficking. For example, agricultural cropping and tillage, grazing and pastur-
age, or forest land management and harvesting affect the density of the
soil surface and even the subsoil layers because of implements used, the
action of plant roots, and the numbers and types of grazing animals.

Excavation, cut and fill, and trafficking can not only change the bulk den-
sity of natural soils but can also change the bulk density of previously com-
pacted soils, such as the compacted lifts of soil used in roadbeds or build-
ing foundation construction.

Excavation and cut and fill typically mechanically bulk the soil relative to
its pre-disturbance state. Vehicular traffic will compact the soil relative to
its pre-disturbance state in patterns specific to the vehicle type, weight,
and frequency of travel. The same goes for foot traffic, though the degree
of relative compaction may be less.

1.1.1.4 Soil bulking

A soil, whether in its natural state or previously compacted, can be me-
chanically bulked, meaning its bulk density is reduced via manipulation by
natural or artificial means and that the percentage of pore space is in-
creased. The best example of mechanical bulking is agricultural tillage,
where the soil is mechanically disturbed with tillage implements to im-
prove its workability and to increase porosity and available water holding
capacity for crop production. In areas of military conflict, the digging, em-
placement, and burial of mines or IEDs can also result in soil bulking
when the devices are covered with fill. Any type of excavation and em-
placement of fill changes the density of a soil at the surface and to the
depth of excavation and fill emplacement compared to the surrounding
unexcavated soil. Particularly, refilling an excavation typically results in
bulking even if attempts are made to compact the fill material; and over
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time, the bulk density of this bulked soil will increase due to settling and
water consolidation from precipitation or irrigation events.

A natural mechanical bulking process in soils is freeze—thaw induced vol-
ume change. Also, some high-shrink—swell soils experience considerable
volume change associated with wetting and drying. Bioturbation is an-
other source of mechanical bulking resulting from burrowing of rodents,
insects, or vegetation root penetration.

Thus, the change in soil bulk density in comparison with adjacent sur-
rounding areas or over time is an indicator of soil disturbance by both nat-
ural processes and by intentional or inadvertent human activity such as
trafficking, excavation, construction, food production, etc. Some activities
lead to increases in bulk density, others to decreases.

1.1.1.5 Soil compactability

A soil’'s compactability refers to its ability to undergo a given increase in
density as a function of compactive effort as opposed to its actual density
at any one point in time or space. Compactability is not related to land
cover or use but is an inherent soil property closely associated with the
grain size distribution or texture of the soil (i.e., the relative percent of
sand-, silt-, and clay-size particles making up the soil). Soil compactability
is most commonly expressed with soil moisture—density curves, which plot
the soil bulk density achieved by a given compactive effort as a function of
water content. The maximum density obtained as a function of water con-
tent is termed the maximum dry density. This is the basis for the ASTM
Proctor soil-density determination method (ASTM D698-12) and soil
moisture—density curves (Diaz-Zorita et al. 2001). Indeed, soil compacta-
bility is quantified as the maximum dry density obtained in the Proctor
density test (ASTM 2012b). A soil of a given texture at a given water con-
tent can be compacted only to its maximum dry density characteristic of a
given compactive effort. Unlike bulk density, which is a use-dependent
temporal soil property, soil texture and compactability are considered sta-
ble-static, use-invariant soil properties.

1.1.1.6 Soil compaction state

Soil compaction state is defined as the relative degree of compaction, as
measured by bulk density, compared to some external standard, such as
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maximum dry density, or to the degree of compaction of surrounding soils.
It can serve as a physically based terrain-surface indicator of changing pat-
terns of human—terrain interaction if allowances are made for the natural
variation in soil bulk density relative to the soil’s maximum dry density.
Some of this variability is systematic. For example, landform and surficial
material provenance are good predictors of soil texture and mineralogy
and thus provide some predictive constraints on the soil density values
achievable in a given area and hence on the maximum dry-density prop-
erty of the soil. The texture of surficial soil materials in a region can be
predicted and mapped from knowledge of the surficial geology and geo-
morphology and interpretation of satellite or airborne imagery patterns,
textures, and tone. Thus, soil compactability is mappable as a stable static
feature of the soil cover of a region’s terrain.

By mapping the spatiotemporal distribution of the use-dependent tem-
poral property of soil bulk density and comparing that to the spatial map
of the stable static use invariant property of soil compactability (e.g., Proc-
tor maximum dry density) one could estimate the soil’s relative compac-
tion and potentially use it as a direct indicator of changing patterns of hu-
man—soil interactions. The challenge is finding a means of measuring or
mapping soil bulk density remotely for the above scenario to be feasible.
Such soil processes and properties could then be parameterized as part of
the Civil Military Operations Human—Environment Interaction (CMO-
HEI) work package for use in the Army’s Human—Environment Stability
Indicator Model (HESIM).

1.1.2 Gamma-ray emission spectrometry and soil bulk-density
measurement

It is not the purpose of this section to give an exhaustive background on
radioisotope chemistry and physics. Rather, sufficient background infor-
mation is presented on the application of gamma-ray spectrometry to soil
density measurement so the reader understands the conceptual underpin-
nings and can better assess the results presented in the report.

Both soil structure and bulk density are key soil properties that influence
the state of the ground as it impacts electro-optical and electromagnetic
sensor signatures. For example, differential scattering of short-wavelength
radar waves by surface soil roughness (i.e., structure) and the alteration of
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soil thermal emissivity (as measured by thermal infrared sensors) from
soil compaction or bulking change the soil pore-space ratio and the soil
water state (the amount of water held in the soil relative to saturation).

Scanning radar and thermal imaging are two techniques used to infer soil
disturbance. However, these methods are subject to many interferences:
the angle of incidence of the radar beam caused by changes in topography
or elevation, scattering due to vegetation structure, attenuation due to pre-
cipitation events, shading and water dynamics causing spatiotemporal
change in soil temperature, and heat flux outside of normal diurnal pat-
terns. It would be advantageous to be able to measure soil bulk density di-
rectly as an indicator of soil disturbance rather than via inference from
some secondary or tertiary derivative property of the land surface.

Soil bulk density can easily be measured by taking a sample of the soil
back to the laboratory and weighing it and determining its volume by wa-
ter displacement. Measurements of soil bulk density can also be obtained
in situ by water or sand displacement of a small excavation or by correla-
tion with soil penetration resistance or soil shear-strength measurements.
However, these techniques require access to the area of interest to collect a
sample or to make a measurement. A standoff method conceptually akin to
radar or thermal infrared techniques would be more suitable.

The absolute value of the soil bulk density that is achieved by the compac-
tion or bulking process is not the focus. Rather, interest lies with the detec-
tion of the relative change of soil bulk density as an indicator of excavation
or trafficking relative to some internal or external reference state. Ulti-
mately, the objective is to assess the soil compaction state.

If the soil bulk-density variation across a given area of interest is evaluated
as a spatial random field (Christakos 1992), the goal is to identify relative
spatiotemporal changes in soil bulk density and its variability indicative of
patterns of life and more importantly anomalies suggestive of activities
outside of the normal day-to-day patterns. To identify these relative spati-
otemporal changes, one reference state is the bulk density of the soil under
natural vegetation. An undisturbed area of interest can be used as a refer-
ence to infer the magnitude and direction of man-induced bulk-density
changes. Thus, a set of soil bulk-density values from a landscape can be
analyzed as a vector spatial random field (Vanmarcke 1983) to determine
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the direction of change (increase or decrease in magnitude in a certain di-
rection across the landscape), with the reference state being contained
within the dataset itself as an internal standard.

Another reference state is the maximum dry-density characteristic of the
soil material as measured by the Proctor (ASTM D698-12) or modified
Proctor (ASTM D1557-12) density procedure (ASTM 2012a, 2012b; Diaz-
Zorita et al. 2001). This is an example of an external reference as soils dif-
fer in their maximum attainable dry density as discussed previously.
Through laboratory measurements, soil bulking can be inferred relative to
the maximum obtainable dry density for each soil type in a given area.
However, anomaly detection due to bulking of a natural or previously
compacted soil would not be discernable in the field. Another disad-
vantage of this approach is the requirement of additional knowledge about
the area of interest in the form of soil types and maximum dry density. An
analysis of variance of the bulk density in the area of interest, using an un-
disturbed area as an internal reference, requires no such a priori
knowledge.

So where do soil radionuclides and gamma-ray emissions from the soil
come into play? Gamma rays are the most energetic form of electromag-
netic radiation next to cosmic rays (Figure 2).

Figure 2. The position of gamma rays relative to the rest of the electromagnetic spectrum.
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Gamma rays are emitted by various radionuclides (i.e., radioisotopes) that
occur naturally in the soil. While gamma rays produced by radioactive de-
cay of radioisotopes are energetic enough to pass through many solid ma-
terials, they can be differentially attenuated or their pathway altered by
soil constituents (soil solids, air, and water) and other absorbers, a process
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often called recoil. Attenuation is a function of the cross-sectional compo-
sition and thickness of potential absorbers that the gamma rays must pass
through. This same process, however, provides a means of measuring rela-
tive volume differences in soils (i.e., changes in soil bulk density) by using
gamma-ray attenuation because changes in soil bulk density change the
ratio of solids:air:water in a given volume or cross-sectional area of soil.

This report looks at the in situ gamma-ray emission spectra from the ter-
rain soil surface as an indicator of bulk-density change, specifically emis-
sions from the 49K. Other naturally occurring radioisotopes that contribute
to soil-surface gamma-ray emissions include uranium-238 (238U) and tho-
rium-232 (232Th) although these elements are in much lower abundance
and have complex decay pathways (Minty 1997). Potassium has a higher
crustal abundance, is ubiquitous in geological materials, has a relatively
simple decay path (Paine and Minty 2005; Wilford et al. 1997), and is
much more amenable to inference of soil bulk density for our purposes.

The phenomenon of gamma-ray sensitivity to soil density and water con-
tent is exploited in use of field-deployed nuclear-density meters. Such me-
ters make use of an active high-energy external gamma-ray source, typi-
cally 137Cs, either inserted into the soil and from which direct gamma-ray
transmission and attenuation is read or via backscatter from the soil sur-
face after an active external source has been directed onto it. Determining
attenuation due to soil density needs a separate estimate of soil water con-
tent as water can also absorb gamma rays.

In the laboratory, spectra collected from dual sources have been used to
simultaneously determine soil water content and bulk density, typically via
a high-energy external source such as 13’Cs and a low energy active source
such as 169Yb or 241Am. The low-energy source is used to factor out the im-
pact of soil water content on the total attenuation of the high-energy
source (Phogat et al. 1991). Again, this approach also relies on an active ex-
ternal source placed in close proximity to the soil.

The disadvantage of both techniques is that they require direct contact of
an external gamma-ray source with the soil. However, passive gamma-ray
emissions from in situ radioisotopes are detectable via aerial surveys or
handheld gamma-ray spectrometers. These emissions are the result of ra-
dioisotopes found predominantly in the upper 35 cm of soil material
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(Paine and Minty 2005), though a majority of these emissions, greater
than 99%, come from the upper 10 cm of the soil (Jones and Caroll 1983).
An ideal in situ gamma-ray source is potassium. Potassium makes up ap-
proximately 2.6% of the earth’s crust, with 40K approximately 0.01% of the
total potassium; and it is ubiquitous in its distribution. In rocks and soil
material, most of this potassium is found in feldspars, mica, and clay min-
erals. Thus, the natural background counts of 49K will vary depending on
the underlying geology and its mineralogical composition.

1.1.3 Radiochemistry of Potassium

40K decays to stable argon (49Ar) gas, emitting a beta particle () and a
gamma-ray photon (y) of 1.46 million electron volts (MeV) energy (Equation
2):

“K — Ar(stable) + § + A1(1.46MeV) (2)

The 40K activity of pure elemental potassium, which contains approxi-
mately 0.01% 40K, is 816 to 838 pCi/g. A rate of 1 disintegration/second is
defined as the becquerel (Bq), the SI unit for activity. The traditional (i.e.,
non-Sl) unit of activity is the curie (Ci), which is 3.70 x 1010 disintegra-
tion/minute and is the amount of activity produced by the decay of 1 gram
of 226Ra. Equation (3) provides the relationship between becquerels and
curies:

1 Bq = 27.0270 pCi (3)

The picocurie (pCi), 10-12 curies, is a more useful non-SI unit because of
the lower rates of decay measured in the field due to the relatively low
crustal abundance of naturally occurring radioisotopes. The pCi unit is
used throughout the text as it gives reasonable numerical magnitudes for
the activity levels measured.

A typical soil has a 49K activity of approximately 20 pCi/g, reflecting the
fact that the soil is not pure potassium but a mixture of different elements.
The activity of 40K is influenced by not only the potassium content of the
soil but also the soil bulk density. This is because the major soil constitu-
ents of air, water, and solid soil particles all have different gamma-ray
mass attenuation coefficients. As mentioned in the previous section,
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changes in soil bulk density affect the makeup of a given cross-sectional
area through which in situ emitted gamma rays must pass on their way to
the soil surface (Figure 3).

Figure 3. Schematic of 40K attenuation pathways in compacted versus uncompacted or
mechanically bulked soil.
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The term activity refers to the disintegration rate of the respective radioi-
sotope, 40K in the above Equation (2). Radioactive decay is a first-order re-
action with activity (A) being equal to the number of radioactive nuclei
present at any given time (N), which is a radioisotope-specific disintegra-
tion constant (A) in Equation (4). Because A is a rate constant, it has the
units of —t:

A =N (4)
Thus, activity represents the number of disintegrations per unit time and

is a function of the initial activity at any given time, to, and an exponential
decay function at some later time, t (Equation 5):

A= Aoet (5)
where
A = activity,
Ao = activity at time to,
E = natural log to the base e,
A = disintegration rate constant, and

t = time.
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The various radionuclides emit gamma rays of different energies upon de-
cay, thus the gamma-ray spectrum can be represented by the activity (typi-
cally measured in counts) of a particular radioisotope versus the energy of
the gamma-ray photons emitted (Figure 4).

Figure 4. Generalized gamma-ray spectrum showing peaks at various energy
levels that are characteristic of different radioisotopes.
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Thus, the spectra are the finger prints of particular radioisotopes in the
soil or other sample material.

1.1.4 Application of gamma-ray spectrometry to the problem

The above radiochemistry enables the analysis and identification of radio-
nuclides in soils and other earth materials by means of gamma-ray spec-
trometers (Feng et al. 2008; Santo Junior et al. 2005; Kinno et al. 2002),
including via aerial survey (Lyons and Hendricks 2006; Wilford et al.
1997; Hopkins 1996). Interest in passive detection of nuclear threats has
driven the development of portable gamma-ray spectrometers (Kouzes et
al. 2007), with HPGe detector spectrometers commercially available (Feng
et al. 2008; Vo and Russo 2002). Thallium-activated Nal detectors are
most commonly used in airborne gamma-ray detectors (Paine and Minty
2005).
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The activity of a radionuclide in soil layer i (Ai) is a function of the volume
and mass of soil in a given layer (Feng et al. 2008) as shown by the volume
integral in Equation (6):

A =[] A0V [[]Anpav (6)

where

Aiv = unit volume radionuclide activity in soil layer i,
Aim = unit mass radionuclide activity in soil layer i, and
p = soil bulk density.

As mentioned in Section 1.1, the geometry (i.e., the fabric) of the potassium
distribution in the soil determines the total counts received by the spec-
trometer because the measured activity of 49K is attenuation-pathway con-
trolled (Figure 3). The attenuation is a function of the mass attenuation
coefficients of the soil constituents (i.e., soil, water, and air) found in a unit
cross-sectional area of the soil surface. Soil bulk density and water content
determine the proportions of the different constituents in a given cross-
sectional area.

Soil bulk density and porosity are very sensitive to human use and disturb-
ance of the soil. They are also key land-surface parameters that impact
ecological, hydrological, and earth—atmosphere energy transfer processes.
Knowing the spatial-temporal distribution of 40K gamma-ray emissions
from the soil surface in relationship to patterns of human land-use activi-
ties provides a physically based terrain-surface indicator of human—ter-
rain interaction, provided one can account for the effects of potassium
content and soil water content variation.

1.1.5 Relationship of gamma-ray emission from soils and soil compaction
state

Because soil bulk density is affected by soil disturbance, changes in the
magnitude of 40K gamma-ray emissions from the soil surface in theory al-
low differentiation between an undisturbed and disturbed soil (Rossel et
al. 2007).
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Potassium is a ubiquitous soil constituent found in clay minerals of the
fine fraction and feldspars and micas of the coarser sand and silt fractions.
Soil mineralogy and soil forming processes control the potassium content
and thus the 40K content of the soil, but the attenuation of 40K gamma-ray
emissions by the soil is a function of the actual mass of soil water and solid
particles at any point in time in the landscape and their influence on scat-
tering and attenuation of the gamma rays, as shown previously in Figure 3.
For 40K, this scattering and attenuation is due to the photoelectric and
Compton effects, both of which depend on material density in addition to
other factors (Hendriks et al. 2001). The combined mass attenuation effect
of water and solid particles is reflected as gamma-ray emission sensitivity
to soil water content and soil bulk density within a material of given min-
eralogy (Rossel et al. 2007; Phogat et al. 1991; Jones and Carroll 1983).

In practice, because the actual content of 49K and other naturally occurring
isotopes varies, the variation resulting from mass density differences
(Blum 1997) may be hard to discriminate unless there is some knowledge
of the surficial and underlying geology in the area and its relationship to
40K content and distribution (Dickson and Scott 1997; Wilford et al. 1997).
Remote, aerially extensive mapping of soil bulk density is conceivable be-
cause the measured activity of 40K in soil is a function of the mass of the
radionuclide in the soil and the volume of soil material, as discussed previ-
ously (see Equation 6). However, it is also a function of the inherent potas-
sium content of the soil material, with different geological materials hav-
ing different mineralogical provenance.

The variation in the natural 40K content of soils is often an unknown for a
given area of influence. If the geological material is systematic and predict-
able, in terms of their influence on gamma-ray spectral signature of 40K it
is possible to map spatiotemporal changes in bulk density (i.e., relative
compaction state) due to human influences. In soil-disturbance detection,
however, interest is mostly on the microscale (Christakos 1992) variability
in 40K between disturbed and adjacent undisturbed soil. Thus, the variabil-
ity of the soil potassium content at the macroscale (i.e., due to regional
surficial geology) in a random field of 40K measurements (Christakos 1992)
may not be a significant confounding factor for such an application.

If an independent measure of soil water content is not available, then one
might rely on a time series of gamma-ray measurements. Soil bulk density
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should be relatively constant under a given land cover or use (as a proxy
for compactive effort) over short periods of time while soil water content
will vary. If the soil dries out, the gamma-ray spectra should change over
time as the contribution to the total mass attenuation by the water
changes. One should then be able to back out the soil density component
of the total attenuation from such time series.

Thus, by observing 40K gamma emissions spatiotemporally across the ter-
rain and conducting coherence and other spatial covariance analyses con-
sidering the dataset as representing a random field (Christakos 1992;
Vanmarcke 1983), one can theoretically create continuous geospatial da-
tasets of soil density for given textural classes of soils without direct sam-
pling and that represent regional macroscale patterns of soil bulk density
due to surficial geology and broad land-cover use patterns. However, we
are typically interested in smaller areas or subareas of a particular area of
influence. In addition, the typical commercial gamma-ray aerial survey co-
vers an area of approximately 600 m in diameter, depending on terrain
and aircraft height; but work by others has shown submeter variability in
soils for 40K activity (Santo Juanior et al. 2005). Thus, finer-scale or
ground-based measurements over smaller areas could result in detection
of anomalies associated with recent anthropogenic soil disturbance.

Objective

The objective of this study was to determine if passive gamma-ray emis-
sions from the 49K radioisotope in soils are sensitive enough indicators of
soil bulk-density change to identify the relative state of soil compaction as
a sign of soil disturbance. Relative compaction state for a small area of
uniform soil type can be defined as the microscale variability in soil den-
sity as a function of the pattern of natural and undisturbed areas of the soil
surface versus adjacent physically disturbed areas, such as compacted
roadbed tire tracks, areas of cut and fill, etc. Comparing and contrasting
this microscale variability to the overall macroscale variability of a vector
spatial random field (Christakos 1992) of soil bulk density or gamma-ray
measurements should pinpoint a localized soil disturbance associated with
excavation or burial.

Our specific objective is to consistently detect soil bulk-density or compac-
tion-state differences by using a handheld gamma-ray spectrometer and a
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series of known-density soil samples of different composition and proper-
ties (Figure 5). This is a prerequisite to using gamma-ray spectrometry as a
sensor mode for stand-off soil-disturbance detection as per Figure 5. The
ability to detect statistically significant differences in soil bulk density in
the laboratory via in situ 49K soil gamma-ray emissions would suggest it is
feasible to conduct plot or field studies of the standoff methodology.

Figure 5. Conceptual approach for identifying areas of impacted soils.
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Approach

The approach used for this project was to characterize the 40K gamma-ray
emissions of four soils as a function of soil density and moisture content.
Soil density was varied by compacting or bulking the soil. The moisture
content was controlled by adding water to the soil.

Figure 5 contains the fundamental components of the study. The study
used a handheld gamma-ray spectrometer to collect gamma-ray spectra in
the laboratory from soil samples that represent field soils prepared to dif-
ferent relative states of compaction. Experimental treatments included
soils compacted to various compaction levels up to and including the max-
imum dry density, achieved from application of the ASTM methods de-
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scribed previously. Additional treatments consisted of mechanically bulk-
ing and changes to soil moisture content. The sensitivity of the 40K emis-
sion peak, in terms of activity, was ascertained relative to various potential
interferences, such as soil texture, potassium content, and soil water con-
tent. If statistically significant relationships between the resulting soil bulk
density and 40K activity can be identified across the range of soil texture,
potassium content, and soil water content, the hypothesis will be accepted.
Acceptance of the hypothesis means that changes in soil 40K activity are a
potential measure of physical soil disturbance associated with mechanical
compaction and bulking. It also suggests field investigations attempting to
map such changes with handheld standoff instrumentation to identify dis-
turbance patterns are warranted. This result would specifically support the
“Large-Scale, High-Fidelity Remote Soil Property Variability” work unit
under the CMO-HEI work package, including the following examples:

1. Determining methods to characterize wide-area soil-property variability
without requiring direct sampling

2. Generating more accurate battlefield analysis from tactical decision aids

driven by soil properties

Creating a continuous surface of soil properties

4. Relating multisource remote geophysical signatures to landscape pro-
cesses and soil properties.

w
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2.1

2.2

Methods

Materials

Four soils of varying texture and elemental composition were selected for
use in the study and varied from a silty clay to sand (Table 1). Potassium
content, reported as percent potassium oxide (K20), varied for each of the
soils also. Soil names are merely contrived names based on the sampling
location or storage area from which the soil material was obtained. All the
soil materials used, however, are from samples of soil taken in the field.
The goal was to obtain a set of soils representing a range in textures and
potassium content, as opposed to trying to represent real-world soils as
part of specific terrains.

Soil particle size distribution (i.e., soil texture) was determined via the hy-
drometer method, ASTM D422-63 (ASTM 2007). The metal content of the
soils was determined by acid digestion and inductively coupled
plasma-mass spectrometry (ICP-MS) using USEPA method 3050B
(USEPA 2016). Appendix A contains additional analytical data on the
soils.

Table 1. Selected physical and chemical properties of the soil material
used in this study?! reported as percents.

Soil Name | Sand | Silt Clay | Soil Type?2 | Fe203 | A0z | SiO2

Cemetery 94.5 5.5 0 |Sand 2.1 14.4 | 54.2
EGP 20.3 | 63.2 | 16.5 |Siltloam 6.5 14.2 | 61.3
South Bin 7.2 | 46.9 | 35.9 |Silty Clay 5.8 14.7 | 65.8

North Bin 59.2 | 311 9.7 |Sandy Loam | 5.1 12.5 | 75.5

Fe-03 = iron oxide; Al203 = aluminum oxide; SiO- = silicon dioxide

1Soil particle size analysis reported on a percentage of the fine-earth (i.e., <2 mm) basis. All
elemental analysis results reported on an oven-dry (105°C [220°F]) basis.

2USDA soil textural classification.

Proctor density measurements

Samples of different density for each soil type were prepared by placing 5
lifts (i.e., layers) of soil, approximately 900 g (1.98 Ib) of material, into
steel 152.4 mm (6 in.) diameter Proctor molds. For a specific test run that
required a particular density, the Proctor mold was then placed into a
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Durham Geo Enterprises S-335 Compactor. Each lift of soil was pneumati-
cally hammered to the desired blow count (derived from the Proctor den-
sity curves for each soil type [Figure 5]) by using a 44.48 N (10 Ib) rammer
dropped from a height 457.2 mm (18 in.), producing a compactive force of
2700 kN-m/mms3 (56,000 ft-1b/ft3) following method ASTM D1557-12
(ASTM 2012a). Each lift was compacted with 25 blows. The total mass of
soil in the Proctor mold was approximately 4500 g (9.92 Ib). The weight of
the mold and wet soil was determined. Soil dry-density curves were ob-
tained for all soils by using the above method to enable selection of partic-
ular density material for use in spectrometer measurements (Figure 4).

Prior to each compaction or bulking test, the soil sample was dried over-
night in an oven at a temperature of 37°C (100°F) to remove any moisture.
Then, the desired amount of tap water was added to the 5000 g (11 Ib) soil,
mixed, and allowed to equilibrate for 24 hr in a covered plastic container
to achieve the designated moisture content. A small portion of this same
wet soil, approximately 150 g (0.33 Ib), was weighed into a preweighed
aluminum boat. This material was then placed in the oven to dry over-
night. The dried soil was weighed and the weight of the aluminum boat
subtracted to yield the weight of the dry soil (Was). The weight of the dry
soil was subtracted from the wet soil to determine the weight of the water
(Ww). The water content, w, was determined by the following equation:

w = [(Ww — Was) | Was] x 100 (7)
where
w = water content,

Ww = weight of the water, and
Wias = weight of the dry soil.

Gamma-ray spectrometer soil measurements

After preparation of a soil sample in the Proctor mold, the mold was
placed into the center of a lead-lined enclosure (Figure 6). The gamma
spectrometer was then positioned at a distance 5 cm (2 in.) above the sur-
face of the soil and centered.
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Figure 6. A Proctor mold within the lead-shield
box.

Analysis consisted of using a Canberra Osprey 2x2 Nal Gamma Spectrom-
eter (Figure 7) and Gamma Acquisition and Analysis software. The acqui-
sition interval was 4 hr and generally followed the procedures outlined in
ASTM C1402 (ASTM 2009).

Figure 7. Canberra Osprey Nal
Gamma Spectrometer.

Prior to the first analysis of the day, the europium-155—sodium-22 (155Eu-
22Na) check source was attached to the detector, and a check source analy-
sis was performed. Following the use of the 155Eu-22Na check source, po-
tassium chloride was analyzed to check the 40K peak. If the 40K peak is not
identified correctly (i.e., only half the peak is read once collection is com-
plete), an electrical gain shift may have occurred in the detector. A shift in
gain can also be detected during the check source test; however, because
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the gamma range of the electromagnetic spectrum is nonlinear, it is most
important to center the 40K peak compared to the 15°Eu and 22Na peaks.
This is normal over time and can be corrected by adjusting the fine gain
setting on the detector (using the MCA>Adjust>Gain [radio button] in the
software) and by using the check source and the potassium source to track
the movement of the 155Eu, 22Na, and 49K peaks, which should be centered
at 252, 1274.5, and 1460 kilo-electron volt (keV) respectively. Figure 8 is
an example of a typical spectrum for a soil sample showing a%°K peak at
1460 keV.

Figure 8. Example of a typical spectrum for soil showing a 40K peak at 1460 keV.
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2.4 Data reduction and analysis

Raw data consisted of spectra for each soil treatment, from which intensity
(detector counts) and area of the 40K gamma-ray peak was extracted and
40K activity calculated using the instrument software. Soil bulk density for
each treatment on an oven-dry (105°C [221°F]) basis was calculated for
each treatment (i.e., spectra collection) from the volume of moist soil in
the Proctor mold at a given compaction treatment and oven-dry weight of
the soil (i.e., the “Calc. Dry p” variable in Table 2). Soil water content was
also recorded for each treatment (i.e., “Actual Moist.” variable in Table 2),
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and changing soil water content was one of the treatment variables ana-
lyzed. A multivariate dataset consisting of 12 soil properties and three de-
pendent variables, peak intensity, peak area, and 49K activity, was statisti-
cally analyzed within the parameters of the experimental design by using
JMP ver. 10 statistical software to look for significant relationships.



Table 2. Correlation matrix of gamma-ray project study data.

Correlations

Actual Moist. Wet Soil Mass Dry Soil Mass Calc. Dry p Peak Area Contin. Counts K-40 Activity

Actual Moist. 1.0000 0.3110 -0.3720  -0.1580
Wet Soil Mass 0.3110 1.0000 0.7661 0.4003
Dry Soil Mass -0.3720 0.7661 1.0000 0.4980
Calc. Dry p -0.1580 0.4003 0.4980 1.0000
Peak Area -0.3754 -0.2798 -0.0209  -0.5075
Contin. Counts 0.2173 0.1893 0.0372  -0.5744
K-40 Activity -0.2643 -0.2264 -0.0437  -0.6463
Sand -0.8055 -0.4735 0.0827 0.0467
Silt 0.6089 0.4337 0.0153  -0.0012
Clay 0.8434 0.4127 -0.1721  -0.0877
Fe203 0.6628 0.5073 0.0504 0.0004
Al203 0.2752 -0.2062 -0.3939  -0.1101
Sio2 0.3929 0.5029 0.2269 0.0293
K -0.5304 -0.5451 -0.1745  -0.0118

-0.3754
-0.2798
-0.0209
-0.5075
1.0000
0.5734
0.9506
0.4156
-0.3744
-0.3729
-0.4736
0.3426
-0.6078
0.6270

0.2173
0.1893
0.0372
-0.5744
0.5734
1.0000
0.7306
-0.3399
0.3299
0.2669
0.3019
0.2215
-0.0244
-0.0468

-0.2643
-0.2264
-0.0437
-0.6463

0.9508
0.7308
1.0000
0.2768

-0.2355
-0.2648
-0.3054

0.2189

-0.4122

0.4257

Sand
-0.8055
-0.4735

0.0827
0.0487
0.4156
-0.3399
0.2768
1.0000
-0.9072
-0.8689
-0.9319
-0.2418
-0.4066
0.5697

Silt
0.6089
0.4337
0.0153

-0.0012

-0.3744
0.3299

-0.2355

-0.9072
1.0000
0.5801
0.9777
0.0801
0.2958

-0.4324

Clay
0.8434
0.4127

-0.1721
-0.0877
-0.3729
0.2669
-0.2648
-0.8689
0.5801
1.0000
0.6575
0.3575
0.4552
-0.6084

Fe203
0.6628
0.5073
0.0504
0.0004
-0.4736
0.3019
-0.3054
-0.9319
0.9777
0.6575
1.0000
-0.0436
0.4866
-0.6120

Al203
0.2752
-0.2062
-0.3939
-0.1101
0.3426
0.2215
0.2189
-0.2418
0.0801
0.3575
-0.0436
1.0000
-0.6624
0.5229

Sio2
0.3929
0.5029
0.2269
0.0293

-0.6078
-0.0244
-0.4122
-0.4066
0.2958
0.4552
0.4866
-0.6624
1.0000
-0.9813

-0.5304
-0.5451
-0.1745
-0.0118
0.6270
-0.0468
0.4257
0.5697
-0.4324
-0.6084
-0.6120
0.5229
-0.9813
1.0000
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3.1

Results and Discussion

Compaction state and 4°K gamma-ray emission from the soil
surface

The primary objective of the study was to determine if there is a measura-
ble relationship between soil 49K activity (i.e., “K-40 Activity” variable in
Table 2) and soil compaction state as quantified by the dry density of the
soil (i.e., “Calc. Dry p” variable in Table 2). The 40K activity of a soil is a re-
flection of the potassium content of the soil (Figure 9). Because most soil
types contain potassium, using 49K activity as a possible indicator of hu-
man—terrain interactions appears viable.

Figure 9 shows the 40K activity of the four soils as a direct function of the
potassium content for the soils in both a compacted and an uncompacted
state. Figure 9 shows a distinct difference between the 40K activity of com-
pacted versus uncompacted soil. There were two statistically significant
(a =0.05 level) regression relationships, one for each of the respective
compaction states.

40K activity = 17695.01 + 2.60 *K, R?=0.77 compacted
40K activity = 33633.81 + 2.79*K, R?=0.61 uncompacted

The compacted soil has a significantly lower 40K activity than the uncom-
pacted soil, likely because of the limitations on recoil pathways. The com-
pacted soil has a greater proportion of relatively high attenuating soil par-
ticles per unit cross-sectional area than does the uncompacted soil (Figure
3). Uncompacted soil, meanwhile, has a relatively open pore structure with
more pore space per unit cross-sectional area than the compacted soil.
This means a greater probability of low-attenuating air-filled pores being
encountered by 40K gamma-ray photons on their way to the soil surface in
the uncompacted soil. The pore space in a compacted soil has been re-
duced in volume and increased in tortuosity relative to the uncompacted
state, thereby reducing the 4°K emissions detectable at the soil surface.

Because most soil types contain potassium, using 49K activity as a possible
indicator of human—terrain interactions appears viable as the emission
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spectra were sensitive enough across a range of soil potassium content to
statistically discriminate compacted versus uncompacted soil material.

Figure 9. 49K activity (pCi/g) versus potassium content (mg/kg) of
compacted soil (b/ue) and uncompacted soil (req).
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Figure 10 shows similar information, but the difference in 49K activity is
plotted for the compacted and uncompacted state of each soil type. The re-
sults demonstrate that for each of the four soils tested, a statistically signif-
icant difference exists between the 40K activity of uncompacted versus
compacted soil across the range of soil potassium contents. However, as
shown by the South Bin soil, there is some overlap that might interfere
with attributing 49K activity to compaction state alone. This suggests that a
knowledge of soil potassium content or other compositional variables may
be necessary to irrefutably attribute 49K activity to bulk-density differ-
ences, particularly if a time series of data is not available or fine-scale vari-
ability is inconclusive relative to the macroscale variability of the 4°K emis-
sions. To investigate this possibility further, analysis of the relationship of
all the variables measured to the 40K activity was conducted.
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3.2

Figure 10. 40K (K-40) activity (pCi/g) for four soils by degree of compaction.
Compacted soil is (b/ue), and uncompacted soil is (red).
K-40 Activity vs. Compaction by Material
Material
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Soil composition and 4°K gamma-ray emissions from the soil
surface

It was postulated at the start of the study that variation in soil composi-
tion, particularly in the soil potassium content, might be a significant in-
terference confounding attribution of soil 40K activity to soil compaction
state alone. For example, the Cemetery soil had the highest 49K activity of
the four soils tested (Figure 10) but also had the highest potassium content
(Table 1). Despite this fact, compaction state was still differentiable by soil
40K activity for all but the North Bin soil in some cases (Figure 10). This
warranted a more in-depth evaluation of the variables and their influence
on the overall variance in soil 40K activity and its proxies (i.e., peak area
and peak counts).

For the dataset as a whole, the variable that appeared most responsible for
the differences in 40K gamma-ray emissions between the compacted and
uncompacted soil was soil bulk density (i.e., “Calc. Dry p” variable in Table
2), there being a —0.6463 correlation coefficient between the calculated
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dry density and 49K activity (Table 2) while the correlation coefficient be-
tween 40K activity and soil K content was lower, 0.4257 (Table 2). The in-
verse relationship between “Calc. Dry p” and “K-40 Activity” (Table 2) is
consistent with the conceptual underpinnings (see Figure 3) and the litera-
ture indicating increased soil density blocks the path or attenuates
gamma-ray release out of potassium-bearing minerals and into the sur-
rounding soil matrix and ultimately into the air above the soil surface.
Again, the strength of this relationship was somewhat surprising and sug-
gests that interaction among the entire suite of variables may be more
complex than originally surmised.

3.2.1 Principle components analysis

Because many of the variables (Table 2) were correlated, a principle com-
ponents analysis was performed to see if the variables grouped into dis-
tinct components that differed significantly in explaining the overall vari-
ance of the dataset. The results are presented in the form of a loading plot
(Figure 11).

Figure 11. Loading plot of principal component results.
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The circle represents a unit circle (i.e., radius 1) and is the square of the
normalized variance. Vectors (i.e., variables) more closely aligned with a
particular component axis are loaded more heavily by that principle com-
ponent while the length of the respective vector is proportional (i.e., the
squared length of the vector) to the variance contributed by that variable
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(again, normalized to 1.0). Vectors that plot in opposite quadrants are in-
versely related.

The separate soil particle size fractions are heavily loaded by Principal
Component 1 (i.e., the variance in these variables explains a significant
portion of the overall variance in the dataset). As would be expected, there
is an inverse relationship between the fines (silt and clay fractions) and the
sand fraction (Figure 11). It is also interesting to note of the elemental
composition variables, the Fe20s is highly correlated with the silt and clay
particle size fractions and highly negatively correlated with the sand frac-
tion (Table 2 and Figure 11). This is consistent with the iron likely being
bound up in secondary iron oxides that are a product of weathering and
exist as discrete fine particles or as coatings on finer particles rather than
being a constituent of any primary or secondary iron-bearing minerals in-
herited from the soil parent material.

Of the other elemental composition variables, the potassium content is
also heavily loaded by Principal Component 1, as is the SiO2z content, and is
inversely related to the SiO2 content with a very highly negative —0.9813
correlation coefficient (Table 2). Potassium, however, does covary to some
extent with the Al203 content (Table 2). This might be explained if much of
the SiOz is tied up in quartz in the coarser fractions while much of the po-
tassium in the soils is probably tied up in potassium-bearing aluminosili-
cate mineral phases, likely also in the coarser fractions judging by the
+0.5697 correlation coefficient with the sand fraction and the negative
correlations with silt and clay fractions (see Table 2).

The soil compositional variables, loaded heavily by Principal Component 1,
explain a significant portion of the overall dataset variability as seen by the
lengths of their variance vectors (Figure 11). Also, Principal Component 1
loads most heavily on soil moisture while Principal Component 2 loads
most heavily on 49K activity. This suggests that interferences from soil wa-
ter content in attribution of 49K activity to bulk density may not be as sig-
nificant as once thought and does not obscure relationships between soil
density and 40K activity.

The variables being loaded by Principal Component 2 explain the portion
of the overall dataset variability over and above what the compositional
variables explain. Principal Component 2 loads most heavily with the 4°K
activity and associated variables (e.g., peak area and continuous counts)
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and in particular the soil bulk density (i.e., Calc. Dry p). This separation of
loading with soil potassium content being loaded by Principal Component
1 while soil bulk density and 49K activity and related measures are loaded
by Principal Component 2 suggests that the soil potassium activity is more
related to soil density or compaction state than to soil potassium content.
The inverse relationship between measures of 40K activity and soil bulk
density (Figure 11) is clearly evident, which is consistent with the concep-
tual model (see Figure 3) and the literature. Soil potassium content is not
very strongly correlated with 49K activity (correlation coefficient of about
+0.4257 in Table 2) and therefore does not appear to present a significant
interference in attributing changes in soil 49K activity to changes in soil
bulk density, at least for the soil materials studied.

Figure 12 is a scatter plot of the entire dataset. There is no significant lin-
ear relationship between 40K activity and soil bulk density (i.e., Calc. Dry
p) across the dataset as a whole. A regression line fit to the data had a very
low R2 value of 0.28 and suggests that density has no predictive or explan-
atory value (Figure 12). However, a correlation analysis supports that an
inverse relationship is apparent between 49K activity and the dry density of
the soil (i.e., as the soil density increases, the 40K activity decreases [nega-
tive correlation of —0.65]) (Table 2). This finding is consistent with litera-
ture indicating that increased soil density blocks the path or attenuates
gamma-ray release out of potassium-bearing mineral and into the sur-
rounding soil matrix or air above the soil. The results also indicate that the
potassium content of the soil is related to the amount of sand (positive cor-
relation of 0.57) and negatively correlated with clay (-0.61) (Table 2). Fur-
ther, the sand consists of Al2O3 minerals that contain potassium (correla-
tion of 0.53) and are not associated with Fe20s3 or SiOz2 (clay) mineral as-
semblages (negative correlations of —0.61 and —0.98, respectively). This
finding is a bit surprising as the expectation was that a positive relation-
ship exists between the clay content of the soil and the 4°K activity. The ba-
sis for this expectation was that many clay soils contain high-potassium-
content minerals.

The Figure 12 scatter plot does show, however, the range of Calc. Dry p (in
kg/m3) and the corresponding range of 40K activity counts measured in the
testing. The density spanned a wide range of values, from almost the maxi-
mum dry density of some of the soils (Table 2) to around 1 kg/m3, which

exceeds the range of bulk density typically encountered in many field soils.
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Figure 12. 40K activity (pCi/g) versus the calculated dry density (g/cm3) of soil.
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Figure 12 indicates that attempting to generalize across a range of soil
types a single continuous relationship between 40K activity and soil bulk
density is not possible. However, it is still clear that soil 49K activity does
discriminate compacted versus uncompacted state for a given soil (see Fig-
ures 9 and 10). This suggests that at macroscales (i.e., over large areas of
terrain) with a variety of soil types, one cannot a priori attribute a particu-
lar soil 49K activity to a particular soil bulk-density state that indicates a
disturbance. However, at what Christakos (1992) refers to as microscales
(i.e., small areas of terrain) variance of soil 40K activity is probably a good
indicator of soil compaction state as indicated by bulk density and thus
may be a useful soil-disturbance metric. Differences in the variance struc-
ture of a random field of soil 40K activity going from the macro- to the mi-
croscales may essentially control for the variables that are loaded heavily
by Principal Component 1, such as potassium content, soil particle size dis-
tribution, and soil moisture content (Figure 11). This allows the variance of
those variables loaded more heavily by Principal Component 2, potassium
activity and soil density, to be more sensitive to soil-disturbance impacts.

3.2.2 Cluster analysis

A hierarchical cluster analysis was performed (Figure 13) to see if it was
possible to further sort out the interaction and relationships of the differ-
ent variables. A cluster analysis essentially groups samples that are near
each other in the sample space in terms of the variables analyzed, resulting
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in a smaller number of groups of samples that, hopefully, differ signifi-
cantly from one another (Figure 13).

Figure 13. Hierarchical clustering analysis for the study data.
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Variables considered were (1) Actual Moist. (i.e., soil moisture content),
(2) Calc. Dry p, (3) K-40 Activity, (4) Material (i.e., soil type), (5) compac-
tion (i.e., compacted or uncompacted), and (6) clay (clay fraction). Soil po-
tassium content was specifically excluded from this analysis to better ob-
serve the interaction of these other variables. It seems clear that the clay
content, column 6 in Figure 13, as measured by the clay fraction (Table 1),
explains the green and brown sample clusters and agrees with column 4,
soil type, the green cluster being the treatments (samples) with the South
Bin silty clay loam soil and the brown cluster being the treatments with the
Cemetery sand (Table 1).
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The red and blue clusters appear to be differentiated by their Calculated
Dry Density, column 2, with the red cluster having higher densities than
the blue cluster. Soil compaction state also differentiates these clusters
(column 5), red being compacted and blue being uncompacted. Actual
Moist. (i.e., soil moisture content), column 1, also appears to be a signifi-
cant differentiating variable in the clustering with the brown cluster hav-
ing a lower moisture content than the blue and red clusters, which have
moderate moisture levels, and the green cluster, which has the highest
moisture content. Table 3 somewhat subjectively summarizes the groups.

Table 3. Differentiating variables of the cluster analysis groups.

Cluster Actual

Color Moist. Calc. Dry o 40K Activity Material Compaction | Clay
Red Int. moist. High p low compacted
Green | High moist. | Low Low South Bin Clay high
intermediate |intermediate | (silica texture)
Blue Int. moist. Low p intermediate uncompacted
Brown | Low moist. | Highp high Cemetery low

(sand texture)

The green and brown groups are clustered around stable soil properties;
and the two groups are differentiated by those properties, such as the
green clusters have a high clay content, fine texture, and high moisture
content. The brown cluster of data consists of soils with low clay content,
coarse texture, and low moisture content. The red and green groups are
clustered around use-dependent temporal properties that were treatment
variables or functions thereof. The red group has a high density, low 40K
activity, and is compacted, while the blue group has a low density, inter-
mediate 4°K activity, and is uncompacted.

This suggests that soils with coarse textures, such as sandy soils, or finer
textures, such as clayey soils (i.e., the green and brown group clusters),
may have inherent physical properties that can control or limit compaction
state and associated 49K activity to a significant extent. Conversely, the red
and blue clusters represent soils with fewer constraints and may be more
responsive to soil density changes and subsequent 49K activity variation as
a result of disturbance. Again, this suggests that variation of 40K activity on
the macroscale may be influenced by stable static soil properties in addi-
tion to disturbance, while narrowing observations to a smaller area and fo-
cusing on the microscale might help control such extraneous sources of
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variation and allow greater attribution of 40K activity to soil density or
compaction state alone.

3.2.3 Correlation analysis

Finally, a weak positive correlation (0.43) is evident between the potas-
sium content of the soil and the 40K activity (Table 2). Again, this is a sur-
prise because the expectation was for a strong relationship between the
potassium content of the soil and the 49K activity. The weaker correlation
suggests other variables may be responsible for attenuating the potassium
content linkage to 49K activity.

These same correlation relationships are evident when performing a prin-
cipal component analysis of the data and presenting the results in a load-
ing plot. The results show that Principal Component 1 is a function of a
positive relationship between 40K activity, potassium soil content, Al203,
sand, and peak area. Peak area is a redundant measurement similar to 40K
activity. Sand has a significant Al2O3 content, so a positive relationship be-
tween the two is not surprising. The 49K activity is also inversely related to
dry-soil density, SiOz2, soil moisture, Fe203, silt, and clay.

Both increased soil moisture and dry soil density have the potential to at-
tenuate the 40K activity. The inverse relationship with clay and silt sug-
gests that sandy soils have a greater 40K activity. However, the finding is
contrary to our expectation where clays are known to have a high potas-
sium content and presumably 40K activity. It is possible that other varia-
bles, possibly soil density or soil moisture, are confounding this relation-
ship. Clay or silty soils are more easily compacted (higher soil density) and
can hold a greater degree of soil moisture, which would have a tendency to
attenuate a 4°K signature.

Principal Component 2 indicates that 49K activity, potassium content,
Al203, moisture, silt and clay, and Fe203 are similarly related and inversely
related to sand, density, and SiO2. In addition to dry soil density, the re-
sults indicate other variables are potentially influencing the measured 4°K
activity of the soil.
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Conclusions

This study established at lab scale the phenomenology of in situ gamma-
ray emissions from the soil surface to detect differences in soil compaction
state. Standoff measures of 40K activity decrease with an increase in soil
bulk density or between an uncompacted and compacted soil state. In ad-
dition, standoff passive soil 90K gamma emissions are a repeatable, sensi-
tive indicator of soil fabric disturbance that results in changes in soil bulk
density when soil materials are of similar composition. Soil compositional
variables do impact the nature of the 40K activity versus bulk-density rela-
tionship. Changes in bulk density contribute enough variance in the over-
all data that there is not one simple linear relationship between soil bulk
density and 40K activity that characterizes all soils. Neither soil potassium
content nor soil moisture content, however, were significant enough inter-
ferences to overwhelm the soil 49K activity and to prevent its use as a met-
ric of soil compaction state

Relationships observed between soil potassium content, 40K activity, soil
bulk density, and soil moisture content suggest that it may be possible to
correct for potential interferences from soil potassium content and soil
moisture content if needed by adjusting the spatial scale of measurements
(focusing on microscale variability rather than macroscale) or by using
time series of measurements to account for effects from very temporally
variable parameters such as soil water content.

The phenomenology of the use of in situ soil 49K activity to infer soil com-
paction state is significant enough to explore increasing instrumentation
sensitivity (e.g., HPGe based detector) or other methodological enhance-
ments (e.g., spatiotemporal sequenced measurements over short dis-
tances) that would increase standoff distance, shorten spectra collection
times, and enhance detection of microscale patterns. This would increase
the utility of this method for field application in real time.
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Appendix A: Additional Chemistry Data

Table A-1. Elementa results (mg/kg) for the four test soils.

Sample

Name | As Ba Ca Cr Co Cu Mg | Mn Ni P K Na Tl Ti \' Zn
Cemetery | 105 |1197 |12519 (271 12481 (<50 [2221 (274 |<50 |378 [35500 31988 (125 1626 (59 64
EGP 138 |[773 53875 | 140 12481 (75 20331|878 |51 1145 [28563 (26213 (338 |4262 |110 |[213
South Bin [129 522 14969 | 155 12813 | <50 12963 ({898 (64 747 2445625981326 [4409 (115 174
North Bin 124 (414 23725251 12606 |55 12656 (881 |65 691 19625 (28494 (311 |4104 |124 178
Table data is in units of ug/kg.
As = arsenic Ba = barium Ca = calcium Cr = chromium Co = cobalt Cu = copper
Mg = magnesium Mn = manganese Ni = nickel P = phosphorus K = potassium Na = sodium

Tl = thallium

Ti= titanium

V =vanadium

Zn =zinc
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