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1
DEVICES AND METHODS FOR MEASURING
THERMAL FLUX AND ESTIMATING RATE
OF CHANGE OF REACTIVE MATERIAL
WITHIN A SUBSURFACE FORMATION

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority from U.S. provisional
patent application Ser. No. 61/941,194, entitled “Subsurface
Thermal Flux Tools” filed on Feb. 18, 2014, the entirety of
which is incorporated by reference herein.

FIELD OF THE INVENTION

This application relates to devices and methods for mea-
suring subsurface thermal fluxes and for estimating rates of
changes of the amount of reactive material within a subsur-
face formation using the measured thermal fluxes. In par-
ticular, this application relates to methods of measuring
subsurface thermal fluxes using at least one array of tem-
perature sensors distributed along a vertical transect extend-
ing from the surface and into the subsurface of a region of
interest. This application further relates to methods of esti-
mating a rate of change in an amount of a reactive material
within a portion of the region of interest based on pertur-
bations of the thermal profile within the subsurface due to an
endothermic or exothermic reactions of the reactive material
within the portion of the region of interest.

BACKGROUND OF THE INVENTION

An ongoing environmental challenge is managing the
legacy of anthropogenic activities that have resulted in the
contamination of groundwater, surface water, soil, and/or
soil gas via subsurface source zones. Source zones may be
defined as saturated or unsaturated subsurface regions con-
taining hazardous substances, pollutants, or reactive mate-
rials that may act as reservoirs that sustain a reactive
material plume in groundwater, surface water, or air or may
act as sources for direct exposure. These source zones may
include sorbed and aqueous-phase reactive materials as well
as non-aqueous reactive materials such as solids or non-
aqueous phase liquids (NAPLs).

The identification and cleanup of source zones may be
difficult due to heterogeneity within the subsurface forma-
tions in the form of spatial variations in permeability and
porosity that may result in the sparse distribution of the
reactive materials within the subsurface formations. As a
result, locating regions within source zones that require
treatment is difficult. Furthermore, monitoring the reactive
materials within source zones and the effect of remedial
agents on reactive materials within source zones is chal-
lenging due to the relative inaccessibility of these subsurface
formations, which may extend well over about 30 feet below
ground surface.

The monitoring of reactive materials introduced into
preexisting subsurface formations poses an ongoing chal-
lenge for the environmental management of various indus-
trial facilities as well as waste collection, processing, and
storage facilities. Existing monitoring methods may exploit
the microbially-mediated biodegradation of organic reactive
materials, which may produce carbon dioxide and heat
within a contaminated region of the subsurface formation.
These existing methods, such as the Licor Trap Method or
the CO, Trap Method, estimate reactive material loss rates
using measured efflux of CO, above contaminated subsur-
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face formations, assuming that the amount of CO, measured
is directly related to the reactive material loss rate resulting
from biodegradation. These CO,-based methods provide
estimates based on a small area over a short period of time,
but are less effective at providing the long-term monitoring
capability needed to assess ongoing contamination events or
to assess the effectiveness of remediation of the contami-
nated subsurface formation. Chimneying, ground surface
cover, heterogeneities in the soil, and short or long term
climatic events may cause a large variability in reactive
material loss rates estimated using these existing methods.
Further, inorganic reactive materials, such as aluminum,
may not be compatible with these existing methods because
the degradation reactions within the contaminated subsur-
face formations may not produce CO,.

A need exists for a robust method for monitoring the rate
of change of an amount of reactive material within a
subsurface formation using measurements that are compat-
ible with a wide variety of potential reactive materials. Such
a method may be used to monitor the degree of contamina-
tion of a subsurface formation, to detect the introduction of
additional reactive materials into the formation, to assess the
rate of degradation of the reactive materials, and to assess
the effectiveness of remediation of the contaminated sub-
surface formation.

SUMMARY OF THE INVENTION

In an aspect, a method for detecting a rate of change of an
amount of a reaction material within a subsurface formation
may include monitoring at least one thermal parameter at
one or more positions within the subsurface formation;
removing the effects of non-reaction material energy sources
or sinks from the at least one thermal parameter to obtain at
least one corrected thermal parameter; calculating one or
more energy fluxes using the at least one corrected thermal
parameter according to a plurality of energy transfer rules;
calculating a net rate of energy change produced by the
endothermic reaction or the exothermic reaction of the
reaction material within the subsurface formation by com-
bining the one or more energy fluxes; and converting the net
rate of energy change into the rate of change of the amount
of the reaction material according to a reaction rule repre-
senting the endothermic reaction or the exothermic reaction
of the reaction material within the subsurface formation. The
reaction material may undergo an endothermic reaction or
an exothermic reaction within the subsurface formation. The
at least one thermal parameter may include a temperature or
a thermal flux.

In another aspect, the method may further include moni-
toring the rate of change in the amount of the reaction
material and reporting a new release of the reaction material
into the formation if the rate of change in the amount of the
reaction material exceeds a threshold value. The method
may further include monitoring the rate of change in the
amount of the reaction material after initiation of a site
remedy to monitor the effectiveness of the site remedy. The
method may further include integrating the rate of change in
the amount of the reaction material to calculate a cumulative
change in the amount of the reaction material within the
subsurface formation.

In an aspect, the one or more positions may include at
least two positions separated by a vertical separation dis-
tance, a horizontal separation distance, or any combination
thereof. In this aspect, the at least one thermal parameter
may include at least five temperatures from at least five
vertical positions along a vertical transect through the sub-
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surface formation. The at least five vertical positions may
include a first position near ground or top surface; a second
position between the first position and a region including
reactive material of the subsurface formation; a third posi-
tion within the region including reactive material of the
subsurface formation; a fourth position below the region
including reactive material of the subsurface formation; and
a fifth position between the fourth position and the region
including reactive material of the subsurface formation. The
at least one corrected thermal parameter is obtained by
subtracting at least one background thermal parameter from
the at least one thermal parameter at each corresponding
position, and each background thermal parameter may
include a representation of a thermal parameter within a
reactive material-free region from the subsurface formation
matched to one position of one thermal parameter. The at
least one background thermal parameter is obtained by
measuring the at least one background thermal parameter
within a reactive material-free region situated near the
region including reactive material of the subsurface forma-
tion or estimating the at least one background thermal
parameter using a theoretical model of subsurface thermal
parameters.

In another aspect, the plurality of energy transfer rules
may include a heating rule used to calculate the rate of
change of energy within the region including reactive mate-
rial of the subsurface formation associated with temperature
changes; a sensible heat conduction rule used to calculate a
conductive heat flux from the subsurface formation via an
amount of substrate adjacent to the region including reactive
material of the subsurface formation; a sensible heat con-
vection rule used to calculate convective heat flux via water
flowing through the subsurface formation; a latent heat
transfer rule used to calculate a latent heat flux from the
subsurface formation via a movement of water vapor
through the subsurface formation; or any combination
thereof. The reaction rule used to convert the net rate of
energy change into the rate of change of the amount of the
reactive material may include dividing the net rate of energy
change by an enthalpy change of the reaction of the reactive
material within the subsurface formation.

In yet another aspect, a method for detecting a rate of
change of an amount of a reactive material within a subsur-
face formation may include monitoring a plurality of site
temperatures from at least five positions along a vertical
transect passing through the subsurface formation; calculat-
ing a plurality of corrected temperatures by subtracting a
plurality of background temperatures from the plurality of
site temperatures at each of the at least five vertical posi-
tions; calculating a net rate of energy change produced by
the endothermic reaction or the exothermic reaction of the
reactive material within the subsurface formation by adding
one or more energy fluxes; and calculating the rate of change
of the amount of the reactive material within the subsurface
formation by dividing the net rate of energy change by a
change in enthalpy associated with the exothermic or endo-
thermic reaction of the reactive material within the subsur-
face formation. The reactive material undergoes an endo-
thermic reaction or an exothermic reaction within the
subsurface formation. The at least five vertical positions may
include a first position situated near ground or top surface;
a second position situated between the first position and a
region including the reactive material of the subsurface
formation; a third position situated within the region includ-
ing the reactive material of the subsurface formation; a
fourth position situated below the region including the
reactive material of the subsurface formation; and a fifth
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position situated between the fourth position and the region
including reactive material of the subsurface formation.
Each of the plurality of background temperatures may
include a representation of a temperature from a vertical
position within a reactive material-free region. The one or
more energy fluxes may include a rate of change of energy
within the region including the reactive material of the
subsurface formation associated with temperature changes;
a conductive heat flux from the region including the reactive
material of the subsurface formation via an amount of
substrate adjacent to the region; and a convective heat flux
via water flowing through the region including the reactive
material of the subsurface formation.

In this aspect, the plurality of background temperatures
may be obtained by measuring the background temperatures
along a second vertical transect within a reactive material-
free region of the subsurface formation situated near the first
vertical transect or estimating the background temperatures
using a theoretical model of subsurface temperatures. The
method may further include calculating the rate of change of
energy associated with temperature changes within the
region including the reactive material subsurface formation
by multiplying a rate of change of the corrected temperature
at the third position by a vertical thickness of the region
including the reactive material subsurface formation and by
a volumetric heat capacity representative of the soil within
the subsurface formation. The method may further include
calculating the vertical conductive heat flux using the cor-
rected temperatures by calculating an upper thermal gradient
by dividing a first differential between the corrected tem-
peratures at the first and second positions by a first vertical
separation distance between the first and second positions;
calculating an upper conductive heat flux by multiplying the
upper thermal gradient by a first thermal conductivity rep-
resentative of the soil above the subsurface formation;
calculating a lower thermal gradient by dividing a second
differential between the corrected temperatures at the fourth
and fifth positions by a second vertical separation distance
between the fourth and fifth positions; and calculating a
lower conductive heat flux by multiplying the lower thermal
gradient by a second thermal conductivity representative of
the soil below the subsurface formation.

In another aspect, the method may further include moni-
toring groundwater levels along the vertical transect to
measure a vertical water flux flowing through the subsurface
formation. In this aspect, the method may further include
calculating a vertical convective heat flux by multiplying a
third differential between the corrected temperatures at the
second and fifth positions by the vertical water flux and by
the volumetric heat capacity of water. The conductive heat
flux may include a vertical conductive heat flux, a horizontal
conductive heat flux, a lateral conductive heat flux mutually
perpendicular to the vertical and horizontal conductive heat
fluxes, and any combination thereof. The convective heat
flux may include a vertical convective heat flux, a horizontal
convective heat flux, a lateral convective heat flux mutually
perpendicular to the vertical and horizontal convective heat
fluxes, and any combination thereof.

In yet another aspect, the reactive material may be a light
non-aqueous phase liquid (LNAPL) including at least one
hydrocarbon. In certain embodiments, the endothermic or
exothermic reaction may be a microbial biodegradation of
the at least one hydrocarbon of the LNAPL. The change in
enthalpy may be calculated by calculating a stoichiometric
change in entropy, a stoichiometric change in enthalpy and
a stoichiometric change in free energy for one or more
reduction-oxidation reactions associated with the microbial
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biodegradation; and calculating the change in enthalpy by
multiplying the stoichiometric change in enthalpy by an
energy transfer efficiency. The change in enthalpy may
include the proportion of the stoichiometric change in
enthalpy released as heat during the microbial biodegrada-
tion. The one or more reduction-oxidation reactions associ-
ated with the microbial biodegradation may include aerobic
respiration, denitrification, manganese reduction, iron
reduction, sulfate reduction, nitrate reduction, methanogen-
esis, or any combination thereof.

While multiple embodiments are disclosed, still other
embodiments of the present disclosure will become apparent
to those skilled in the art from the following detailed
description, which shows and describes illustrative embodi-
ments of the disclosure. As will be realized, the invention is
capable of modifications in various aspects, all without
departing from the spirit and scope of the present disclosure.
Accordingly, the drawings and detailed description are to be
regarded as illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

The following figures illustrate various aspects of the
disclosure.

FIG. 1 is a block diagram summarizing a method 100 for
monitoring a rate of change in an amount of a reactive
material within a subsurface formation.

FIG. 2 is a schematic diagram illustrating the volume of
the subsurface formation used to conduct the energy bal-
ance.

FIG. 3 is a schematic representation of a subsurface
thermal monitoring system installed within a subsurface
formation.

FIG. 4 is a diagram illustrating the locations of thermal
measurements used to monitor LNAPL degradation.

FIG. 5 is a color temperature contour summarizing the
temperature gradients calculated using the thermocouple
measurements.

FIG. 6 is a color temperature contour summarizing the
corrected temperature gradients calculated by subtracting
the background temperatures from each of the temperatures
measured at each of the other locations.

FIGS. 7A, 7B, 7C, 7D, 7E, and 7F are graphs summa-
rizing the temperature profiles at site N1, which contains
LNAPL bodies, as well as at site B1 (Background) which
does not include any LNAPL deposits, measured at six
different dates between May 1 and October 1.

FIG. 8 is a graph summarizing the daily LNAPL loss rates
in gallons of LNAPL per acre per year.

FIG. 9 is a graph summarizing the integrated LNAPL
losses in gallons per acre for the period (April 14 to
December 14).

Corresponding reference characters indicate correspond-
ing elements among the views of the drawings. The headings
used in the figures should not be interpreted to limit the
scope of the claims.

DETAILED DESCRIPTION

In various aspects, the present disclosure provides sys-
tems and methods for measuring a rate of change in an
amount of a reactive material within a subsurface formation
using measurements of thermal parameters at one or more
positions within the formation. These systems and methods
may measure thermal parameters including, but not limited
to, thermal gradients and/or temperatures at one or more
positions within the subsurface formation. The measured
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thermal parameters may be used to perform an energy
balance to determine the heat generated by the degradation
of the reactive material. The method may then convert the
heat generated by the degradation of the reactive material to
a rate of change in the amount of reactive material within the
subsurface formation using the known change in enthalpy
for the degradation reactions known to break down the
reactive materials within the subsurface formation.

It was discovered unexpectedly that when the thermal
parameters measured by the systems disclosed herein were
corrected to remove the effects of other thermal sources and
sinks within the subsurface formation, the energy balance
resulting from the corrected thermal parameters provided
consistently accurate measurements of the rate of change of
the amount of reactive materials within the subsurface
formation. Non-limiting examples of the thermal sources
and sinks that may impact the thermal parameters measured
using the systems disclosed herein include: geothermal heat
sources, solar radiation at ground level, daily variations in
air temperature at ground level, and seasonal variations in air
temperature at ground level.

The systems and methods described herein overcome
many of the limitations of existing methods of monitoring
the rate of degradation of a reactive material within a
subsurface formation. Measurements of thermal parameters
are inherently less prone to variability introduced by site-
specific artifacts including, but not limited to, ground cover
or seasonal climate variations. The thermal parameters may
be measured continuously over extended periods of time,
thereby enabling long-term monitoring of degradation rates
or assessment of the effectiveness of remediation of the
reactive material subsurface formation with any desired
degree of temporal resolution. Significantly, the thermal
measurements are especially robust compared to existing
methods because the rate of change of energy within the
region including the reactive material may result from a
wide variety of reactions of reactive materials that result in
any sort of thermal signature within the subsurface forma-
tion.

In one aspect, the measured thermal parameters may
capture the effect of exothermic degradation reactions
including, but not limited to: heat-generating biodegradation
of organic reactive materials such as hydrocarbons, oxida-
tion of inorganic reactive materials including metals, and
radioactive decay of radioactive materials. In another aspect,
the measured thermal parameters may capture the effect of
endothermic reactions including, but not limited to, the
evaporation of volatile reactive materials within the subsur-
face formation. In various aspects, the systems and methods
disclosed herein may monitor the rate of change of the
amount of any reactive materials which undergoes any
reaction within the subsurface formation that results in any
change in temperature including but not limited to heat-
generating exothermic reactions and heat-absorbing endo-
thermic reactions.

In various other aspects, a thermal monitoring system
may be used to obtain the measurements of thermal param-
eters for at least one position within the subsurface forma-
tion. In various aspects, the thermal monitoring system may
enable a one-dimensional, two-dimensional, or three-dimen-
sional energy balance for the reactive material subsurface
formation. In one aspect, the measurements of the thermal
parameters may be obtained along a linear transect, resulting
in a one-dimensional characterization of the thermal param-
eters within the reactive material subsurface formation. By
way of non-limiting example, thermal parameters may be
measured along a vertical transect to provide a character-
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ization of the thermal parameters as a function of depth
below ground surface of the formation (or the top surface of
the formation, if the surface extends above ground, e.g., as
with a landfill or compositing site). In another aspect, the
measurements of the thermal parameters may be obtained
within a planar array, resulting in a two-dimensional char-
acterization of the thermal parameters within the reactive
material subsurface formation. By way of non-limiting
example, thermal parameters may be measured along two
vertical transects separated laterally, thereby providing a
characterization of the thermal properties as a function of
depth below ground or top surface of the formation and as
a function of the horizontal distance in the plane defined by
the two vertical transects. By way of yet another non-
limiting example, thermal parameters may be measured
along three non-coplanar transects, thereby providing a
three-dimensional characterization of the thermal properties
within the reactive material subsurface formation.

Additional descriptions of the systems and methods for
monitoring the rate of change of an amount of a reactive
material within a subsurface formation are provided herein
below.

1. Method for Monitoring Rate of Change of Amount of
Reactive Material in a Subsurface Formation

The method of the present disclosure in various aspects
may be used to monitor changes in the amount of a reactive
material within a subsurface formation using measured
thermal parameters including, but not limited to, thermal
gradient and temperature within the subsurface formation.
“Subsurface formation”, as used herein, refers to any local
region including a ground or top surface area and a volume
of substrate situated vertically beneath the exposed ground
or top surface. In various aspects, the subsurface formation
may include a substrate or porous media including, but not
limited to, soil, sand, clay, porous rock, non-porous rock,
man-made substrates such as asphalt or concrete, and any
combination thereof. In various other aspects, the substrate
of subsurface formation may further include water at various
saturation levels ranging from relatively dry substrate to
completely saturated substrate including, but not limited to
groundwater. The subsurface formation may further include
various organisms including, but not limited to, bacteria,
fungi, plant roots, and burrows of larger organisms includ-
ing, but not limited to: insect larvae, adult insects such as
ants, amphibians such as frogs or salamanders, reptiles such
as snakes or lizards, and mammals such as mice, rabbits, or
moles.

FIG. 1 is a block diagram summarizing a method 100 for
monitoring a rate of change in an amount of a reactive
material within a subsurface formation. In various aspects,
the method obtains measurements of one or more thermal
parameters at one or more positions within the subsurface
formation at step 102. The measured thermal parameters are
corrected to remove the effects of background thermal
sources and sinks within the subsurface formation not
related to the endothermic or exothermic reaction of the
reactive material at step 104. The corrected thermal param-
eters measured in this method provide sufficient information
to conduct an energy balance at step 106 that characterizes
the rate of change of energy within a region including the
reactive material of the subsurface formation. The rate of
change of energy within the region including the reactive
material may be converted to a rate of change of the amount
of reactive material within the subsurface formation at step
108.

Additional descriptions of the method 100 are provided
herein below.
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A) Measure Thermal Parameters

Referring again to FIG. 1, the method 100 includes
obtaining measurements of at least one thermal parameter
for at least one position within the subsurface formation at
step 102. In various aspects, the thermal parameters may
include parameters to be used in the energy balance con-
ducted at step 106. As described herein below, the energy
balance accounts for the generation or absorption of energy
within the region including the reactive material of the
subsurface formation, as well as the transport of energy in
and out of the region including the reactive material by way
of known energy transport mechanisms including, but not
limited to, conduction and convection.

The rate of change in energy within the region including
the reactive material may be calculated using a measured
rate of change of the temperature within the region including
the reactive material, as described in detail herein below. In
one aspect, the method 100 may measure temperature within
the region including the reactive material over a predeter-
mined time interval at step 102, and the time history of the
measured temperature may be processed using known meth-
ods to calculate the rate of change in temperature. The
temperature measurement may be performed using any
suitable temperature sensor described in detail herein below.
In another aspect, temperatures at two or more locations
within the region including the reactive material may be
obtained over a predetermined time interval. In this other
aspect, any known data analysis method may be used to
combine the measured temperatures at the at least two
positions including, but not limited to: averaging the tem-
peratures measured at the two or more locations at each time
point; selecting the highest or lowest temperature at each
time point, or selecting the time history of the position
having the highest or lowest average temperature may be
selected for use.

Conductive heat flow may be assessed using temperature
gradients measured within the region of the subsurface
formation adjacent to the region including the reactive
material as described herein below. In various aspects, the
temperature gradients may be measured in any one or more
directions including, but not limited to: vertical; horizontal
including left/right and/or north/south/east/west; and any
combination thereof. In one aspect, the temperature gradient
may be measured directly using a temperature gradient
sensor as described herein below. In another aspect, the
temperature gradient may be assessed by obtaining tempera-
ture measurements at two or more positions along a desired
direction described herein above. In this other aspect, the
magnitude of the temperature gradient may be calculated by
dividing the difference in temperature between the two or
more positions by the separation distance between the two or
more positions. By way of non-limiting example, two tem-
perature sensors positioned at two positions along a vertical
transect may be positions within the region of the subsurface
formation situated vertically above a region including the
reactive material to measure the temperature gradient above
the region including the reactive material.

In various other aspects, additional measurements of other
characteristics of the subsurface formation may be obtained
for use in the energy balance. Non-limiting examples of
suitable additional measurements include: ground water
level; % water saturation at one or more positions; water
flow rate; thermal conductance of the substrate within the
subsurface formation, heat capacity of the substrate within
the subsurface formation, and any other suitable character-
istics of the subsurface formation used in the energy balance
calculations as described herein below.
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The choice of thermal parameters to be measured and the
number of positions within the subsurface formation at
which to perform measurements can and will vary depend-
ing on any one or more of a variety of factors including, but
not limited to: available instrumentation, accessibility of
formation to thermal sensors, unique characteristics of the
formation, and any other relevant factor.

B) Correct Thermal Parameters

Referring again to FIG. 1, the method 100 may include
removing background thermal effects to calculate corrected
thermal parameters at step 104. The background thermal
effects may include any thermal effects due to non-reactive
material heat sources and sinks as described herein above
including, but not limited to: geothermal heat generation
and/or solar radiation at ground level.

In one aspect, each corrected thermal parameter may be
calculated by subtracting a corresponding background ther-
mal parameter from the measured thermal parameter from
step 102 as described herein above. The corresponding
background thermal parameter may be thermal parameter at
a corresponding position within the subsurface obtained in
the absence of a region including the reactive material. By
subtracting the background thermal parameter from the
measured thermal parameter, the resulting corrected thermal
parameters represent the thermal parameters resulting exclu-
sively from the energy changes generated by the exothermic
or endothermic reactions of the reactive material within the
subsurface formation.

In one aspect, the background thermal parameters may be
obtained by conducting thermal parameter measurements as
described herein above at a second region of the subsurface
formation characterized by the absence of any regions
including the reactive material contributing thermal effects
to the thermal parameter measurements. In another aspect,
the background thermal parameters correspond to the ther-
mal parameters measured within or near the region including
the reactive material based on a similarity in position
relative to other features of the subsurface formation, includ-
ing, but not limited to: proximity to ground level, distance
above ground water, depth within ground water, and any
other relevant measure of similarity.

In another aspect, the background thermal parameters
may be calculated using a theoretical thermal model repre-
senting the distribution of thermal parameters within the
subsurface formation in the absence of reactive materials.
Any suitable theoretical model may be used including, but
not limited to, applicable heat transfer models as outlined by
Carslaw and Jaeger, Conduction of heat in solids. Oxford:
Clarendon Press (1959). In this aspect, thermal parameters
used as inputs to the theoretical thermal model may be
obtained from measurements obtained at the subsurface
formation including, but not limited to: ambient air tem-
perature, soil temperature at ground level, and any other
suitable thermal parameter.

C) Perform Energy Balance

Referring again to FIG. 1, the method 100 may include
performing an energy balance at step 106 to determine the
energy generated by the exothermic or endothermic reaction
of the reactive material within the subsurface formation.
FIG. 2 schematically illustrates the energy balance volume
202 upon which the energy balance is performed, as well as
the energy fluxes considered in the energy balance. The
energy balance volume 202 may consist of the region
including the reactive material of the subsurface formation
both above and below the water table.
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In one aspect, the energy balance as expressed as Equa-
tion 1 is applied to the energy balance volume illustrated in
FIG. 2:

dE
— Eour, + Epyw £5 = i

m
Ep, +Ep, +Ey, -

ny iny out; Eourx

where E,, is the rate of conductive and convective energy
input in the z direction, E,, is the rate of conductive and
convective energy input in the x direction, Emy is the rate of
conductive and convective energy input in the y direction,
E,,., is the rate of conductive and convective energy output
in the z direction, E,,, is the rate of conductive and con-
vective energy output in the x direction, E_, is the rate of
conductive and convective energy output in the y direction,
E v 1s the energy produced by the endothermic or exother-
mic reaction of the reactive material within the subsurface
formation, S is a term that represents energy sources and/or
sinks, and

dE
dr

is the rate of change of energy within the energy balance
volume 202.

By way of non-limiting example, the change in energy
with time in the z direction may be due to conduction,
convection of sensible heat by water and vapor, and con-
vection of latent heat by vapor as described by the following
equation:

Ep, —Ep, = E; -E, +E; - 2
ing oty 2 ond outz M 2convy,
E, +E - E -E
omzconvw mzconvv omzconvv Zconvvmem
where

in, = Eour
Zcond Zcond

is the change in energy with time due to conduction,

Ep, = Eou,
oy oy

is the change in energy with time due to convection of
sensible heat by water,

Einlconvv _Eomzconvv
is the change in energy with time due to convection of

sensible heat by vapor, and

Zconv,
Viatent
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is the change in energy with time due to convection of latent
heat by vapor. The inflow and outflow due to conduction
may be described by the following equations:

E;nzmnd = —k VTAxAy 3

E""’Zcond = —kVTAxAy 4
where

Enlcond

is the energy flow into the energy balance volume in the z
direction due to conduction

E,
U cond

is the energy flow out of the energy balance volume in the
z direction due to conduction, K, is the thermal conductivity
of the material above the energy balance volume 202, K, is
the thermal conductivity of the material above the energy
balance volume 202, VT, is the temperature gradient above
the energy balance volume, VT, is the temperature gradient
below the energy balance volume, and AxAy is the cross-
sectional area perpendicular to the z direction. The inflow
and outflow due to convection of sensible heat by water are
described by the following equations:

®

E; = ByinCw i
L winCw Lwin

©

E, = Mo O 1,
Ouizconvw wout“w+ wout

Where

Mzconvyy

is the energy flow into the energy balance volume in the z
direction due to convection of sensible heat by water,

E,
O 2o onvyy

is the energy flow out of the energy balance volume in the
z direction due to convection of sensible heat by water, r,,
is the mass flow of water into/out of the energy balance
volume, c,, is the specific heat of the water, T, is the
temperature of the water, and subscripts in and out represent
the inflowing and outflowing water. Equations (5) and (6)
can be combined to give the change in energy with time due
to convection of sensible heat by water in the z direction:

Erepmy, = €t Toin = Mo Tocn) ™

The inflow and outflow due to convection of sensible heat
by vapor are described by the following equations:
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®

ing = yinCyTvin
convy

®

Eour, = —yourCy Tvin
convy

Where

Mzconv,,

is the energy flow into the energy balance volume in the z
direction due to convection of sensible heat by vapor,

O Zeonv,

is the energy flow out of the energy balance volume in the
z direction due to convection of sensible heat by vapor, i,
is the mass flow of vapor into/out of the energy balance
volume, c, is the specific heat of the vapor, and T, is the
temperature of the vapor. Equations (8) and (9) can be
combined to give the change in energy with time due to
convection of sensible heat by vapor in the z direction:

Ezco,wv Cy(#rvin Tvin — Pvour Tvour) (10)

The inflow due to convection of latent heat by vapor is
taken to be zero. The flow due to convection of latent heat
by vapor in the z direction therefore is:

=-Log,AxAy (1D

Zc,
VViatent

where L, is the volumetric latent heat of vaporization of
liquid water, and q,, is the water vapor flux.

The change in energy within the volume 202 may be
described by the following equation:

aenvane 4T (12)
dr Ry

Where Az is the height of the energy balance volume and C,,
is the volumetric heat capacity of the energy balance vol-
ume.

Combining equations (3), (4), (7), (10), (11), and (12), the
overall energy balance within the volume 202 may be
expressed as:

(—k1VT1AxAY) — (—k, VT AXAY) + (13)

(CwyinTin = Mg Tywour)) + (= v (i Toin = Myous Tyour)) +

dT
(Log,AxAy) + Egxy £.5 = AxAyAzCy, x

where E ., is the rate of energy released to the surrounding
environment during the endothermic or exothermic reaction
of the reactive material within the subsurface formation. In
an aspect, the rate of energy released to the surrounding
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environment may be converted to a rate of change in the
amount of reactive material within the subsurface formation
using the change in enthalpy associated with the endother-
mic or exothermic reaction as described herein below.

In another aspect, the energy balance may be performed
using corrected thermal parameters calculated by removing
the background thermal effects from the measured thermal
effects as described herein above. In this other aspect, only
the energy source due to the endothermic or exothermic
reaction of the reactive material within the subsurface for-
mation is of interest for this model. To separate the heat flux
due to endothermic or exothermic reaction of the reactive
material from the heat fluxes due to other factors including,
but not limited to surface heating and cooling, the geother-
mal gradient, and lateral translation of heat, a background
subtraction method may be utilized. The subsurface thermal
parameters at a background location that does not have an
energy source due to the endothermic or exothermic reaction
of the reactive material may be subtracted from the thermal
parameters measured at a region including the reactive
material of the subsurface formation to calculate the thermal
parameters due to the endothermic or exothermic reaction of
the reactive material. These corrected thermal parameters
may then be used in the energy balance to determine the heat
produced from the endothermic or exothermic reaction of
the reactive material.

Within the region including the reactive material, the
simplified energy balance is represented by the following
equation:

dE 14
E _FE (14)

+85 =
" mpact oMl fypact +Egyy £5

Umact

where subscript Impact indicates the region including the
reactive material. However, at the background location,
there is not an energy source due to the endothermic or
exothermic reaction of the reactive material, so the simpli-
fied energy balance is:

_dE
T digig

1s)

L — +
Einpyy — Fougy *

where subscript Bkg indicates the background location. The
term S represents the sources and sinks due to other factors
including, but not limited to surface heating and cooling, the
geothermal gradient, and the lateral movement of energy
into or out of the area of interest. Assuming that S is the
same at both the impacted and background location, equa-
tion (14) may be solved for S, which is then plugged in to
equation (15) and solved for Ey ., to obtain:

Epxn = (16)

dE dE ]

_(E""lmpaa - E""Bkg) + (Eomlmpacr - EomBkg ) + (dflmaa - digig

Because the soil properties are assumed to be the same as
the reactive material and background locations, the energy
difference between each term in equation 16 is due solely to
the temperature difference between the impacted and back-
ground location. Thus, the temperature at the background
location at each depth or other corresponding position as
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described herein above may be subtracted from the tem-
perature measured at the reactive material location to cal-
culate the corrected temperature. This corrected temperature
may then be substituted into the overall energy balance
equation (equation (13)) to eliminate the unknown term S.
The new energy balance becomes:

(—k1 VT AxAY) — (VT ,AxAY) + 17
(€ itsin Tewin = Fvwous Towour)) + (= Cy (v Tevin = Hvous Tevous)) +

7.

(LogyAxAy) + Egxy £5 = AxAyAzCy, r

where T, is the corrected temperature.

In an additional aspect, the rate of energy released to the
surrounding environment (Ex+,,) due solely to the endother-
mic or exothermic reaction of the reactive material within
the subsurface formation as calculated by Equation 17 may
be converted to a rate of change in the amount of reactive
material within the subsurface formation using the change in
enthalpy associated with the endothermic or exothermic
reaction as described herein below.

D) Convert Rate of Energy Change to Rate of Change in
Amount of Reactive Material

Referring again to FIG. 1, Egy,, the rate of energy
released to the surrounding environment that is associated
with the endothermic or exothermic reaction of the reactive
material within the subsurface formation, was calculated
previously at step 106 using the energy balance equation in
terms of the corrected thermal parameters (Equation 17). At
step 108, E., may be converted to a rate of change of
change in mass of the reactive material within the subsurface
formation according to Equation 18.

—Epxy MWgny
AH,

18
LossRate = 18

PRM

where AH, is the enthalpy released during the endothermic
or exothermic reaction of the reactive material, MWy, ,is the
molecular weight of the reactive material, and pg,, is the
density of the reactive material.

In one aspect, if the reactive material is an inorganic
compound undergoing a single endothermic or exothermic
reaction within the subsurface formation, AH, may be
retrieved from any reference known in the art that docu-
ments the thermodynamic parameters, including AH,, asso-
ciated with the single endothermic or exothermic reaction.

In another aspect, if the reactive material is undergoing
microbial biodegradation, the involvement of the microbes
invokes additional considerations with respect to the appro-
priate value for the enthalpy change AH, to use during the
conversion of the rate of energy change to the rate of change
in the amount of reactive material within the subsurface
formation. Microbial biodegradation may involve multiple
reactions or pathways which may be combined as described
herein below to yield enthalpy change AH, for the overall
microbial degradation. In addition, the energy produced by
the biodegradation reaction may be divided into a portion
released as heat to the surrounding environment and a
portion directed to growth and reproduction of the microbes
performing the biodegradation. In this other aspect, the
stoichiometric change in enthalpy, used herein to describe
the total amount of energy change resulting from the bio-
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degradation reaction, may be reduced by an energy transfer
efficiency described in additional detail herein below.

In various other aspects, microbially mediated biodegra-
dation reactions may involve multiple pathways in which
each pathway is associated with a change in free energy,
enthalpy, and entropy. Non-limiting examples of chemical
pathways associated with microbially mediated biodegrada-
tion include: aerobic respiration, denitrification, manganese
reduction, iron reduction, sulfate reduction, nitrate reduc-
tion, methanogenesis, or any combination thereof. To deter-
mine the thermodynamic parameters describing the overall
biodegradation of the reactive material, the changes for each
pathway may be combined to calculate the changes in free
energy, enthalpy, and entropy for the overall biodegradation.

In various other aspects, the stoichiometric change in
enthalpy used in Equation 22 to calculate the loss rate of the
reactive material within the subsurface formation may be
reduced to account for diversion of a portion of the energy
yield to microbial growth and reproduction. Without being
limited to any particular example, a wide range of energy
transfer efficiencies exists. In various additional aspects, the
energy transfer efficiency may be determined using any one
or more evaluation methods including, but not limited to: a
field study to determine the overall energy yield, The actual
energy transfer efficiency of a reaction depends on the
microorganisms, substrates, and environment at a particular
location. Due to this variability, a range of efficiencies may
be considered when using the method.

In one aspect, any value of energy transfer efficiency E
may be used without limitation. In various aspects, the
energy transfer efficiency E may be estimated or calculated
from experimental microbial growth yields, field measure-
ments of microbial growth yields, estimated using thermo-
dynamics based on electron and energy balances, and/or
calibrated using an independent measure of energy flux
including, but not limited to CO, traps as a calibration
standard. In various other aspects, the energy transfer effi-
ciency E may range from about 0.1 to about 0.9. In addi-
tional aspects, the energy transfer efficiency E may range
from about 0.1 to about 0.3, from about 0.2 to about 0.4,
from about 0.3 to about 0.5, from about 0.4 to about 0.6,
from about 0.5 to about 0.7, from about 0.6 to about 0.8, and
from about 0.7 to about 0.9.

Without being limited to any particular example, a wide
range of energy transfer efficiencies exists. The actual effi-
ciency of a reaction depends on the microorganisms, sub-
strates, and environment at a particular location. Due to this
variability, a range of efficiencies may be considered when
using the method.

II. Subsurface Thermal Monitoring System

In an aspect, a subsurface thermal monitoring system may
be used to monitor the at least one thermal parameter at one
or more positions within the subsurface formation. FIG. 3 is
a schematic representation of a subsurface thermal monitor-
ing system 300 installed within a subsurface formation in
one aspect. The system, 300 may include a plurality of
temperature sensors 302 including, but not limited to tem-
perature sensors 302A, 302B, 302C, 302D, 302E, 302F,
302G, and 302H as illustrated in FIG. 3. In various aspects,
plurality of temperature sensors 302 may be situated at any
position relative to one another within the subsurface for-
mation 304 without limitation. In various aspects, the plu-
rality of temperature sensors 302 may be arranged to moni-
tor one or more temperature gradients in one dimension, as
illustrated in FIG. 3, in two dimensions, and/or in three
dimensions. As described herein above, the temperature
sensors 302A, 302B, 302C, 302D, 302E, 302F, 302G, and
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302H may be situated along a vertical transect 306 extend-
ing vertically downward from ground level 308 to a distance
below the upper extent 310 of the reactive materials 312 to
below the lower extent 314 of the reactive materials 312
and/or below the upper extent 318 of the water table 316
within the subsurface formation 304.

Referring again to FIG. 3, the plurality of temperature
sensors 302 may include at least two temperature sensors
302F, 302G, and/or 302F situated above the upper extent
310 of the reactive materials 312 to provide sufficient
information to calculate a thermal gradient above the region
of reactive materials 312 as described herein above. In
another aspect, the plurality of temperature sensors 302 may
include at least two temperature sensors 302A and 302B
situated below the lower extent 314 of the reactive materials
312 to provide sufficient information to calculate a thermal
gradient below the region of reactive materials 312. In yet
another aspect, the plurality of temperature sensors 302 may
include at least one temperature sensor 302C, 302D, and/or
302E situated within the reactive materials 312 to provide
sufficient information to calculate the rate of change of
temperature within the reactive materials 312 as described
herein above.

Any known suitable temperature sensor may be used in
the system 300 without limitation including, but not limited
to: thermocouples, thermistors, resistance temperature
detectors, silicon bandgap temperature detectors, and any
other suitable temperature sensor known in the art. In
another aspect, the system 300 may include one or more
thermal gradient sensors (not shown) including, but not
limited to, a thermal gradient plate such as a Peltier cooler.
In this other aspect, the one or more thermal gradient sensors
may be situated above the upper extent 310 and/or below the
lower extent 314 of the reactive materials 312.

The device 300 may further include one or more addi-
tional sensors to measure additional data that may be used to
determine thermal fluxes within the subsurface formation
304. In one aspect, a water level sensor (not shown) may be
included in the system 300 to monitor the vertical movement
of the water levels within the subsurface formation 304 to
help determine vertical convective energy flux due to ver-
tical water movement as described herein above. In another
aspect, one or more gas ports 320 may be included in the
system to monitor CO2 or other gas by-products produced
by reactions of the reactive materials within the subsurface
formation 304.

In other aspects, the system 300 may further include a
support 322 to which the temperature sensors 302 and/or
additional sensors may be attached and maintained in a
desired vertical position relative to ground level 308 of the
subsurface formation 304. In various aspects, the support
may be an elongate, stiff member that may be introduced
into a monitor well or other channel reaching down a
suitable distance into the subsurface formation. In addition,
the support 322 may be sufficiently flexible to be wound on
a spool for transport and delivery at a monitor site. In
another aspect, the diameter of the support may be suffi-
ciently small to ensure compatibility with existing deep
drilling systems. In one aspect, the support may be a formed
from PVC tubing with an outer diameter of about 34".

In another aspect, the system 300 my further include a
data logger 324 operatively coupled to the temperature
sensors 302 and/or additional sensors. In this aspect, the data
logger may receive and store a plurality of readings from the
temperature sensors 302 and/or additional sensors over a
period of time and may additionally transmit or download
the stored data via any one or more known means including,
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but not limited to direct downloading of the stored data to a
storage device such as a jump drive, portable hard drive, or
other suitable storage device, transmittal of the data via
telephone lines, over an Internet network, over a wireless
data network, or via any other known data communication
means. In yet another aspect, the system 300 may further
include a data transmittal device 326 including, but not
limited to a radio transmitter (not shown) and/or a digital
cellular modem operatively connected to the data logger
324. Any known suitable data transmittal device may be
incorporated into the system 300 without limitation.

In another additional aspect, the system 300 may further
include a power source 328 operatively connected to the
temperature sensors 302 and/or additional sensors, the data
logger 324, and the data transmittal device 326. Any known
power source 328 may be used in the system 300 without
limitation including, but not limited to a solar panel, a
battery, a power line, and any other suitable power source.

EXAMPLES

The following examples illustrate aspects of the disclo-
sure.

Example 1. Monitoring of Rate of Change of
LNAPL Reactive Materials Within a Subsurface
Formation Using Subsurface Temperature
Measurements

To demonstrate the monitoring of the rate of change of a
reactive material within a subsurface formation using the
methods described herein above, the following experiments
were conducted. Five 37-foot long PVC rods with eight
attached thermocouples similar to the corresponding ele-
ments of the subsurface thermal monitoring system 300
illustrated in FIG. 4 were installed within a subsurface
formation known to contain LNAPL regions at the locations
N1, N2, N3, N4, and B1 as illustrated in FIG. 4. These
subsurface assemblies of thermocouples, referred to as
“sticks”, were located in an east-west transect across the
northern edge of the site. The first three locations in the
transect (N1-N3) were known to contain LNAPL regions.
The southernmost location (B1) was considered to be a
background location, where subsurface temperatures are not
affected by LNAPL.

Each of the sticks was installed using a direct push drilling
method. Holes were advanced to a depth of 37 feet bgs
(below ground surface) and each stick was placed inside the
hollow drive pipe. Subsequently, the drive pipe was pulled
back leaving the stick in the subsurface formation. Below
the water table, the subsurface formation was allowed to
collapse onto the stick. Above the water table, a coarse sand
was added through the hollow drive pipe to fill the annular
space between the stick and the subsurface formation.

The temperatures at each of the stick locations were
automatically recorded at 0.5, 1, 10, 12, 19, 27, 35, and 37
feet below grade at each location. The location of the
thermocouples was configured to resolving heat fluxes in
Watt/m2 at grade, above the LNAPL body, and below the
LNAPL body. Thermocouple measurements in the LNAPL
body (19 and 27 feet) were used to resolve the change in
temperature inside the LNAPL body through time. Data was
remotely downloaded from the data logger for analysis via
a digital cellular modem.

FIG. 5 is a color temperature contour summarizing the
temperature gradients calculated using the thermocouple
measurements obtained as described herein above. The
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thermocouple installation depths are overlaid for reference.
The background thermocouples were installed at the same
depth as the thermocouples in the LNAPL transects. The
temperatures summarized in FIG. 5 include the effects of
both LNAPL degradation and other additional background
sources. FIG. 6 is another color temperature contour sum-
marizing the corrected temperature gradients calculated by
subtracting the background temperatures obtained at loca-
tion B1 from each of the temperatures measured at each of
the other locations. Consequently, the corrected tempera-
tures summarized in FIG. 6 reflect the heat of reaction
associated solely with biodegradation-associated heat pro-
duction.

FIGS. 7A, 7B, 7C, 7D, 7E, and 7F are graphs summa-
rizing the temperature profiles at site N1, which contains
LNAPL bodies, as well as at site B1 (Background) which
does not include any LNAPL deposits, measured at six
different dates between May 1 and October 1. Typically, the
temperatures measured at the N1 site were 1-2 degrees C.
higher, as compared to the temperatures measured at the
background (B1) location. This observation is consistent
with heat generated in compost piles and landfills through
degradation of organic compounds.

An energy balance was performed on the LNAPL site
(N1) to resolve the energy fluxes into and out of the
impacted area in W/m2 using the methods described herein
above. Energy fluxes due to conduction, convection of
sensible heat by water, convection of sensible heat by vapor,
and convection of latent heat by vapor were considered to
determine the energy produced by the biodegradation of
LNAPL. The resulting rate of change of energy within the
LNAPL bodies at the N1 site was converted to a loss rate
using the methods described herein above. It was assumed
that the biodegradation of LNAPL was 60% efficient, indi-
cating that 60% of the energy contained in the LNAPL was
used as an energy source for microorganisms and the
remaining 40% of the energy was lost as heat (Eff,;_,,=0.4).
The assumed reaction efficiency falls in the range of values
reported in the literature.

FIG. 8 summarizes the daily LNAPL loss rates in gallons
of LNAPL per acre per year. FIG. 9 summarizes the inte-
grated LNAPL losses in gallons per acre for the period
(April 14 to December 14). The values shown in FIG. 8 and
FIG. 9 are based on: averaged background corrected tem-
perature data from N1, N2, and N3;
Mole_Weight, ., ;=142 gm/mole
Density, »,»;=0.8 gm/cm3; AH
Eﬂ‘MiC‘VOZO'4

The mean biodegradation rate of LNAPL over the period
of this experiment was 1770 gallons per acre per year.
Applying this rate to the entire LNAPL area (19 acres) for
a ten year period suggests an overall LNAPL loss of 340,000
gallons of LNAPL. The daily LNAPL loss rate shows a
slight seasonal variation, with lower LNAPL losses in the
winter and higher LNAPL losses in the summer.

The results of this experiment demonstrated that the rate
of degradation of a subsurface reactive material, in this
instance LNAPL, could be monitored using the devices and
methods described herein above.

It should be understood from the foregoing that, while
particular aspects have been illustrated and described, vari-
ous modifications can be made thereto without departing
from the spirit and scope of the invention as will be apparent
to those skilled in the art. Such changes and modifications
are within the scope and teachings of this invention as
defined in the claims appended hereto.

(decane);
=Joules/mole;

Combustion
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What is claimed is:
1. A method for thermal monitoring within a subsurface
formation to determine a rate of change of the amount of a
subject organic material being degraded by microbial activ-
ity and to develop a site remediation, the method compris-
ing:
monitoring at least one thermal parameter at one or more
positions within the subsurface formation using one or
more sensors, the at least one thermal parameter com-
prising at least one of: a temperature or a thermal flux;

logging the at least one thermal parameter in a digital data
storage device, the data storage device operable to
receive and store the at least one thermal parameter;

transmitting to a processor the at least one thermal param-
eter from the data storage device using a data trans-
mittal device and yielding transmitted data;

calculating with said processor at least one corrected
thermal parameter based on the transmitted data by
subtracting the effects of non-subject material-related
energy sources or sinks from the one thermal param-
eter, wherein the non-subject material-related energy
sources or sinks includes an energy source or sink that
reflects a background temperature;
calculating with said processor one or more energy fluxes
using the at least one corrected thermal parameter
according to a plurality of energy transfer rules;

calculating with said processor a net rate of energy change
produced by an endothermic reaction or an exothermic
reaction of the organic material within the subsurface
formation by combining the one or more energy fluxes;

converting with said processor the net rate of energy
change into a rate of change of an amount of the organic
material according to a reaction rule representing the
endothermic reaction or the exothermic reaction of the
organic material within the subsurface formation;

displaying on a digital screen a visual representation of
the rate of change of the amount of the organic mate-
rial; and

creating a site remedy for remediation of the subsurface

formation based on the rate of change of the amount of
the organic material determined by the thermal mea-
surements.

2. The method of claim 1, further comprising monitoring
the rate of change in the amount of the organic material and
reporting a new release of the organic material into the
formation if the rate of change in the amount of the organic
material exceeds a threshold value.

3. The method of claim 1, further comprising monitoring
the rate of change in the amount of the organic material after
initiation of a site remedy to monitor the effectiveness of the
site remedy.

4. The method of claim 1, further comprising integrating
the rate of change in the amount of the organic material to
calculate a cumulative change in the amount of the organic
material within the subsurface formation.

5. The method of claim 1, wherein at least two positions
are monitored and the one or more positions are separated by
a vertical separation distance, a horizontal separation dis-
tance, or any combination thereof.

6. The method of claim 1, wherein the non-subject mate-
rial-related energy sources or sinks reflect a background
temperature sensed from a sensor at the subsurface forma-
tion.

7. The method of claim 1, wherein each of the at least one
energy source or sink that reflects a background temperature
results in a representation of a thermal parameter within a
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subject organic material-free region from the subsurface
formation matched to one position of one thermal parameter.

8. The method of claim 1, wherein the at least one energy
source or sink that reflects a background temperature is
obtained by:

estimating the at least one background temperature using
a model of subsurface temperatures.

9. The method of claim 1, wherein the plurality of energy

transfer rules comprises:

a heating rule used to calculate the rate of change of
energy within a region including the organic material of
the subsurface formation associated with temperature
changes;

a sensible heat conduction rule used to calculate a con-
ductive heat flux from the subsurface formation via an
amount of substrate adjacent to the region including the
organic material of the subsurface formation;

a sensible heat convection rule used to calculate convec-
tive heat flux via at least one of water or water vapor
flowing through the subsurface formation;

a latent heat transfer rule used to calculate a latent heat
flux from the subsurface formation via a movement of
water vapor through the subsurface formation; or

any combination thereof.

10. The method of claim 1, wherein the reaction rule used
to convert the net rate of energy change into the rate of
change of the amount of the organic material comprises
dividing the net rate of energy change by an enthalpy change
of'the degradation reaction of the organic material within the
subsurface formation.

11. A method for thermal monitoring and site remediation
within a subsurface formation to determine the unknown
rate of change of an amount of a subject organic material
being degraded by unpredictable subsurface exothermic or
endothermic reactions, the rate of change being used for
incorporation into a site remediation strategy, the method
comprising:

monitoring a plurality of site temperatures captured using
one or more sensors from a plurality of positions along
a vertical transect passing through the subsurface for-
mation

logging the plurality of site temperatures in a digital data
storage device, the data storage device operable to
receive and store the plurality of site temperatures;

transmitting to a processor the plurality of site tempera-
tures from the data storage device using a digital data
transmittal device and yielding transmitted data;

calculating with said processor a plurality of corrected
temperatures, the plurality of corrected temperatures
calculated by subtracting a plurality of background
temperatures from the plurality of site temperatures at
each of the vertical positions, wherein each of the

plurality of background temperatures comprising a

representation of a temperature from a vertical position

within subject organic material-free region;

calculating with said processor a net rate of energy change
produced by an endothermic reaction or an exothermic
reaction of the organic material within the subsurface
formation by adding one or more energy fluxes, the one
or more energy fluxes comprising:

a rate of change of energy within the region including
the organic material of the subsurface formation
associated with temperature changes;

a conductive heat flux from the region including the
organic material of the subsurface formation via an
amount of substrate adjacent to the region including
the organic material; and
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a convective heat flux via at least one of water or water
vapor flowing through the region including the
organic material of the subsurface formation;
calculating with said processor a rate of change of an
amount of the organic material within the subsurface
formation, the rate of change of the amount of the
organic material calculated by dividing the net rate of
energy change by a change in enthalpy associated with
the exothermic or endothermic degradation reaction of
the organic material within the subsurface formation;

displaying a visual representation of the rate of change of
an amount of the organic material, the visual represen-
tation being a graph summarizing a plurality of daily
loss rates based on the rate of change of the amount of
the organic material; and

using rate of change of the organic material to develop a

site remedial strategy for removal of the organic mate-

rial from the subsurface formation based on achieving
site-specific organic material amount goals.

12. The method of claim 11, wherein the plurality of
background temperatures are obtained by:

measuring the background temperatures with a sensor

along a second vertical transect within a subject organic

material-free region of the subsurface formation situ-
ated near the first vertical transect; or

estimating the background temperatures using a model of

subsurface temperatures.

13. The method of claim 11, further comprising:

calculating the rate of change of energy associated with

temperature changes within the region including the

organic material subsurface formation by multiplying a

rate of change of the corrected temperature at one

position by a vertical thickness of the region including

the organic material subsurface formation and by a

volumetric heat capacity representative of the soil

within the subsurface formation.

14. The method of claim 11, further comprising calculat-
ing the vertical conductive heat flux using the corrected
temperatures by:

calculating an upper thermal gradient by dividing a first

differential between the corrected temperatures

between two of the plurality of positions by a first
vertical separation distance between the two positions;

calculating an upper conductive heat flux by multiplying
the upper thermal gradient by a first thermal conduc-
tivity representative of the soil between those two
positions;

calculating a lower thermal gradient by dividing a second

differential between the corrected temperatures at two
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additional positions by a second vertical separation
distance between those positions; and

calculating a lower conductive heat flux by multiplying

the lower thermal gradient by a second thermal con-
ductivity representative of the soil between the two
additional positions.

15. The method of claim 11, further comprising monitor-
ing groundwater levels to measure at least one of a vertical
water flux or a horizontal water flux flowing through the
subsurface formation.

16. The method of claim 15, further comprising calculat-
ing a vertical convective heat flux by multiplying a third
differential between the corrected temperatures at at least
two positions by the vertical water flux and by the volumet-
ric heat capacity of water.

17. The method of claim 11, wherein:

the conductive heat flux comprising: a vertical conductive

heat flux, a horizontal conductive heat flux, a lateral
conductive heat flux mutually perpendicular to the
vertical and horizontal conductive heat fluxes, and any
combination thereof; and

the convective heat flux comprises: a vertical convective

heat flux, a horizontal convective heat flux, a lateral
convective heat flux mutually perpendicular to the
vertical and horizontal convective heat fluxes, and any
combination thereof.

18. The method of claim 11, wherein:

the subject organic material comprises at least one hydro-

carbon; and

the endothermic or exothermic reaction is a microbial

biodegradation of the at least one hydrocarbon.

19. The method of claim 18, wherein the change in
enthalpy is calculated by:

calculating a stoichiometric change in entropy, a stoichio-

metric change in enthalpy and a stoichiometric change
in free energy for one or more reduction-oxidation
reactions associated with the microbial biodegradation;
and

calculating the change in enthalpy, wherein the change in

enthalpy comprises the proportion of the stoichiometric
change in enthalpy released as heat during the micro-
bial biodegradation.

20. The method of claim 19, wherein the one or more
reduction-oxidation reactions associated with the microbial
biodegradation comprise: aerobic respiration, denitrifica-
tion, manganese reduction, iron reduction, sulfate reduction,
nitrate reduction, methanogenesis, methane oxidation, or
any combination thereof.
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