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ARTICLE INFO ABSTRACT

Handling Editor: Morgan Cristine L.S. Quartz content (fquartz) is a key value used to estimate soil thermal conductivity (1) in land surface models. Due to
the difficulties in measuring fquart, directly, many studies use sand content (fsand) to approximate fquart, in A
models, causing large uncertainties in A estimates. The existing methods for determining fquart, are quite limited
and complicated, and it is still desired to derive fquar, values with simple parameters. Here, we present an
empirical equation to estimate fyuart, values from soil particle density (ps). The empirical equation was developed
from two published datasets including laboratory measurements on 56 soils, and its performance was evaluated
by comparing measured A values to estimated A values. Four models were used to estimate A using inputs of fsnd,
actual measures of fyuarz, and the new empirical equation estimates of fquar,. The root mean square errors,
RMSEs, of modeled A values (based on the empirical equation estimated fgyart;) were less than 0.27 W m 1KY
which were similar to the RMSEs (< 0.26 W m~! K~1) when actual fquartz values were used as model inputs. The
new empirical equation estimates of fquart, led to much lower RMSEs in modeled A values than the RMSEs (<
0.39 W m~! K1) obtained when fianq values were used to represent quartz content. The new empirical equation
provides a simple and easy approach to estimate fquart. @s an input to A models.
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1. Introduction

Quartz content (fquar,) is a prerequisite to accurately estimate soil
thermal conductivity (A) and ground heat fluxes (Peters-Lidard et al.,
1998; Tarnawski et al., 2021). Because fquartz is not measured in routine
soil inventories, it is commonly assumed to be equal to the percentage of
sand in soil solids (fsanq). While quartz is a predominant primary mineral
existing in the sand fraction of deeply weathered soils, it can also exist in
the silt and clay particles of some mineral soils (Schonenberger et al.,
2012). Therefore, substituting fquartz With fsand can produce erroneous A
results,which has long been identified in A modeling studies (Bristow,
2002; Lu et al., 2007; He et al., 2020). Mitchell (2002) assigned specific
fquartz values for nine soil types ranging from coarse soils to organic soils
in the land surface models. Rough approximations of fquar, values,
however, have been reported to cause large uncertainties in A estima-
tions, surface energy balance partitioning and soil temperature pre-
dictions (Bristow et al., 1994; Peters-Lidard et al., 1998; Tong et al.,
2016; He et al., 2020).

Several techniques (e.g., chemical analysis and the combined anal-
ysis of X-ray diffraction (XRD) and X-ray fluorescence (XRF)) have been
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used to measure fquare, directly. For chemical analysis, soil minerals are
treated with acidic and alkaline solutions, and yet quartz remains as the
residue (Trostel and Wynne, 1940). Chemically obtained fgyar, values
are subject to errors because the treatment may not completely separate
the quartz from the mineral soils (Trostel and Wynne, 1940). In addi-
tion, chemical analysis is judged unreliable in that feldspar and mica
(present as minor components) are recorded in part as quartz (Rowse
and Jepson, 1972).

The development of XRD and XRF techniques enables quick and
nondestructive measurements of mineral compositions. XRD de-
terminations in particular are accurate and fast to identify and quantify
the absolute amounts of minerals existing in soils (Hardy, 1992;
Schonenberger et al., 2012). The method involves a monochromatic X-
ray pointing at a powdered soil sample, and the diffraction pattern is
recorded with a photographic film by measuring the diffracted beam at a
specific angle (Whittig and Allardice, 1986). The mineral concentration
is obtained by adjusting the peak of the angles of glancing diffraction
between the X-ray source, detector, and powder slip (Whittig and
Allardice, 1986; Schonenberger et al., 2012). To further identify
chemical compositions of minerals accurately, the XRF technique works
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with secondary and characteristic X-rays, of which the intensity is pro-
portional to the concentration of the chemical element (Schonenberger
et al., 2012). Thus, the XRF technique, along with the XRD technique,
provide precise information on the mineral composition of multiphase
rocks and soil samples. However, special care for mineral sample
preparations as well as accurate calibration of the equipment are
needed, including correcting angle position and impulse height distri-
bution. Although combined XRD and XRF techniques measure fquartz
directly, they are somewhat complicated to apply.

Indirect approaches have also been used to estimate fyyart; from
easily measurable soil properties. Tarnawski et al. (2009) estimated
fquartz values by measuring A under entire water range and making
reverse calculations using the normalized A models. They found that the
estimated fquarr; values had fairly good correlations with the measured
values, but this approach requires A values on the entire water content
range, which is time consuming. Calvet et al. (2016) proposed a pedo-
transfer function that estimated fquar, by using gravimetric or volu-
metric fractions of soil particles as input parameters. They showed that
for grassland soils, the ratio of sand-to-OM fraction and the gravimetric
fraction of sand were suitable estimators of fquartz. Though this approach
was relatively simple to use, the pedotransfer function for fyyare, Was
only valid for the ratio of sand-to-OM fraction lower than 40%, and it
had not fully been validated on other soils as well as on A modelling.
Therefore, it is still desired to determine fguar; values using easily
measurable parameters.

It is commonly recognized that the mineral composition significantly
influences A values of soil solids, but it is difficult to obtain accurately
(Tarnawski et al., 2009). The thermal conductivity of soil solids (Aselid), @
required parameter used in normalized A models, is calculated using a
geometric mean method involving fquartz, which is commonly assumed
to equal the sand fraction. The, Aojig data can have large errors because
quartz has a A value (7.7 W m~! K1) almost twice that of other soil
minerals (2.13 Wm ™! K1), Thus, the knowledge of quartz in soil is vital
for accurate ) estimates. Good estimates of A using the Johansen’s
method were obtained when using fquart; as an input (Peters-Lidard
et al., 1998). For the de Vries (1963) model, much better accuracy was
achieved when accurate soil mineral composition and fraction were
used for Agliq estimation (Tarnawski et al., 2021). Thus, a quick and
efficient way to solve the quartz conundrum is still lacking, and a
comprehensive evaluation of A model performances regarding fquart, is
needed.

The objectives of this study are (1) to develop a new empirical
equation to estimate fyuar; vales from measurements of soil particle
density, and (2) to evaluate the usefulness of the estimated fquart, values
as A models inputs to provide accurate estimations of A.

2. Materials and methods
2.1. Measurements and datasets

We used published datasets reported by Riihlmann et al. (2006),
Schonenberger et al. (2012), and Tarnawski et al. (2015) to develop and
test a new empirical approach to estimate fquarr, values from measured
values of particle density. The datasets included comprehensive soil
physical measurements with a wide-range of soil textures. Complete
information on the soil physical and chemical properties (e.g., particle
density (ps), texture, mineral composition, soil organic matter (OM)
content, sampling locations, porosity (n), and water content (0)), are
presented in the original articles. Here we provide a brief description.

Soils data reported by Riihlmann et al. (2006) and from Schonen-
berger et al. (2012) were used to develop an empirical equation to es-
timate fquarr,. For the 17 soils reported by Riihlmann et al. (2006),
mineral compositions were obtained by using XRD analysis (diffrac-
tometer URD 63, SEIFERT/FMP). For the 39 soils reported by
Schonenberger et al. (2012), samples were ground to grain sizes smaller
than 150 pm, and oven-dried at 105 °C for 16 h (loss-on-drying, LOD,
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mass%) to determine the dry weight. Soil OM content was determined
by using the loss-on-ignition (LOI, mass%) method in a ceramic vessel at
1050°C more than 1.5 h. Soil OM fraction (mass%, on the basis of dry
soil matter) was calculated by subtracting LOD from LOI. Following the
LOI measurements, the mineral composition (mass%) of each soil was
identified with the XRD and XRF methods. Soil particle size distributions
were determined with a laser diffraction particle size analyzer, and the
fsand; fsite and feay values were determined as mass fractions of the soil
solid particles. The ps values were obtained by using the pycnometer
method (Culley, 1993).

The A values of 39 Canadian soils reported by Tarnawski et al. (2015)
were used to evaluate the usefulness of the empirical equation estimates
of fquartz- A thermal conductivity probe was used to measure room
temperature ) values on repacked soil cores at degrees of saturation (S;)
of 0, 0.25, 0.50, 0.70, and 1. The details of the experiment setup and
measurement procedures are presented in Tarnawski et al. (2015). We
used 39 mineral soils reported by Tarnawski et al. (2015), but excluded
the pure quartz sand because the thermal behavior of pure quartz differs
distinctively from mineral soils.

Finally, the usefulness of the newly developed empirical equation to
estimate fquart; Was also evaluated with field measured soil A values. We
performed in-situ A measurements on a bare loamy sand soil (78% sand,
7% clay, and 0.2% OM) at the Experimental Farm of China Agricultural
University in Beijing, China during a 14-d wetting and drying event
(from day of year 272 to 285, 2019). To facilitate sensor installation, the
soil surface was carefully leveled and kept bare during the entire
observation period. A heat pulse sensor was installed horizontally into
the 0-50 mm soil layer, and A measurements were made every 1.5 h. A
datalogger (CR3000, Campbell Scientific, Logan, UT) was used to con-
trol the heating process and collect heat pulse data, and A values were
estimated from the heat pulse data following the pulsed infinite line
source model (Kluitenberg et al., 1993). Following the final A mea-
surement, soil cores were collected near the sensor locations to deter-
mine the actual soil bulk density (pp) and n values. The 6 values of the
0-50 mm soil layer were determined from soil heat capacity (C) and py,
values according to the de Vries (1963) mixing model. The XRD method
was used to determine the fquart, value of the field soil.

Fig. 1 shows the textual triangle for the 56 laboratory soils and the
field soil involved in this study. These soils exhibited a wide range of
fsand (0-93%) and fe1ay (1.1%-41.8%) values, which made this dataset
appropriate to determine the sensitivity of A models to sand and quartz
fractions.

2.2. Applications in modeling soil thermal conductivity

The ability of the new empirical equation to provide fquarr; values
useful for estimating A values was evaluated by the performance of four
popular A models with fquart; as inputs, including the modified-de Vries
model and three normalized models developed by Coté and Konrad
(2005), Balland and Arp (2005), and Lu et al. (2007). Here we provide a
brief description of these A models.

2.2.1. Modified-de Vries model

The original de Vries (1963) model was developed from the Maxwell
equation for electrical conductivity of a mixture of granular materials
dispersed in a continuous fluid, which considered air or water as a
continuous medium and soil particles as a mixture of ellipsoidal parti-
cles. Soil A is estimated with the following formula,

Oy + KaicairAair + Ksotidf sotiasotia

A
0+ kairf;zir + ksol[df;olid

@

where Agolid, My and A,jr are thermal conductivities of soil solids, water
and air, respectively; 0, fsolid, and fair are the volume fractions of water,
solids, and air, respectively; ki and ks)ig are the weighting factors of air
and soil solids, respectively, which are defined as follows,
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Fig. 1. Soil textural triangle for the 56 soils and one field soil used in this study.
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where g (solig) is the shape factor of soil solid particles, which is set as
0.144 for sandy grains, and 0.125 for silty and clayey grains; gacair) is the
shape factor of air, which depends on soil moisture conditions. In the
modified de Vries model, Tarnaswki et al. (2021) assumed that the soil
field capacity was equal to half of the saturated water content as follows.

For Op¢ < 0 < Ogar, 8a(air) is computed by using the following equation,

8a(airy = 0.333 — (0.333 — 0.035) (0,0s — 0) /Oy @

kair =

SIS

3

For 0 < 0 < Opc, gacair) iS given by,
(4
ga(air) = 0013 =+ (a) [ga(b'C) - 0013} (5)

where 0g,; is the volumetric soil water content at saturation, which is
normally set as being equal to the n; O is the soil field capacity, which is
assumed to equal 0.50g,¢ (Tarnawski et al., 2021), i.e., Opc &~ 0.50g5 ~
0.5n; ga(re) is the gaair) factor corresponding to the field capacity, which
is obtained with Eq. (4) by assigning 6 to Opc.

In Eq. (1), A soliq is calculated as the geometric mean of quartz and
other minerals in the soil solids, which can be expressed as,

Asoia = Mg Aier™ ®)
where fquart; is the volumetric fraction of quartz in the solid particles;
Aother refers to the thermal conductivity of minerals other than quartz,
whichis 20 Wm 1 K ! for fquartz > 0.2 and 3.0 W m1K! for fquartz <
0.2 (Johansen, 1975).

For dry soils, air is considered as the continuous medium with uni-
form soil particles distributed in air. Accordingly, to calculate the

thermal conductivity of dry soils (Adry), Eq. (1) is given as,

_ JairAair + Ksotid(airfsotiaAsolia

= )
" Sair + Ksotia(airfsotia

where kgolid(air) is the weighting factor of soil solids in continuous air in
this case, which can be calculated as,

2 /1x0i ! 1 j'mi -
Ksotid(air) =3 {1 + (ﬂ l_d— 1>ga(wlid):| +§ {1 + (l—l_d— 1) (1 _zga(wlid)>:|

(®

where ga(soliq) is set as 0.144 for sandy grains, and 0.125 for silty and
clayey solids in the moist soil.

Thus, for the modified-de Vries model, the required inputs are vol-
ume fractions of water, air, soil solids, fquart; and n (Table 1).

2.2.2. Coté and Konrad (2005) model
Johansen (1975) presented normalized A values as a function of soil
texture, n, 0, and thermal conductivities at saturated and dry conditions.
The normalized thermal conductivity (K.) is expressed as follows,
A— ldry

Ke=—"+— 9
j-.mz - ﬂd»'y

where Agy¢ is the thermal conductivity of saturated soil.
Coté and Konrad (2005) improved the Johansen (1975) model by

Table 1

The input parameters for the four soil thermal conductivity models involved in
this study, where fair, fsolids fsands fquartz» and fom represent the volume fractions of
soil air, solids, sand, quartz, and organic matter, respectively; 6 is the water
content; and n is the total soil porosity.

Models Input parameters

6, fsand (0T fquart)s M, fair (OT foolia)
0, fsand (OT fquartz),

6, fsanda (or fquarlz): n, fou

6, fsand (OT fquartz), N

Modified-de Vries

Coté and Konrad (2005)
Balland and Arp (2005)
Lu et al. (2007)
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introducing an empirical relation of K. and degree of saturation (S;),

kS,

Ko=— >
1+ (k—1)S,

(10

where k is a texture-related parameter, which is set as 4.60, 3.55, 1.90,
and 0.60 for gravel and coarse sand, medium and fine sand, silty and
clayey soils, and organic fibrous soils, respectively (Coté and Konrad,
2005).

Coté and Konrad (2005) established the following relationship be-
tween Agry and 1,

Dy = 71077 an

where y and 1 are 1.70 W m~! K ! and 1.80 for crushed rocks, 0.75 W
m~! K ! and 1.20 for mineral soils, and 0.30 W m~! K ! and 0.87 for
organic fibrous soils.

Johansen (1975) used a geometric mean equation to estimate Ayt for
unfrozen soils,

b = AL a2)

2.2.3. Balland and Arp (2005) model
The Balland and Arp (2005) model uses Egs. (9) and (12) to obtain K,
and Agyc. By including OM as a factor, Aglig and Aqry are reformulated as
the following equations,
Asots = K AGhi e " as)
where fo is the volume fraction of soil OM in solid particles, and Aoy is
thermal conductivity of soil OM. It should be noted that in Eq. (13),
fquartz and fou are calculated on the basis of soil solid particles.
Balland and Arp (2005) estimated Agqry by using the following
relationship,

_ 0~053(/150i1d - j'uir)pb + Aairp.\-

P (1= 0.053)p, s

They used the following equation to calculate K, for unfrozen soils,

1 3 1—s, 37 1-fom
(Hexp(fbsy)) _< 2 )} (5

where f. represents the volume fraction of coarse fragments. a and b are
parameters equal to 0.24 and 18.3, respectively.

K = S(r).s (1-+fom—afuana~Fer )

2.2.4. Lu et al. (2007) model

The Lu et al. (2007) model has been used widely in soil science,
engineering, remote sensing, and hydrology studies (Lu et al., 2009;
Ghanbarian and Daigle, 2016; Lu et al., 2018). In this model, Asid, Ke,
and Ag,¢ are calculated by using Egs. (6), (10), and (12), respectively. The
K.-S; relationship for moist soils is as follows,

K, = exp{(p[l - S‘,”’l'”} } ae)

where ¢ is a texture dependent parameter, which is set at 0.96 and 0.27
for coarse-textured (fsang > 40%) and fine-textured (fsang < 40%) soils,
respectively.

Lu et al. (2007) used a linear equation to estimate Aqry from n,

Adary = —0.56n+0.51 a7)

Table 1 lists the input parameters for the four A models. 0, n, and sand
or quartz fraction are the common factors among the four A models.
These models use slightly different values for the constants Aquartz, Aother,
Mws Aair, and pg (Table 2). Additionally, the ps values (used to estimate n)
vary among the four models: 2.65 Mg m~> in the modified-de Vries
model and the Lu et al. (2007) model, 2.70 Mg m~2 in the Balland and
Arp (2005) model, and soil specific values are used in the Coté and
Konrad (2005) model.
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Table 2

Values of constants included in the four thermal conductivity models used in this
study, where p; is the particle density; Aquartzs Mothers Aws Aair, and Aoy are the
thermal conductivities of quartz, other soil minerals, water, air, and organic
matter, respectively; and fquarr, represents the quartz fraction in soil solid
particles.

Models Ps Aquartz  Mother Aw Aair hom

Mg m~3 WmK!

Modified-de 2.65 7.7 2.0 (fguartz 0.57 0.025 -
Vries > 0.2)

3.0 (fquartz
<0.2)

Coté and Konrad Soil 7.7
(2005) specific

2.0 (fquartz 0.60 - -
>0.2)
3.0 (fquartz

<0.2)

Balland and Arp 2.70 8.0 2.5 0.57 0.024  0.25
(2005)

Lu et al. (2007) 2.65 7.7 2.0 (fouartz 0.594 - -
>0.2)
3.0 (fquartz

<0.2)

The Balland and Arp (2005) model applies Eq. (13) to estimate Agig
from fquartz (OF fsana) and fom values of the soil solid particles. For this
purpose, we corrected fquartz (Or fsand) and fom of the Tarnawski et al.
(2015) datasets on the basis of the soil solid particles, i.e., by considering
OM as a part of the solid particles. To convert mass% to volume%, the
density of soil OM was taken as 1.30 Mg m 2, and ps was taken as 2.65
Mg m3 (Hillel, 1982). The other three models ignored soil OM content,
so that the soil solid particles only included sand, silt, and clay particles.

To evaluate the usefulness of the new empirical equation estimates of
quartz content, we compared measured A values to model estimated A
values for three model input scenarios: actual measured fquar, values,
fquartz values set equal to fsang values, and new empirical equation esti-
mated fquartz. Besides the various fquart, inputs, all other specifications in
model calculations remained the same as described previously. Root
mean square errors (RMSE) for the A estimations were calculated to
evaluate the performance of the four models with the various fyyart,
inputs,

2

m

RMSE =

where m is the number of data points, Ay, and A, is measured and
estimated A with the models.

3. Results and discussion
3.1. The relationship between soil particle density and quartz content

Although fquart; is typically set equal to fsang as an input to A models,
fquartz and fsang do not always correlate well with each other (Tarnawski
et al., 2012). In general, quartz exists in sand, silt, and clay particles but
with a relatively larger portion in sand particles (Buckman and Brady,
1969; Balland and Arp, 2005). There is evidence that for soils and sed-
iments, ps depends highly on soil mineral and organic components, and
ps can act as a strong indicator for the geochemistry of alluvial sediments
(Rithlmann et al., 2006; Di Giuseppe et al., 2016). Generally, ps is a bulk
property representing the average density of all solids composing the
soil, including soil OM (Ruehlmann and Korschens, 2020). Because
quartz is often a dominant mineral in soil, the average ps value for
mineral soils is similar to the value for quartz, 2.65 Mg m . Rithlmann
et al. (2006) observed a negative correlation between ps and fsanqg when
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ps was larger than 2.63 Mg m~3, i.e., p of mineral soils decreased with
increasing fsang. For an alluvial soil, it was found that when OM was
removed, ps correlated positiviely with SiO,, MgO, CaO, and NayO
contents, but negatively with K50, TiO2, Al303, and Fe;O3 contents (Di
Giuseppe et al., 2016). McBride et al. (2012) showed that for clay-rich
mineral soils, ps exhibited a positive linear relationship with clay con-
tent, but displayed a negative correlation with OM content for soils with
diverse mineralogy.

The previous studies suggest that although quartz is often a dominant
soil mineral and an average ps of 2.65 Mg m™° is acceptable for many
soils, ps does vary with relative fractions of quartz, OM, and clay min-
erals: (1) For soils with relatively large OM contents, the ps values tend
to be < 2.65 Mg m >, because the density of OM (1.30 Mg m3) is only
about half that of quartz; (2) For soils with relatively large clay contents,
the ps values tend to be > 2.65 Mg m >, because fine clays usually
contain minerals with greater particle densities than that of quartz.
Inspired by this information, in Fig. 2 we present p; values versus fquartz
values for the 56 soils reported by Riihlmann et al. (2006) and
Schonenberger et al. (2012). The ps versus fquart, values segregated into
two distinct groups. For the group with ps values larger than 2.63 Mg
m’3, ps decreased as fquart; increased; for the group with ps values
smaller than 2.63 Mg m3, ps increased as fquart; increased.

Further analysis showed that there existed two significant linear
correlations between fgyart; and ps, which can be expressed as,

—3.26p,+9.27 p, >2.63 R*=0.60"
f;]uarfz = { (19)

4.07p, — 9.89 p,<2.63 R* = 0.84™"

where R? is the coefficient of determination, and the asterisks ** indicate
a significance level of 0.01. Here, the dividing density is 2.63 Mg m >,
less than the quartz ps value of 2.65 Mg m™>, which is due to the pres-
ence of soil OM.

3.2. Evaluating the ability of the newly developed fqyare-ps equation to
provide useful inputs for 2 model estimations

For the 56 soils used to develop the new empirical equation, fquart:
ranged from 0.17 to 0.84, while f;;,q ranged from 0 to 0.93 (Fig. 2). Note
that fianq exhibited a wider range than fyyartz, which will introduce errors
in A model results if fsanq values are substituted for fyuart, values. Next,
we evaluate the performance of four thermal conductivity models by
comparing the measured A values for the 39 Canadian soils from Tar-
nawski et al. (2015) versus A model estimated values based on three
different model inputs, i.e., using actual fquar, values, using the new

2.85
© Schonenberger et al. (2012)
2.80 A ~ @ Ruhimann et al. (2005)
Bo\b o — —— Regression lines
2.75 e = ;g
o) ~
& 270 REECENN 8000
£
2 265 - o®~_ ©
% : O PR EUIT PETTIPTI A APISPRS. Jeero b .......... ”, .........
< 260 1 9 S
_ce
255 - -
Por ® O
o
2.50 + pe> 2.63 Mg m3, R2=0.60
- ps < 2.63 Mg m3, R2=0.84
0.0 0.2 0.4 0.6 0.8

fouartz (9 97)

Fig. 2. Soil particle density (ps) plotted against quartz content (fquare,) for the
56 soils reported in Rithlmann et al. (2006) and Schonenberger et al. (2012).
The blue dashed lines represent the linear regression equation fitted to the black
and gray dots. R? values represent the coefficients of determination.
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empirical equation estimates of fquartz, and using fsang values as a direct
substitute for fquartz.

When fquart, values were set equal to fsng values, relatively large
errors occurred in the model estimated A values (see the blue dots in
Fig. 3). The RMSEs were 0.22, 0.23, 0.23, and 0.31 W m~! K! for the
modified-de Vries model, the Coté and Konrad (2005) model, the Lu
et al. (2007) model, and the Balland and Arp (2005) model, respectively
(Table 3). The errors were especially obvious in the wet range where all
models overestimated A values (Fig. 3a, Table 3). It was unexpected that
the Balland and Arp (2005) model, which included OM as a key factor
influencing Agoilq (Eq. (13)), only produced reliable A estimates for soils
with OM ranging from 2.7% to 23.3% (volume% in soil dry matter), with
RMSEs < 0.27 W m™! K~! (data not shown). For high OM soils, e.g., the
silt loam soil with an OM content of 46.6% (from Manitoba), the Balland
and Arp (2005) model estimated A values were significantly lower than
the measured values.

Significant improvements in )\ estimations were obtained when the
actual fquart, values were used in the models (see the black dots in Fig. 3).
For the modified-de Vries, Coté and Konrad (2005) and Lu et al. (2007)
models, the RMSEs were < 0.16 W m~! K~ (Table 3). The Balland and
Arp (2005) model, however, still exhibited significant negative bias with
an average RMSE of 0.26 W m1K! (Table 3).

Compared to the A model estimates made with fyyart; €qual to fsand,
the A estimates (see the red dots in Fig. 3) obtained when fquar, values
were determined by Eq. (19) agreed well with the measured A values.
For the modified-de Vries, Coté and Konrad (2005), and Lu et al. (2007)
models, the RMSE values ranged from 0.15 to 0.18 W m LK1 (Table 3),
very close to RMSE values when the actual fquar, values were used as
model inputs (Table 3). This was also true for the Balland and Arp
(2005) model, although the RMSE value was 0.27 W m KL Thus, the
new empirical equation estimates of fquar, effectively reduced the errors
in A model estimated values.

It is noteworthy that the errors in the estimated A values were satu-
ration dependent. For example, the modified-de Vries, Coté and Konrad
(2005), Balland and Arp (2005), and Lu et al. (2007) models provided
excellent A estimates of the measured values in relatively dry soils with
S, values < 0.25, with RMSEs in the range of 0.12-0.17 W m~ ! K !
(Table 3). However, discrepancies were observed in wet soils (Fig. 3).
Compared to the A estimates based on fgnq, using the new empirical
equation to estimate fquart, reduced RMSEs of A model estimates by 13%-
35% for the four models, and the reduction in model errors was most
significant in wet soils. Lu et al. (2007) reported that when f,ng was used
as a model input, A was overestimated at © > 0.20 m® m~3. This is caused
by the fact that in the geometric means of Egs. (6) and (12), Agoiiq and Asat
are functions of fyyare,, thus it is vital to have accurate fqyart, values for
reliable A estimations, especially for wet soil conditions.

3.3. Evaluation of the usefulness of the newly developed fquart:-ps
empirical equation using field 1 data

Fig. 4 shows comparisons between model estimated A values and
field measured A values, where fsanq values (blue dots) and new empir-
ical equation estimates of fquar, (red dots) were used in the four A
models. During the 14-day period, A varied from 0.85 to 1.50 Wm ™' K™?
in response to the wetting and drying periods with 6 variations of
0.04-0.36 m® m~ in the 0-50 mm soil layer. All of the models under-
estimated A slightly during the dry period and overestimated A slightly
during the wet period. This might be due in part to A values determined
with the heat-pulse sensor being affected by heterogeneous 6 distribu-
tions in the 0-50 mm soil layer: More heat (released by the heating
sensor) moved into the top soil section during wetting, but less heat
moved into the top section during drying. In contrast, the models
assumed that 6 distribution and heat transfer was uniform in the the
0-50 mm soil layer. Even so, when the new empirical equation estimates
of fquartz were used in the models, the RMSE errors (0.09-0.12 W m!
K1) of A model estimates were reduced by 64-70% as compared to
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Fig. 3. Comparison between the measured thermal conductivity (1) and the estimated A values using the modified-de Vries, Coté and Konrad (2005), Balland and Arp
(2005), and Lu et al. (2007) models for the 39 repacked soils with the input parameters of fs,nq (blue dots), actual fquare, (black dots), and estimated fgyart, (red dots) in

A models, respectively. The solid lines are the 1:1 lines.

Table 3

The root mean square errors (RMSE, W m~' K1) of estimated thermal con-
ductivity values at various degrees of saturation (S,) using four models (modi-
fied-de Vries, Coté and Konrad (2005), Balland and Arp (2005), and Lu et al.
(2007)) with the following inputs for quartz content (fguartz): fsand Set equal to
fquartz, actual measured fquart, values, and empirical equation estimated fquartz
values.

Models S: fsand Actual measured  Empirical equation
fe quartz estimated f, quartz

Modified-de 0-0.25 0.17 0.17 0.16
Vries 0.25-1 0.25 0.15 0.19
0-1 0.22 0.16 0.18
Coté and Konrad 0-0.25 0.15 0.12 0.13
(2005) 0.25-1 029 0.15 0.18
0-1 0.23 0.13 0.15
Balland and Arp 0-0.25 0.17 0.13 0.13
(2005) 0.25-1  0.41 0.34 0.36
0-1 0.31 0.26 0.27
Lu et al. (2007) 0-0.25 0.17 0.14 0.14
0.25-1 0.28 0.16 0.19
0-1 0.23  0.15 0.16

those obtained with fgunq as the model input (Fig. 4a—d). Using the new
empirical equation estimates of fquart, as inputs to A models can accu-
rately estimate dynamic A values in field soil.

Overall, our evaluation on the usefulness of the newly developed

empirical equation estimates of fguart, on A model estimations confirmed
the effectiveness of the new approach to approximate fqyartz- When soil
mineral information is unavailable, a simple soil-specific p; measure-
ment can be used in Eq. (19) to estimate fquartz, which can be used as a
model input to estimate A with acceptable accuracy. However, the Bal-
land and Arp (2005) model is not recommended for use in high OM soils.

3.4. Limitation and uncertainty of the empirical equation

First, it should be pointed out that the published ps; datasets in
Riihlmann et al. (2006) and Schonenberger et al. (2012) were deter-
mined on samples with OM. OM would lower ps values but has no sig-
nificant on fquart;. Further study should test the feasibilities of the
proposed equation on soils with high OM content. Second, it should be
pointed out that the ps values increase with fay (McBride et al., 2012).
For clay-rich mineral soils with relatively low fquart, values or soils with
heavy mineral elements, the ps values are considerably higher than 2.65
Mg m~2 (e.g., 2.80-3.20 Mg m ™ for biotite and 4.80-5.30 Mg m™° for
hematite according to Skopp (2012)). Thus, further work is required to
examine the relationship between fgyart, and ps on a wider range of soils
and varying conditions.

4. Conclusion

Using published data on 56 soils we developed an empirical equation
to relate fquartz to ps. This relationship could be used to estimate fquartz
from ps. The performance of the new approach was confirmed by
comparing A data estimated by four thermal conductivity models versus
measured values on 39 Canadian soils and one field soil from China. The
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errors (RMSE) are presented. The solid lines are the 1:1 lines.

results showed that when fsng was replaced with estimated fquart:
values, the errors in modeled A data were reduced significantly over the
entire saturation range, and the A results that were comparable to those
when the actual fquar, values were used. The new approach can be in-
tegrated into models and algorithms where fquart is required. Additional
studies are required to test the new appraoch in a wide range of soil
types and mineral compositions.
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