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Abstract The measured mineral composition data (XRD/XRF) of 40 Canadian soils
were modeled for the presence of quartz as a function of soil texture. Preliminary mod-
eling revealed a lack of strict correlation between quartz content and mass fraction of
sand. For that reason, the occurrence of quartz content was modeled as dependent on
a combined fraction of sand and silt, which produced an improved correlation for all
tested soils. Then, all soils were modeled separately for five assigned provinces/regions
of Canada and strong correlations of quartz versus combined sand and silt fractions
were obtained. Estimates of quartz content and an average thermal conductivity of
other minerals were also obtained by the reverse analysis of the weighted geometric
mean model applied to the experimental thermal conductivity data of saturated soils.
In general, quartz estimates followed XRD/XRF data sufficiently well. The thermal
conductivity of the remaining soil minerals was about 2.13 W -m~! . K~! on average
and did not depend on the soil texture.
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1 Introduction

The thermal conductivity of solid phases (1)) is a key parameter in the modeling of soil
thermal conductivity. Its value strongly depends on the volumetric content of quartz
(Oqtz) whose thermal conductivity (Aq,) is considerably higher than the other soil
minerals. Quartz is not only the dominant mineral in many rock types, but it is also
the dominant phase in the sand and silt fractions of natural soils as it is strongly resis-
tant to chemical and mechanical weathering [1]. A good knowledge of soil mineral
composition is essential to obtain reliable estimates of soil thermal conductivity.

Complete soil mineral data of 40 Canadian soils was obtained by a combined use
of XRD and XRF techniques [2,3]. The use of these two techniques is rare, due to
the need for very expensive hardware and highly qualified personnel. Consequently,
reliable @y, data of field soils is uncommon. Up to date, there exists only one set of
complete mineral composition data of 19 soils that was obtained using only the XRD
technique [4]. Additionally, these data include soils of volcanic origin and shows con-
siderable inconsistency of G, with soil texture which limits its applicable use. As
a result, Peters-Lidard et al. [5] published ®g, estimates that were nearly the same
as sand mass fractions in soils, but these estimates were never verified in the labora-
tory. As a result, A¢ is assumed as a fitting parameter in a large majority of predictive
models [6-8]. Recently, Tarnawski et al. [9] assessed O, by the reverse analysis of
the geometric mean model applied to experimental soil thermal conductivity data at
full saturation (Agy). This modeling approach produced acceptable results compared
to experimental ®g, data of 10 soils studied by Lu et al. [10]. This approach requires
a more comprehensive verification against measured mineral data. In conclusion, the
primary objective of this paper is to carry out reverse modeling of @y, and other
remaining minerals and to establish possible correlations between texture and Oy, for
the 40 Canadian soils.

2 Soil Samples
Laboratory XRD/XRF measurements were performed on the 40 soil samples from

nine Canadian provinces [3]; a summary of their mineral composition is given in the
Appendix. Their detailed textural characteristics are summarized in Table 1.

Table 1 Canadian soils: basic physical characteristics

Code Name Ps Porosity ~ Texture GSD LOI
n mel My Msa

NS-01  Acadia 271 0.55 Silt loam 0.10 057 032 0.056
NS-02  Cumberland 271 045 Sandy loam 0.05 034 0.61 0.025
NS-03  Pugwash 2.68 0.40 Sandy loam 0.05 037 0.57 0.029
NS-04  Sable sand 2.66 0.36 Sand 0.00 0.00 1.00 0.001
NS-05  Cornwallis-Annapolis-V ~ 2.66  0.40 Loamy Sand  0.03 0.13 0.85 0.038
NS-06  Pugwash - Annapolis-V 2.68 0.51 Sandy Loam  0.06 038 0.56  0.050
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Table 1 continued

Code Name ps  Porosity Texture GSD LOI

n Mcl  Mgi Mgy

NS-07 Queens - Annapolis-V 2.78 0.57 Silt Loam 0.12 0.67 0.22 0.068
PE-01 PEI 2.64 0.44 Loam 0.08 0.42 0.50 0.052
PE-02 PE2 2.66 0.42 Loam 0.09 0.39 0.51 0.042
PE-03 PE3 2.66 0.41 Loamy sand ~ 0.03 0.14 0.83 0.026
NB-01 Caribou 2.59 0.54 Silt loam 0.15 0.82 0.03 0.077
NB-02 Victoria 2.54 0.56 Silt loam 0.17 0.83 0.00 0.105
NB-03  Juniper 2.57 0.62 Silt loam 0.10 0.66 0.24 0.120
NB-04 Queens 2.59 0.54 Silt loam 0.10 0.64 0.26 0.090
NB-05 Fundy 271 0.54 Silty clay loam 0.33 0.67 0.00 0.062
QC-01 Macdonald campus “Beach” 2.73 0.43 Sand 0.02 0.05 0.93 0.015
QC-02 Macdonald campus “Field 9” 2.69 0.48 Loamy sand  0.03 0.17 0.79 0.035
ON-01 Bainsville 2.70 0.43 Silt loam 0.08 0.56 0.37 0.026
ON-02 North Gower 2.76 0.51 Silt loam 0.18 0.75 0.07 0.028
ON-03 Matilda 2.71 0.46 Loamy sand  0.04 0.26 0.71 0.020
ON-04 Uplands 2.76 0.39 Sand 0.01 0.10 0.89 0.014
ON-05 Lyons 2.75 0.38 Sandy loam 0.07 0.37 0.56 0.021
ON-06 Uplands 2.74 0.44 Loamy sand 0.02 0.14 0.84 0.019
ON-07 North Gower 2.76 0.45 Silt loam 0.14 0.54 0.32 0.022
MN-01 Clay loam till (Ryerson series) 2.69 0.55 Silt loam 0.14 0.69 0.17 0.130
MN-02 High lime till (Inwood series) 2.79 0.41 Silt loam 0.24 0.55 0.22 0.300
MN-03 Glaciolacustrine clay (Osborne series) 2.74 0.63 Silt loam 0.21 0.76 0.03 0.130
MN-04 Glaciolacustrine sand (Almassippi ser) 2.71 0.47 Loamy sand  0.03 0.15 0.81 0.035
SK-01 Tarn_01 DWD 2.69 0.41 Silt loam 0.26 0.74 0.00 0.080
SK-02 Tarn_02 GOA 2.70 0.45 Sandy loam 0.06 0.27 0.67 0.018
SK-03 Tarn_03 FXD 2.70 0.53 Silt loam 0.15 0.83 0.02 0.086
SK-04 Tarn_04 AQA 2.68 0.42 Loamy sand ~ 0.03 0.14 0.83 0.015
SK-05 Tarn_05 BRA 2.68 0.45 Sandy loam 0.05 0.28 0.68 0.023
AB-01 Lethbridge 2.64 0.55 Silt loam 0.10 0.52 0.38 0.060
BC-01 FSJ#1 2.74 0.51 Silty clay 0.42 0.58 0.00 0.087
BC-02 FSJ#2 2.72 0.50 Silty clay 0.42 0.58 0.00 0.092
BC-03 Vanderhoof 2.71 0.51 Silty clay loam 0.30 0.70 0.00 0.045
BC-04 PG#1 2.78 0.52 Silty clay 0.41 0.59 0.00 0.086
BC-05 PG#2 2.77 0.53 Silty clay loam 0.33 0.67 0.00 0.082
BC-06 9718 SW 2.76 0.52 Silt loam 0.10 0.58 0.32 0.058

ps is the density of soil solids (g - cm_3)

GSD is soil grain size distribution, i.e., relative proportions of mineral particle sizes; mc|, mgj, msa are

fractions of clay, silt, and sand, respectively
LOlI is loss on ignition (fraction) at 1050 °C
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3 Modeling Quartz; Content from Measured Agy¢
3.1 Theoretical Background

The volumetric content of guartz (O, ) can also be assessed from a weighted geomet-
ric mean model [9] that generally gives close predictions of A, i.e., soil pore space
is completely filled with water:

Asat—cal = )"g_n)\cv (D

where Agai—cal 1S the calculated Agy(, Ay is the thermal conductivity of water, and n is
the soil porosity.

The thermal conductivity of water was obtained from experimental data published
by Sengers and Watson [11] for 0°C < T < 100°C.

Aw = 0.57109 + 0.0017625T — 0.0000067036T> 2)

Due to simplicity and reliable predictions, the geometric mean model has frequently
been used for estimating A of saturated two-component porous media [7,12]. This
model has also been successfully applied to evaluate Ag,

Oqtz , 1-Oqtz
qtz )‘o—min 3

As = A
where Ao_min is the bulk thermal conductivity of all soil minerals excluding quartz,
assumed to be about 2.0 W - m~! - K~! [7]. For pure quartz sands (NS-04), there are
no other minerals except quartz, so Eq. 3 reduces to Ay = Ag.

In spite of simplicity, Eqs. 1 and 3 are difficult to use due to a lack of g, and
As data. Their real values are unknown and rough estimates of &y, and A result in
uncertain model predictions. In spite of this, both parameters can be indirectly assessed
from measured Agy data (Aga—exp)- Therefore, by combining Egs. 1 and 3, A and Oy,
can be calculated (As—cal and Ogg;—car) from the following relations:

Aens 1/(1—n)
)Vs—cal = (%) (4)
w
In(Ag—cal/Ao—mi
@qtz—cal _ ( s cal/ o mm) (5)

In(Aqtz/*o—min)

Quartz 1s an anisotropic, trigonal mineral, whose thermal conductivity depends on
its crystallographic orientation. At about 15 °C, with heat flow perpendicular (L) to
the optical c-axis,Aqz—1 = 6.5W - m~! . K~! whereas for heat flow parallel (|]) to
the optical c-axis, Aq,—) = 11.3W - m-!.K! [13]. This mineral has no distinct
cleavage and displays no specific orientation. Thus, a bulk thermal conductivity of
randomly oriented guartz crystals is commonly used and its value is usually assessed
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Table 2 Canadian soil minerals

and their values of thermal Mineral Jmin (W-m~1- K™
S N )
Brigaud and Vasseur [16], and Microcline (mr) 2.10
Horai [17]) Kaolinite (kln) 2.44
Illite (ill) 1.62
Albite (ab) 1.90
Goethite (gt) 2.91
Chlorite (chl) 3.01
Amphibole (am) 2.81
Calcite (cal) 3.03
Dolomite (dol) 5.07
Smectite (sme) 1.73
Hematite (hem) 10.68

by a weighted arithmetic mean [14]:

)\qtz = (Z)thzfl + )\th*H) (6a)

W[ —

or by a weighted geometric mean [13]:

2/3 ,1/3

)\qtz = )“qtsz qtz—||

(6b)

A large majority of predictive A models assume A, as temperature (7') independent,
but in actuality, Aq,declines with increasing T'. This dependence, based on data pub-
lished by Clauser and Huenges [15] and Eq. 6b, can be described by the following
fitted relation:

gz = 8.128 — 0.021T(0°C < T < 100°C) (7

The other remaining minerals present in Canadian soils, excluding hematite and dolo-
mite, have a notably lower thermal conductivity than Aq, (Table 2).

A bulk value of A,_pin can also be estimated from the extended geometric mean
model.

@cal )"@dul)\'@sme )\'@hem

A cal “*dol “*sme “*hem (8)

1=Bqs 3 Omer 3 Okin g Ol 4 Oab 4 Ot 4 Ochil 4 Oy
o—min —calc _)‘mcr )‘kln }‘ill )‘ab )‘gt )‘ch] )‘am A

where Oy is the mineral volumetric fraction of guartz or other minerals in the soil
sample.
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3.2 Measurement of Agy

Proper preparation of saturated soil samples is essential for obtaining reliable Agy
data [18]. First, a mass of dry soil, equivalent to the assumed dry bulk density, was
added to a known volume of a cylindrical container. The required soil compaction was
accomplished by repeatedly tapping the lateral surface of the cylindrical container. For
all soils, degassed water was gradually added along the cylinder’s perimeter until the
total mass of added water was equal to the calculated mass of water corresponding to
the relative volume (n) needed for saturation of the tested soil. Particular attention was
paid to removing trapped air between soil particles; this was a difficult problem in very
fine soils (especially clay soils). The saturated soil sample was placed in a laboratory
vacuum chamber and exposed to air pressure at | mmHg to 10 mmHg to accelerate the
removal of trapped air. The Ay for 40 Canadian soils were measured using a thermal
conductivity probe (TCP) that consisted of a stainless steel sheath containing a con-
stantan heater wire and a T-type thermocouple. The internal space of the sheath was
filled with a low viscosity epoxy. To simulate a line heat source, the ratio of the probe’s
length to the probe’s diameter was at least 50:1. The allotted heating time for each
Asat measurement was approximately 120 s. For Ay, measurements, the temperature
rise of the probe was kept below 4 °C by maintaining a constant current of 0.21 A
(supplied to the probe heater) resulting in a TCP source strength of 9.9 W - m~!. The
overall uncertainties of A measurements (relative error) for saturated soils varied from
3 % to 6 %. More details about Agy; measurements can be obtained from Tarnawski
etal. [18].

3.3 Reverse Modeling of Ao—min, As, and O,

It is worth noting that volume fractions of quartz (G,) and other minerals (G _m;n)
must be used in reverse modeling with Eqs. 4, 5, and 8; while from XRF/XRD
experiments, mineral contents are usually expressed in mass (weight) percent. There-
fore, @i, was obtained using the following relation:

Ps

pmm

(C))

Omin = Mmin

where ps is the bulk density of all minerals comprising a solid phase; pmin and mmpin
are the bulk density and fractional mass% of quartz or other specific minerals.

The density of the solid fraction was measured using a pycnometer method [19].
The densities of soil solids were within (2.665 £ 0.125) g - cm~3 (Table 1). Since the
density variation is about +5 %, for practical applications, the densities of all minerals
were generally assumed to be approximately the same (ppin & ps = constant). As
a result, the following study will be based on the assumption that @iy, = mpin. A
summary of soil physical characteristics such as 7, Agat, Ao—min—calc> As—cal, and Oqgz
data are given in Table 3. The reverse modeling approach of Ao—min, As, and O
proceeds along the following steps: first, the value of Ao_min—calc for each soil was
obtained using Eq. 8 based on the mineral composition given in the Appendix; second,
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the value of As_cqlc for each soil was obtained from Eq. 4 based on the data in Table 3;

and third, the quartz content for each soil was then calculated using Eq. 5.

Table 3 Summary of reverse modeling of quartz content

Code T n(-) Asat ho—min—calc As Oqiz—XRD/XRF Oqtz—rev—calc Ogtz—rev—ave
o) W-m=l K= W.m= K Wom™T KT () ) S
NS-01 23 055 1.46 1.99 3.95 0.51 0.56 0.54
NS-02 22 045 1.93 2,01 454 0.61 0.68 0.67
NS-03 22 040 2.17 1.96 4.63 0.63 0.70 0.68
NS-04 24 036 3.17 -2 7.702 1.00 1.03" 1.03b
NS-05 24 0.40 239 2.08 5.29 0.72 0.81 0.81
NS-06 24 051 1.76 2,04 4.80 0.65 0.72 0.71
NS-07 24 0.57 1.40 1.95 3.09 0.34 0.57 0.54
PE-01 23 044 1.92 2.01 4.85 0.66 0.64 0.63
PE-02 24 042 1.94 2.18 451 0.58 0.58 0.59
PE-03 24 041 198 2.16 427 0.54 0.58 0.58
NB-0l 24 0.54 1.46 2,01 430 0.57 0.53 0.50
NB-02 22 056 135 2.00 4.24 0.56 0.47 0.44
NB-03 24 0.62 1.14 2.10 427 0.55 0.32 0.32
NB-04 23 0.54 131 2.02 4.49 0.60 0.35 0.32
NB-05 22 0.54 1.46 1.92 330 0.39 0.55 0.51
QC-01 23 043 1.59 2.06 3.26 0.35 0.36 0.34
QC-02 23 048 157 2.08 3.59 0.42 0.45 045
ON-01 26 0.43 1.60 2.10 3.01 0.28 035 0.34
ON-02 23 051 1.16 2.01 2.53 0.17 0.08 0.05
ON-03 26 0.46 152 2.00 3.45 0.41 0.38 0.35
ON-04 26 039 1.67 2.00 3.32 0.38 0.35 0.32
ON-05 26 038 1.74 2.17 3.40 0.36 0.34 035
ON-06 25 0.44 1.60 2.13 345 0.38 0.37 0.37
ON-07 25 045 1.46 2.08 2.88 0.25 0.28 0.26
MN-01 25 0.55 143 2.70 4.00 0.38 0.38 0.50
MN-02 25 041 2.19 3.54 4.13 0.20 0.53 0.72
MN-03 25 0.63 1.05 221 2.86 0.21 0.14 0.17
MN-04 25 047 1.93 244 4.88 0.61 0.70 0.73
SK-01 24 041 197 234 4.12 0.48 0.54 0.58
SK-02 24 045 1.73 1.94 4.46 0.61 0.54 0.51
SK-03 23 053 127 2.29 3.57 0.37 0.20 0.25
SK-04 23 042 1.82 1.88 4.80 0.67 0.54 0.50
SK-05 23 045 1.84 2.08 472 0.63 0.60 0.60
AB-01 22 055 139 1.99 4.17 0.55 0.48 0.45
BC-01 24 051 120 2.05 2.70 0.21 0.13 0.10
BC-02 23 050 121 2.03 261 0.19 0.13 0.10
BC-03 23 0.51 1.30 2.02 2.89 0.27 0.27 0.24
BC-04 23 052 112 2.08 2.60 0.17 0.03 0.01
BC-05 23 0.53 1.14 2.10 2.62 0.17 0.08 0.07
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Table 3 continued

Code T n (=) Asat Ao—min—calc As Oqiz—XRD/XRF Ogtz—rev—cale Ogtz—rev—ave
0 W-m™kTh Wem™h kT (WemT KT () © )
BC-06 24 0.52 1.43 2.10 3.38 0.37 0.42 042

4 Pure quartz sands do not contain other minerals; hence, As = Aqiz

b Excess values of quartz content are probably caused by the experimental error of 3 % to 6 % for Agat,
where A is calculated by Eq. 3, @qi;— XxRD/XRF is the measured (XRD/XRF) quartz content; ©qz—rey—cale
is the calculated quartz content (Eq. 5) through the reverse modeling approach using Ao—min—calc (Eq. 8)
and Table 7; Oqiz—rev—ave is the calculated quartz content (Eq. 5) through the reverse modeling using an

_l.

average value of Ag—min—ave = 2.13 W -m K~ (which is the average value of Ao—min—calc)

| NS O PE ANB *QC < ON X MN + SK ® AB A BC

T T

[=3
[=)}
1
-%
bad
.
+-
e
;
-+
4

Bqtz-rev-ave
=}
~
1

H4
0'2 A -$
0 % : : : :
0 0.2 0.4 0.6 0.8 1

O 412-XRD/XRF

Fig. 1 Quartz content: measured (Ogr;— XRD/XRF) Versus reverse modeling (@qtz—rev—ave)

Figure 1 illustrates the correlation between the measured and modeled quartz con-
tents. In general, quartz estimates followed XRD/XRF data sufficiently well. Error
bars are within + 0.05 for ©t;—rey—ave and +0.02 for Oq,— xrp/xRF €xcept for New
Brunswick samples with 0.05. The results closely overlapped for soils from Ontario
(ON), Quebec (QC), Prince Edward Island (PE), and the majority of samples from
Nova Scotia (NS), but showed a distinctive disagreement for New Brunswick (NB)
soils.

This may be due to difficulties in XRD Rietveld quantification refinements. Soils
from New Brunswick are rich in clay minerals which are generally difficult to refine
due to their highly variable crystal structure. As a result, only a semi-quantitative
analysis was carried out [3].

3.4 Results and Discussion

For the 40 Canadian soils investigated, the average Ao—min—ave (2.13 W - m!. K_l)
was slightly higher than 2.0W - m~! - K~! as proposed by Johansen [7] and it did
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A o-min  ------- o-min-ave B solids (s) s-calc
[ ]
M
g
= = m By
) Pl
/g_ﬁf_m_ﬁémﬁ_%ﬁwa

@qlz—XRD/XRF

Fig. 2 Thermal conductivity of other minerals (Ao —min—calc) and solids (As—calc) versus Ogez— XRD/XRF

not depend on the soil texture. However, a few soils (Fig. 2) had notably higher
ho—min—cal Values than 2.13W - m~! . K—1, namely: MN-01 (2.7W - m!. K‘l),
MN-02 (3.54W - m~! . K1), MN-04 (2.44W - m~! . K71), and SK-01 (2.34 W -
m!. K_l). These elevated Ao—min—calc Values were probably due to the presence
of dolomite (5.07W - m~! - K~1) and calcite (3.03W - m~! - K~1). Quartz content
was estimated by reverse modeling of the geometric mean formula (Eq. 5), using
Ao—min—cale (EQ. 8) Or Ag—min—ave = 2.13W - m~!.K! ; consequently, @qtz—rev—calc
and Ogi;—rev—ave Were obtained, respectively. The differences between Og;—rey—calc
and O rey—ave Were generally insignificant, the only exception were two soils from
Manitoba, namely (showing @qt;—rev—calc VS Ogtz—rev—ave): MN-01 (0.38 vs 0.50) and
MN-02 (0.53 vs 0.72). This indicates that Ao—min—ave = 2.13W - m~! - K~! can be
generally applied for estimations of ®q, from Ag, data of the 40 Canadian soils.

The thermal conductivity of soil solids was estimated using mineral experimental
data (Appendix) with the combination of Eqgs. 3 and 8. A strong correlation between
As and Og;—xrp/XRF Was obtained (Fig. 5); in a full range of guartz content, A varies
from22W -m~' - K~ ' t0 7.6 W -m~' . K™,

hs = exp (0.794 + 1.2140,) R> = 0.953 (10)

In terms of reverse modeling of gquartz occurrence in 40 Canadian soils, its esti-
mates (Ogiz—rev—ave), based on Ao_min—ave = 2.13W - m~!. K1, closely followed
experimentally obtained data (®g, xrp/xrF) With a few exceptions. These excep-
tions (showing Gqz—rev—ave VS8 Oqtz—xrRD/XRF) Were as follows: NS-07 (0.34 vs 0.55),
NB-03 (0.55 vs 0.33), NB-04 (0.60 vs 0.33), MN-02 (0.20 vs 0.72), BC-04 (0.17 vs
0.02), and BC-05 (0.17 vs 0.08). A detailed analysis of experimental and modeling
data revealed that the thermal conductivity of solids (Eq. 3) was strongly related to
Ogtz—XRD/XRE-

A sensitivity analysis applied to @, rey—ave Tevealed that their values depended
strongly on Agy data. For a large majority of studied soils, measured Agq data varied
within £0.1 W-m™~!.K~! and had high repeatability; consequently, the overall errors
were within 3 % to 6 % [18]. This may partially explain the differences between
Oqtz—xRD/XRF and Oqz—rey—ave. Overall, no straightforward relation between mass
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@ XRD/XRF - Lower/Upper 95 % Linear (XRD/XRF)

gqlz—XRD/XRF

¢ )

qtz

0.1 R2=0.33

=0.3251m, +0.3191

0 T T T T
0 0.2 0.4 0.6 0.8 1

msa

Fig. 3 Measured quartz content (Oqr;—XRD/XRF) versus sand mass fraction

fraction of sand and quartz content was observed (Fig. 3). The linear equation given in
Fig. 3 indicates that approximately 33 % of the variation in the values of @, XRD/XRF
was accounted for by its linear relationship with mg,. The graph contains 95 % confi-
dence limits for the linear equation. The majority of the data were outside the confi-
dence limits, indicating that the linear relationship was not significant.

This outcome could be due to the assumption that quartz appeared solely in the
coarser textural class of soils (sands). Consequently, this correlation can only provide
rough estimates of O, . A detailed examination of XRD/XRF data, for the 40 Cana-
dian soils, revealed some soils without sand fraction, e.g., NB-02, NB-05, BC-01 to
BC-05, but still with noticeable amounts of quartz. This resulted in the assumption
that gquartz can occur in both sand and silt fractions, which have grain sizes ranging
from 0.05 mm to 2 mm and from 0.002 mm to 0.05 mm, respectively. Close scru-
tiny of ®g,_xrp/xRrF data revealed an improved correlation (Fig. 4) with combined
sand and silt mass fractions (mg, + msi). Although the correlation in Fig. 4 has a
better coefficient of determination than that of Fig. 3, the majority of data was still
outside the confidence limits. Also, soils from Quebec and Ontario exhibited notice-
ably lower @y, xrD/XRF versus combined mg, and ms;, than soils from the other
provinces. These soils had very small fractions of clay and considerable amounts of
highly weather resistant albite and microcline (a potassium feldspar). Quartz, albite,
and microcline are primary minerals with a dominant presence in Canadian soils. Due
to their high hardness (7.0, 6.5, and 6.0, respectively, on the Mohs scale) and a strong
resistance to weathering processes, these minerals are mainly present in mg, and m;.

All these observations point to a very diverse soil genesis that depends mainly
on geological and climatic conditions. It was also observed that a noticeably differ-
ent content of quartz occurred in soils of very similar texture, but different geolog-
ical regions (e.g., NS soils vs ON soils). For that reason, it was decided to split the
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¢ XRD/XRF Lower/Upper 95 % Poly. (Fit data)
1.00
0.80
4
% 0.60
o)
4
%
@5‘ 0.40
.20 + *
0.20 (S ° . By, = 0.608(m+my)>
R>=047
0.00 T T T T T T
0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
mg, + myg;
Fig. 4 Measured quartz content (Oqiz— XRD/XRF) VEISus msa + msi
Table 4 Fitting coefficients a and b for Eq. 11
Canadian Provinces/Regions a b R?
NS —14.72 14.68 0.97
PE-NB —2.23 1.89 0.91
Eastern (QC-ON) —8.44 7.59 0.92
Prairie (MN-SK-AB) —10.06 9.83 0.97
BC —4.44 3.63 0.93

modeling of quartz appearance into five designated regions, namely: NS, PE, and NB,
Eastern (QC and ON), Prairie provinces (MN, SK, AB), and BC. These five regions,
as well as rough sample locations, can be found in a map of Canada (Appendix). The
following fitting relation was obtained for the five regions:

@qtzfﬁt = exXp [a + b(msy + msi)o's] (11)

Fitting coefficients a and b are given in Table 4.

Figures 5, 6,7, 8, and 9 show Oy, xrp/XRF and Og_f; versus (msg, + ms;) for the
five assigned regions; a slightly diverse ©q_f; is observed for NS-07, PE-03, SK-01,
MN-02, MN-03, and BC-06. The graphs also contain 95 % confidence limits for the
fitted relation of Eq. 11. The majority of the data was within the confidence limits.

The quartz occurrence in mg, and mg; can also be modeled explicitly using the
following bi-linear relation which assumes individual contribution of sand and silt
fractions:

@qtzfﬁt = &Emgy + {mg (12)

where & and ¢ are quartz occurrence coefficients for mg, and mg;, respectively.
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o  XRD/XRF (NS)

NS-Eq. 11 ------- Lower/Upper 95 %

(D quz-XRD/XRF

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Mgy + Mg

Fig.5 Measured and predicted guartz fraction versus the combined fraction of sand and silt in Nova Scotia
(NS)

o XRD/XRF (PE-NB)

Atlantic-Eq. 11~ ------- Lower/Upper 95 %

(@ qtz-XRD/XRF

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Mg+ Mg

Fig. 6 Measured and predicted quartz fraction versus the combined fraction of sand and silt in New
Brunswick (NB) and Prince Edward Island (PE)

o XRD/XRF (QC-ON) ——— QC/ON-Eq. I ------- Lower/Upper 95 %

@ qtz-XRD/XRF

Fig.7 Measured and predicted quartz fraction versus the combined fraction of sand and silt in the Eastern
Canadian regions (QC and ON)
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o XRD/XRF (MN-SK-AB) ———MN-SK-AB-Eq. 11 ------- Lower/Upper 95 %

(@ qtz-XRD/XRF

Fig. 8 Measured and predicted quartz fraction versus the combined fraction of sand and silt in the Prairie
Regions (MN, SK, and AB)

o XRD/XRF (BC) BC-Eq. 11 ~ ------- Lower/Upper 95 %

@ qiz-XRD/XRF

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Mgy +mg

Fig. 9 Measured and predicted quartz fraction versus the combined fraction of sand and silt in British
Columbia (BC)

The modeling procedure assumed that guartz occurred mainly in mg,; contribution
from mg; took place when mgs, < Ggi,—xrRD/XRE- A summary of this procedure is
given in Table 5.

Table 5 Contribution of quartz from sand and silt fractions

Mgy versus Oqiz— XRD/XRF § ¢

Msa > Ogtz—XRD/XRF 0<&<1 =0
msa = Ogtz—XRD/XRF §=1 =0
msa < Ogtz—XRD/XRF £=1 0<t¢<l
msa =0 E=1 0<¢<1
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NS OPE +NB ¢QC OON AMN ASK XAB OBC

0.7
0.6 1
0.5 1 +

0.4 1 o o
0.3 1
0.2 1 [}
0.1 ]

0.0 —Oo— DA AT T E— T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
m

Fig. 10 Quartz occurrence coefficient in silt fractions (¢)

aNS ®PE +NB 0QC oON AMN aASK XAB oBC
1.0 0-tk—o—————A—&+—+—® a8
0.9 1 A
0.8 1 [N A
0.7 1
0.6 1 o

W05 .
0.4 1 o
0.3 1
0.2 1
0.1

0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

msa

Fig. 11 Quartz occurrence coefficient (£) in sand fractions

According to the procedure in Table 5, the quartz occurrence coefficients were
obtained and shown in Figs. 10 and 11. Figure 10 displays no quartz occurrence (¢ =
0) in soils having low fractions of silt (0 < mg < 0.34), then ¢ increases randomly
to 0.67. The coefficient of quartz occurrence in sand fractions (£) is shown in Fig. 10.

From Figs. 10 and 11 it is shown that the coefficients are widely scattered; however,
they show better correlation when the data are split into five regions as before, namely:
NS, PE, and NB, Eastern (QC and ON), Prairie (MN, SK, and AB) provinces, and
BC. For NS, PE, and NB), the following ¢ relation is obtained:

r=m% R?>=082 (13)
Soil samples from the Eastern provinces (QC and ON) do not have any quartz in silt
fractions, with the exception of a sample from North Gower. Therefore, the following
¢ = 0 was assumed; ¢ = 0.13 for North Gower was ignored.

Samples from the Prairie provinces (MN, SK, AB) only contain quartz at higher
fractions of silt (mg; > 0.54); then, an increasing ¢ trend was observed. For the Prairie
provinces, the following ¢ relation is obtained:

£ =001+087Tm3  R%=0.65 (14)
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For BC, the following ¢ relation is obtained.
¢ =0403m%  RZ =090 (15)

In turn, the coefficient of quartz occurrence in sand fractions (§) remains constant with
ms, for the majority of soils from the Atlantic provinces, except for NS-06 (¢ = 0.85)
and PE-03 (¢ = 0.65). Therefore, these values were ignored and £ = 1 was used.

For the Eastern (Eq. 16) and Prairie provinces (Eq. 17) and also for BC (Eq. 18)
strong correlations are observed and they are given, respectively, as follows:

£=103-0.68mg, R>=0098 (16)
£=1-0382m3, R>=0.93 (17)
£=1 R*=1 (18)

Table 6 summarizes quartz measurements versus predictions made by Eqgs. 11 and 12
with the quartz occurrence coefficients given by Eqs. 13—18. Two approaches for mod-
eling quartz content were evaluated with respect to experimental data of ®4_xrD/XRE
using the root-mean-squared error (RMSE):

N

1 2
RMSE = |+ Zl: (Oqtz—xRD/XRF — Ogrz—cale) (19)

where Oqi,— xrRD/XRF represents experimental data; Gqg,—calc represents predicted data
(Egs. 11 or 12), and N is the number of recorded experimental data.

Generally, quartz predictions (using Egs. 11 and 12) satisfactorily follow exper-
imental data with RMSE of £0.06 and +0.08, respectively. Modeling the quartz
content, by Eq. 12, is more cumbersome; for that reason, the use of Eq. 11 is recom-
mended.

Table 6 Comparison of measured and predicted Oqy, data

Sample code msi + Msa 0q—XRD/XRF 0qtz—Eq.11 0q—Eq12
NS-01 0.899 0.51 0.45 0.44
NS-02 0.951 0.61 0.67 0.64
NS-03 0.946 0.63 0.64 0.61
NS-04 1.000 1.00 0.96 1.00
NS-05 0.973 0.72 0.79 0.85
NS-06 0.938 0.65 0.61 0.60
NS-07 0.882 0.34 0.39 0.40
PE-01 0.920 0.66 0.60 0.61

@ Springer



858 Int J Thermophys (2012) 33:843-863

Table 6 continued

Sample code mgi + Msa 0q—XRD/XRF Oqtz—Eq.11 0q—Eq.12
PE-02 0.909 0.58 0.59 0.61
PE-03 0.973 0.54 0.63 0.84
NB-01 0.852 0.57 0.56 0.61
NB-02 0.834 0.56 0.55 0.60
NB-03 0.765 0.55 0.51 0.44
NB-04 0.896 0.60 0.58 0.57
NB-05 0.672 0.39 0.46 0.35
QC-01 0.983 0.35 0.40 0.37
QC-02 0.967 0.42 0.38 0.39
ON-01 0.924 0.28 0.32 0.29
ON-02 0.823 0.17 0.21 0.07
ON-03 0.964 0.41 0.37 0.39
ON-04 0.989 0.38 0.41 0.38
ON-05 0.927 0.36 0.32 0.36
ON-06 0.979 0.38 0.39 0.39
ON-07 0.856 0.25 0.24 0.26
MN-01 0.864 0.38 0.40 0.38
MN-02 0.764 0.20 0.23 0.30
MN-03 0.787 0.21 0.26 0.33
MN-04 0.967 0.61 0.67 0.65
SK-01 0.737 0.48 0.20 0.27
SK-02 0.936 0.61 0.58 0.60
SK-03 0.851 0.37 0.37 0.45
SK-04 0.971 0.67 0.69 0.65
SK-05 0.952 0.63 0.62 0.60
AB-01 0.900 0.55 0.48 0.44
BC-01 0.582 0.21 0.19 0.17
BC-02 0.580 0.19 0.19 0.17
BC-03 0.704 0.27 0.25 0.25
BC-04 0.586 0.17 0.19 0.18
BC-05 0.668 0.17 0.23 0.23
BC-06 0.901 0.37 0.37 0.49
RMSE 0.06 0.08

4 Conclusions and Recommendations

The measured mineral composition data (XRD/XRF) of 40 Canadian soils were mod-
eled for the presence of quartz as a function of soil texture. The analysis of preliminary
modeling revealed a lack of strict correlation between quartz content and mass fraction
of sand, as previously suggested by Peters-Lidard et al. [5] and modeled by Tarnawski
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etal. [9], for alimited number of soils. For that reason, the occurrence of guartz content
was modeled as dependent on a combined fraction of sand and silt, which produced an
improved correlation for the 40 tested soils. However, it was noted that a noticeably
different content of quartz occurred in soils of very similar texture, but different ori-
gins (e.g., NS soils vs ON soils). Consequently, based on the fact that soil mineralogy
is strongly influenced by climatic factors and the parent material from which soils
are formed, all soils were modeled separately for five assigned regions. As a result,
good correlations of quartz versus combined sand and silt fractions were obtained.
Soils from Quebec and Ontario exhibited noticeably lower quartz occurrence than
analyzed soils from the other provinces. This outcome may be due to considerable
amounts of highly weather resistant albite and moderately weather resistant K-feld-
spar (microcline). Generally, quartz predictions (using Egs. 11 and 12) satisfactorily
follow experimental data with RMSE of £0.06 and +0.08, respectively. Modeling the
quartz content, by Eq. 12, is more cumbersome; for that reason, the use of Eq. 11 is
recommended.

Estimates of quartz content and an average thermal conductivity of other minerals
were also obtained by the reverse analysis of the weighted geometric mean model
applied to the experimental thermal conductivity data of saturated soils. The thermal
conductivity of the remaining soil minerals was about 2.13 W - m~! . K~! on average
and did not depend on the soil texture.

In general, quartz content estimates obtained by the reverse analysis of thermal
conductivity data at full saturation were comparable with the XRD/XRF data. This
proves that satisfactory estimates of quartz content can be indirectly obtained from
soil thermal conductivity measurements at full saturation under conditions of very
careful soil sample preparation and high measurement accuracy.
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Appendix

See Table 7 and Fig. 12.
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1. British Columbia (BC)

Alberta {AB)
Saskatchewan (SK)
Manitoba (MB)

oo

Omtario (ON)
Ouebec ()

New Brunswick (NB)
Island (PE)

 Prince Edwa

Nova Scotia (NS)
Rough Soil Sample Location

Fig. 12 Canadian provinces and their assigned regions showing rough sample locations (modified from
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