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ABSTRACT

The saturated hydraulic conductivity (K) is an essential property for modeling water and contaminants movement into aquifers. However,
K, is extremely variable, even when considering nearby locations, which poses a challenge for modeling at catchment scales. Field
measurements of K_are most of the time expensive, time-consuming and labor-intensive. This study aimed to obtain, for modeling
purposes, and using pedotransfer functions (PTFs), a composite value of K at a catchment scale, in a recharge area of the Guarani
Aquifer System. Soil samples were taken across the study area, and the K for each sampling point were determined by several PTF
methods. At the same locations, K_ field measurements were taken using a Guelph permeameter. Average values of K for all the
sampling points calculated by PTFs were similar to the average value obtained by field measurements. The use of PTFs proved to be
a faster and simpler method to efficiently determine the K_value for the watershed and to capture the stochastic variation in terms
of soil pore combination at the watershed scale.
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RESUMO

A condutividade hidraulica saturada (K ) ¢ uma propriedade essencial para modelagem do fluxo de 4gua e contaminantes da zona nao
saturada em diregio aos aquiferos. Entretanto, K ¢ extremamente variavel, mesmo considerando-se locais muito proximos, o que torna
amodelagem em escala de bacia de drenagem um desafio. Medigdes de K em campo sio na maioria das vezes dispendiosas, demoradas
e trabalhosas. O objetivo desse estudo ¢ obtet, para fins de modelagem computacional, e por meio de funcoes de pedotransferéncia
(FPTs), um valor representativo de I para uma area de recarga do Sistema Aquifero Guarani. Amostras de solo foram coletadas por
toda area de estudo e os valores de K em cada ponto de amostragem determinados por meio de FPTs. Nos mesmos pontos, foram
feitas medigdes de K por meio de um permeametro Guelph. Os valores médios de K calculados por meio de FPTs para todos os
pontos de amostragem foram semelhantes aos valores médios obtidos pelas medl(_;oes de campo. O uso de FPTs provou ser um
método mais rapido e simples para determinar com eficiéncia o valor de K da area de recarga e para capturar a variagio estocistica
em termos de combinagdo de poros do solo na escala considerada.

Palavras-chave: Sistema Aquifero Guarani; Condutividade hidraulica; Fungdes de pedotransferéncia; Area de recarga.
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Determining a composite value for the saturated hydraulic conductivity in a recharge area of the Guarani Aquifer System, using
pedotransfer functions

INTRODUCTION

The unsaturated zone is the link between precipitation
and groundwater, therefore knowledge of near-surface hydraulic
properties in recharge areas is essential to understand the movement
of water and contaminants into the aquifer. Determining
soil hydraulic properties is a prerequisite to physically model
transient water flow and solute transport in the unsaturated zone
(Sprenger et al., 2015).

Although water movement at the subsurface occurs mostly
at unsaturated conditions, the saturated hydraulic conductivity
(K) is considered a fundamental soil property for water and
solute transport in the unsaturated zone (De Pue et al., 2019;
Mesquita & Moraes, 2004; Vienken & Dietrich, 2011). K not
only governs the flow rate of water under a hydraulic gradient
as specified by the Darcy equation for saturated conditions,
but also acts as a scaling factor in many unsaturated flow and
transport applications that involve pore-size distribution models
(Zhang & Schaap, 2019).

However, hydraulic conductivity is known to be one of
the most variable of all geotechnical properties (Mbonimpa et al.,
2002). Within the same soil class or geological unit, K values in
nearby sites can vary by several orders of magnitude (Mesquita
& Moraes, 2004).

There are several available methods for the determination
of Ks
Common field methods for estimation of K make use of ring
infiltrometers and borehole permeameters. Ring infiltrometers

cither in a laboratory or through field investigation.

can be used to pond water on the soil surface and measure the
infiltration rate. Borehole permeameters consist of a Mariotte
siphon that maintains water at a constant level in a borehole
and allows measurement of the steady flow rate into the soils
(Raddliffe & Simuneck, 2010). Laboratory methods implicate in
collecting soil samples using stainless steel rings. The K_can
be measured in the laboratory by using a constant head or a
falling head method. For the constant head method, a constant
hydraulic head difference is maintained across the soil sample
for the entire duration of measurement, whereas in a falling
head method the hydraulic head varies over time (Lal & Shukla,
2004). Most methods are time-consuming and laborious, might
require large volumes of water, and can be too expensive or
impractical for large scales (Cornelis et al., 2001; De Pue et al.,
2019; Odong, 2007; Vereecken et al., 2010).

Successful hydrological model predictions depend on
appropriate framing of scale and the spatial-temporal accuracy
of input parameters describing soil hydraulic properties
(Libohova et al., 2018). Modeling water movement in the
unsaturated zone presents the challenge of correctly depicting
its hydraulic properties. Considering the high variability of such
properties, it is impractical at watershed scales to measure them
at every few square meters. Instead, a representative value for
the entire area considerably reduces model complexity while
also being less labor-intense.

Considering watershed scales, soil properties related to
groundwater flow and transport vary according to parent material,
vegetation, and land use; which in turn affect characteristics such
as macroporosity, layering, and aggregation, and therefore, vertical
water movement (Bosch & West, 2010; Kutflek & Nielsen, 1994).
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Trying to use point-scale physics at the basin scale implies that
both the media and the boundary conditions should be known
spatially at the scale of the equations. This, in turn, requires
prohibitive amounts of input data, which in most cases goes far
beyond practical limitations even for small experimental plots
(Zehe et al., 20006).

To evade these difficulties, and considering their importance
in the fields of hydrogeology, petroleum geology, and wastewater
engineering, there has been substantial work towards developing
empirical relationships between soil hydraulic properties and
various, more easily measurable, attributes of the porous medium
(Sperry & Peirce, 1995). These so-called pedotransfer functions
(PTTs) are surrogate analyses relating soil hydraulic functions to
basic and simple soil data such as the content of clay, silt, sand,
organic matter, and values of bulk density or porosity (Kutilek
& Nielsen, 1994). PTTs are usually obtained using various
mathematical and statistical approaches, such as regression or neural
network analysis. PTFs can be used to predict either soil hydraulic
properties directly, such as the water content at specified pressure
heads and the saturated hydraulic conductivity, or parameters in
the analytical models used for soil hydraulic properties (Radcliffe
& Simunek, 2010).

The Guarani Aquifer System (GAS) is considered one
of the most important hydrostratigraphic units of South
America (Sindico et al., 2018), providing potable water to more
than 90 million people (Gastmans et al., 2010). It is a typical
example of a transboundary aquifer, located in the western
region of South America, covering an area of about 1.1 million
Km? (Otganizaciao dos Estados Americanos, 2009). It is essentially
a confined or semiconfined aquifer. Only about 10% of the
GAS is represented by outcrop area, with sedimentary rock
strata of sandstone and a basaltic confinement layer (Rabelo
& Wendland, 2009). GAS outcrop formations in the central
portion of Sao Paulo occur in a continuous North-South strip,
corresponding to one of the most important recharge areas
for the aquifer.

Previous studies carried out regarding GAS hydraulic
conductivity usually emphasized only the saturated portion of
the GAS, and/or its geological formations (Soates et al., 2008;
Rabelo & Wendland, 2009). This paper is concerned with a
somehow neglected yet important GAS characteristic, which is the
movement of water and contaminants through the unsaturated
zone of the aquifer.

The main purpose of this study is to use PTF functions
based on grain-size analysis, to obtain a composite value of
KK, for a catchment at a recharge area of the Guarani Aquifer
System. For that matter, samples were collected throughout the
catchment across different geological formations and soil types.
The assessment of the PTF results was performed comparing
their results with direct field measurements performed with a
Guelph permeameter (Reynolds & Elrick, 1980).

Some research questions have guided this study: a) Are
PTFs a good surrogate for K_ficld measurements, and how do
they vary considering the number of samples? b) Which PTFs
are more accurate in determining I values considering field
measurements? ¢) How does the spatial resolution influence the
results? d) What are the main limitations of the use of PTFs?
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MATERIAL AND METHODS

Study area

The Jacaré-Pepira basin is located in the central region
of the state, draining an area of approximately 2500 km? in the
portion upper Tieté-Jacaré basin (Tundisi et al., 2008).

The area of interest is a sub-basin of the Jacaré-Pepira
basin, situated in its upper portion and most of its outcropping
geological units correspond to Mesozoic sediments from Botucatu
and Piramboia formations. It also presents basaltic outcrops from
the Serra Geral formation, and tertiary sediments at its higher
portions (Batista et al., 2018). The geological and pedological
characteristics and location of the sampling points are illustrated
in Figure 1.

The Piramboia Formation consists of silty-clayish
sandstones of aeolian and fluvial origins, and the Botucatu
Formation consists of well-sorted sandstones of acolian origin
(Sracek & Hirata, 2002). The Serra Geral formation corresponds
to successive layers of basaltic volcanic activity spills from the

Cretaceous period (Rabelo & Wendland, 2009). The soils in
the area correspond in more than 90% to Oxisols (Hapludox
and Haplustox) and Entisols (Quartzipsamments). Other soil
occurrences include Ultisols, Entisols (Aquents), and Alfisols.
Oxisols are highly weathered soils with oxic subsurface horizon,
very high in clay-sized particles, dominated by hydrous oxides of
iron and aluminum. Entisols are weekly developed mineral soils
without natural subsutface horizons. Ultisols are characterized
by a B horizon with loamy-sand texture, with less than 35% of
the exchange capacity, where there has been an increment of the
clay fraction. Alfisols are characterized by a subsurface diagnostic
horizon in which silicate clay was accumulated by illuviation and
its cation exchange capacity is above 35% (Brady & Weil, 2014).

Sampling

Sampling points were chosen in order to have a spatial
distribution with coverage throughout the study area, considering
its geological formations and the ease of access to the locations.
Based on these criteria a total of 34 sampling locations were
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Coordinate System: Corrego Alegre UTM Zone 23S
Projection: Transverse Mercator
Datum: Corrego Alegre

Data Base: Folha topografica SF-22-ZB Bauru e ZF-23-YA, Campinas. a) DEM: Shuttle
Radar Topography Mission (SRTM) (Empraba, 2009); b) Sao Paulo State Pedological

Map (Rossi, 2017); ¢) Sao Paulo State Geologic Map (IPT, 1981).

Figure 1. Location of the GAS in South America, GAS outcrops, and study area in the State of Sdo Paulo. Below - Maps of the study
area: Digital Elevation Model (left), Soil Types (Center), Geological Units (right).

RBRH, Porto Alegte, v. 26, €35, 2021

3/12



Determining a composite value for the saturated hydraulic conductivity in a recharge area of the Guarani Aquifer System, using
pedotransfer functions

chosen as indicated in Figure 1. To evaluate the results of PTFs,
field measurements of K_were determined at the same sampling
locations using the Guelph permeameter.

Grain size distribution curve

Porosity, hydraulic conductivity, and permeability are
hydrogeological parameters that greatly depend on the size of
sediment grains and the percentage of various sediment fractions
(Kresic, 2007). The most used method to determine grain size
distribution consists of separating the fractions of the sediments
through a set of sieves with different diameters. Sample grain
size distribution was determined by combining the sieve and
sedimentation analysis methods, which consists in measuring the
weight of each particle size interval, expressing it as a percentage
of the sample’s total weight. In this case, the set of sieves were
size #4, #10, #16, #30, #40, #50, #60, #100, #200 and #230,
which have diameters varying from 4.76 to 0.063 millimeters
(mm). The determination of grain size distribution for silt and
clay (grains smaller than 0.075 mm), was performed when the
percentage of fines was above 15%. The finer particles were stirred
and left for a 48 hours decantation in a vertical cylinder of water.
During the decantation, density measurements were taken with
a hydrometer, under monitored conditions, at each defined time
interval. The diameter of the grains was determined from the
suspension density, which progressively decreases over time at a
given elevation (Kresic, 2007). The grain size distribution curve
is then plotted in a semilogarithmic graph, with the cumulative
percent coarser by weight plotted on the vertical scale and the
diameter of grains on a horizontal logarithmic scale.

Guelph permeameter

The use of the Guelph permeameter to determine hydraulic
conductivity is well documented in the literature (Appels et al.,
2015; Guzman et al., 2019; Oliva et al., 2005; Soto & Kiang, 2018).
This method provides simultancous in situ measurements of
field-saturated hydraulic conductivity, and matric flux potential.
It measures the steady-state rate of water flow out of a shallow,
cylindrical well in which a constant depth of water (pressure head)
is maintained. A Mariotte bottle device is used to maintain the depth
of water and to measure the rate of water flow (Kanwar et al,,
1989). More specific details about the method can be found in
Reynolds & Elrick, (1986) and Ghosh & Pekkat (2019).

Empirical relationship between grain-size and
hydraulic conductivity

The movement of water through the media depends on
the hydraulic gradient; size, geometry, and distribution of pores
between solid grains (Mbonimpa et al., 2002). Therefore, quite
a few empirical formulas for calculating hydraulic conductivity
using grain size analysis are available in the literature (Fetter, 2014;
Song et al., 2009; Vienken & Dietrich, 2011; Zhang & Schaap, 2019).

4/12

The applicability of each method depends on the characteristics
of the soil or sediment. For instance, some methods present better
results with soils or sediments composed of sand particles, while
others are more efficient for soil or sediments uniformly graded
regardless of the predominant texture fraction. In this study, we
took the liberty to use several PTF methods even considering that
not all methods apply to all samples.

Most empirical equations currently in use are expressed
based on the following general equation (Song et al., 2009):

Ky=2.c1(n)d? )

where K is the saturated hydraulic conductivity, g is the acceleration
due to gravity, v is the kinematic viscosity of the fluid (water), Cis a
dimensionless coefficient that depends on various parameters of the
porous medium, such as grain shape, structure, and heterogeneity, f(n)
is a function of porosity n, and d_ is the effective grain size. In this
study, K was calculated in cm/s, gin cm/s?, vin cm”/s,and d_in cm.

Porosity (n) may be derived from the empirical relationship
with the coefficient of grain uniformity (U) as follows (Vienken
and Dietrich, 2011):

n:0.255-(1+0.83U) @)

where U is the uniformity coefficient is given by:

460
U=—=2L
le (3)

where,d, and d,  are the particle diameters derived from cumulative
distribution and represent size fractions at which 60% and 10%,
respectively, of the sample by weight is composed of grains of
smaller size (Ayers et al., 1998).

In this study, seven empirical methods were selected,
Table 1 summarizes these formulas and their applicability.

Based on the grain size distribution curves, the effective
grain diameters d, d,, and d, represent size fractions at which
50%, 20%, and 10%, respectively, of the sample, is composed of
grains of smaller size. For all methods, the value of gravitational
acceleration near the earth’s surface (g) is assumed to be 9.806 m/
s* and the water temperature being 20 °C, which corresponds to

the dynamic viscosity (v) value of 1.004x10° m/s? respectively.

The Willmott index

To evaluate the efficiency of the results obtained by the PTFs,
the results for each sampling point were compared with the values of
K obtained by the Guelph permeameter, using the Willmott index
of agreement (Willmott, 1981) according to the following equation:

> -0

d=1- = @

> (B-0ul+[o-0u)"
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Table 1. Formulas and applicability of the empirical grain-size methods.

Effective grain Domain of

Method Formula f(n . Value of C . s
" (n) diameter (d ) " applicability
0.0lmm<d
1.5 e
Shepherd® K =Cds 1 d,, 100 <10mm
Hazen Complete? K :5(6x10*4)[1 +10(n-0.26)]d1p>  1+10(n-0.26) d, 6x10° 0.1mm<d <3mm
v
Hazen® K =100d;* 1 d,, 100 0.1mm<d_<3mm
3 3
Kozeny-Carman® K=£(83x107)| " |4? i d 8.3x10° I in sand
ozeny-Carman e 2 10 2 0 3x arge grain sands
4, 500 4, 500
Beyer® K= %6x10 4 (logvj d102 1 d, 6x107% (logTJ 0.06mm<d <0.6mm
Slichter® K= (11072 )32 a2 3287 d, 1x10° 0.01mm<d <0.5mm
v
Terzaghi® K —5(10 7><1073) n—013 i dio? n—013 i d 01x107 large grain sands
g I e T 10 o, 10 <C<10.7x10° geg
USBR® K =£(7.34x107 )y 1 d, 7.34x10* U<s
v

Obs: WFetter (2014); @Vienken & Dietrich (2011); ®Song et al. (2009).

where: d — Willmott index; P, — Calculated values; O, — Observed
values; O_ —average of observed values; n— the total number of values

Values of 4 close to zero indicate no agreement of the
model results with field results and values close to one imply
total agreement.

Statistical evaluation

The Kruskal-Wallis (KW) test was used to identify similarities
among the PTFs. The KW test is similar to the parametric analysis
of variance butis performed on data ranks rather than data values,
and it is not restricted by the assumption of normality. A significant
KW test result (a p-value smaller than 0,05), indicates that the
sample population distribution of atleast one sample differs from
another (Krueger et al., 2015). The Shapiro-Wilk test of normality
was applied to check for the possible normality distribution of
field and PTFs results.

RESULTS AND DISCUSSIONS

Soil texture and granulometry

Grain size analysis shows that for most of the sampling
points, coarse grains predominate over finer fractions. Sands,
loamy sands, and sandy loams are the predominant soil texture
in the area, except for a minor portion that corresponds to the
Serra Geral Formation with clayey soils (Figure 2).

It is possible to observe, that the granulometry of the
samples are relatively homogenous despite covering different

RBRH, Porto Alegte, v. 26, €35, 2021

geological formations. Only the samples collected on the Serra
Geral formation show high clay content, and a few samples
located on the tertiary deposits present intermediate (about 20%)
clay content.

Guelph permeameter results

The results of direct field measurement with the permeameter
showed variations of several orders of magnitude, ranging from
a minimum of 5.29x10° cm/s to a maximum of 2.00x10? cm/s,
with an average of 2.97x10? cm/s. Compared with other studies,
Engelbrecht et al. (2020), through pumping tests calculated the
average value of K_for the GAS aquifer ranging from 2,23x10° cm/s
to 2,28x10° cm/s. In the same study, using the Kozeny-Carman
method, K estimates for the Botucatu and Piramboia formations
wete respectively of 3.37 cm/s and 2.71 cm/s. Rabelo & Wendland
(2009), using numerical modeling to study GAS aquifer recharge
at the sub-basins of Jacaré-Pepira and Jacaré Guacu; calculated the
average K_value of these sub-basins as 2,78x10” cm/s, varying
from 2,00x10* cm/s to 5,00x10° cm/s. Sracek & Hirata (2002),
report I values ranging from 2,0x10* cm/s to 1,9x10" ecm/s for
the Piramboia and Botucatu formations in the Guarani Aquifer.
Zuquette & Palma (2006), using double-ring infiltration tests to measure
hydraulic conductivity on the Botucatu and Serra Geral formations
reported K values varying from 1.48x10° to 3.65x10° cm/s for the
unconsolidated basalt of Serra Geral, and ranging from 3.2x10° cm/s
to 2.01x10 cm/s for the sandy materials of Botucatu formation.

The sandstones of the Jurassic period of acolian origin
(Botucatu formation), have higher hydraulic conductivity and are
the best reservoirs of the Jacaré system basins, while the Triassic
sandstones of fluvio-lacusttine/acolian origin (Piramboia Formation),
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Figure 2. Soil texture triangle and texture classification of sampling the points (red), based on grain-size analysis. Source: Soil Texture

Calculator (US. Department of Agriculture, 2020).

usually have larger amounts of clay diminishes in relative terms
their hydraulic efficiency (Rabelo & Wendland, 2009).

Interestingly in this study, the two lowest values of K
were measured in loamy sands and sandy soils, whereas one would
normally expect them to be found in clayey soils. Also, the variation
of measured Ks values reached more than one order of magnitude
even when considering sampling points within the same textural class,
geological formation, or land use. A Shapiro-Wilk test of normality
shows that the natural log of K_has a p-value of 0.3133. The K
results, separated by geological formation are presented in Table 2.

Slightly higher K_values were measured for the Botucatu
formation compared to Piramboia formation, and as expected lower
K, values for the clayey outcrops of Serra Geral. Measurements
of K by Oliva ct al. (2005), using a Guelph permeameter in the
Rio Claro formation, which has similar characteristics as the
tertiary deposits of the study area, provided K values ranging
from 8.0x10* cm/s to 4,9x10° cm/s.

When the results are separated by slope, K values are
higher for areas with smaller slopes as indicated in Table 3.

PTF results

Grain size analysis provided the information to evaluate
from the PTF methods chosen which ones are more suitable,
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Table 2. Ks values by geological formation.

. Ks medio KS Ks minimum
Formation (cm/s) maximum (cm/s)
(cm/s)

Piramboia 1.749x10° 5.790x107 2.670x107?

Botucatu 2.865x107 1.010x102 1.330x10*
Serra Geral 7.844x10* 1.820x10° 5.291x10°

Tertiary 1.718x10? 3.400x107 8.43x10*

deposits

Table 3. Ks values by slope.

K average K maximum K Minimum
Slope s s s
(cm/s) (cm/s) (cm/s)
0-5 1.551x10? 5.79x107 1.640x10*
5-10 2.317x107 2.010x10? 2.330x10*
>10 5.898x10* 1.680x10° 5.290x10°

considering their range of applicability and given granulometric
characteristics. Based on grain size results, the Shepherd method is
the most suitable for the area, since it applies to all samples, except
for the two clayey from the Serra Geral formation. The Slitcher
method also has applicability to most samples except for the tertiary

RBRH, Porto Alegte, v. 26, €35, 2021
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deposits and the Serra Geral formation. However, as previously
mentioned, we took the liberty to use several PTFs methods even
if they are not perfectly suitable for all samples.

The K calculated from PTFs present large variations
from one method to another. Values for the same sampling
point varied up to two orders of magnitude depending on the
PTF applied. A boxplot of K_values obtained by PTFs and the
Guelph permeameter is shown in Figure 3.

Applying the Shapiro-Wilk test of normality, none of the
PTF results showed a normal distribution at a 0.05 a-level.

The correlation between measured K values on the
field and the ones obtained by PTFs is weak for all methods
considered. The best correlation coefficient between measured K
values measured on the field and the ones obtained by PTFs is of
0.292 for the Hazen method. On the other hand, the correlation
among the PTFs is strong in most cases, except for Shepherd and
USBR methods (Figure 4), which do not consider the porosity
factor in their formulas.

Another peculiarity is that among the methods used, these
are the only ones that do not use d, as the effective grain size;
the USBR method uses d,, and the Shepherd method uses d, .

Willmott index results

Comparison of K values obtained by PTFs at each sampling
point, with K_values measured with the Guelph permeameter also
shows little agreement. The difference in some cases reaches three
or four orders of magnitude. Consequently, the Willmott agreement
index in all cases is moderate at best (Table 4). About twelve of the
sampling points consistently showed high differences of two or more
orders of magnitude, between estimated and measured K values. These
points do not have a common characteristic that could explain this
pattern, such as texture, porosity, level of uniformity, or percentage

of fines or topography. However, they all fall outside the range of
applicability for most PTF methods, except for the Shepherd method.

The correlation of natural logarithms of K_values calculated
by PTFs presents slightly better results when compared with the
natural logarithm of field measurements (Table 5).

Kruskal-Wallis statistics

Given the wide range of values obtained either by field
measurements or by PTFs, and the discrepancies of K_ values

Table 4. Willmott Index results.

PTF d- Willmott index

Shepherd 0.473
Hazen 0.431
Hazen Complete 0.505
Kozeny- Carman 0.403
Beyer 0.435
Slichter 0.453
Terzaghi 0.449
USBR 0.527

Table 5. Correlation between field results and PTFs (x=0.05).

PTFs Ln Guelph Permeameter
Ln Shepherd 0.122
Ln Hazen 0.410
Ln Hazen Complete 0.418
Ln Kozeny - Carman 0.420
Ln Beyer 0.419
Ln Slichter 0.419
Ln Terzaghi 0.426
Ln USBR 0.369

0.020

0.015

0.010 .o ) [

0.005

Ks(m/s)

0.000] - 4 T, T

T P . ==

Beyer Guelph Hazen

Figure 3. Boxplot of Ks results for different methods.
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Figure 4. Correlation of Ks values among PTF methods.

for the same sample location; the (KW) H test was used to exam
the significance of such differences. Despite the limitations in
applicability, all methods except the Hazen Complete presented
a KW p-value above 0.05 when compared to field measurements.,
therefore there is no reason to conclude that other distributions
differ from the Guelph results distribution (Table 6).

The same KW test among the PTF functions indicates that
the results for the methods of Hazen, Shepherd, Kozeny-Carman,
and Beyer have the same population distributions (p-values >
0.05). The outcomes for the USBR and Slichter methods show
that their results differ from all other methods (p-values <0,05),
while the Terzaghi method results are similar to Shepherd and
Hazen methods (Table 7).

PTFs uncertainties

As mentioned before, the determination of grain size
distribution for silt and clay (grains smaller than 0.075 mm),
was performed when the percentage of fines was above 15%.
In some cases that would imply that d,  would be determined by
interpolation, considering a straight line passing through the last
two points of the grain-size distribution curve (Figure 5). That
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Table 6. Kruskal-Wallis results (p-values), when compared to

Guelph method.

PTF Methods Guelph

Shepherd 0.073

Hazen 0.135

Hazen Complete 0.034

Kozeny - Carman 0.065

Beyer 0.048

Slichter 0.206

Terzaghi 0.671

USBR 0.642

would not be a problem for methods that use d, or d,  as effective
grain size, notably Shepherd and USBR methods, but can add
imprecision to the other methods. This was especially a concern
for methods Kozeny-Carman and Therzaghi where an error of
just 10% in the determination of d,  would result in variations of
the overall results by one order of magnitude. Another source of
imprecision is the limited applicability of some methods since as
mentioned before, not all methods apply to all points.
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Table 7. Kruskal-Wallis between PTFs (p-values).
Haz Kozeny-
Shepherd Hazen C r:pint Cor:;n};l Beyer Slichter Terzaghi
omplete arma
Hazen 0.404
Hazen Complete 0.220 0.4845
Kozeny-Carman 0.358 0.0493 0.8070
Beyer 0.229 0.6029 0.8581 0.9478
Slichter 0.001 0.0012 0.0013 0.0030 0.0024
Terzaghi 0.026 0.029 0.0125 0.0242 0.0204 0.4754
USBR <0.0001 0.042 <0.220 <0.0001 <0.0001 <0.0001 <0.0001
Average values and support volume Table 8. Average values of Ks for the watershed.
Method Ks (cm/s)
When the average value for each method is compared Guelph 2.97x10°
-3
with the average of field measurements, the results are quite Shepherd 2'78X103
similar (Table 8). Hazen 3 10x10°7
The PTTs with average results closest to field average I;azen szplete :?Zﬁga
measurements are the Shepherd and Hazen methods. The PTTs Ozerg_ arman 3' 98X1 0
. . . . cyer JOX
results separated by geological formations are given in Table 9. Slic}}lter 1 45x10°
. Computing K W.eigh.ted average c.onsidering the area Terzaghi 1.88x107
occupied by each formation in the sub-basin, PTF methods of USBR 179x10°

Shepherd and Terzaghi have the best results when compared with
field values (Table 9).

In general, the data is consistent considering the separation
by geological units. The differences observed for the Serra Geral
formation with Guelph permeameter, of at least two orders of
magnitude, can be explained by the soil structure that can create
a secondary porosity not captured by the PTF methods.

RBRH, Porto Alegte, v. 26, €35, 2021

Despite the limited range of applicability for some of
the PTF methods chosen, some of the results were remarkably
similar for the study area. Engelbrecht et al. (2020), have chosen
to use the Kozeny-Carman method to determine K_of the GAS
even though this method is more suitable for large-grain sands.

9/12



Determining a composite value for the saturated hydraulic conductivity in a recharge area of the Guarani Aquifer System, using
pedotransfer functions

Table 9. PTF results by geological formation.

Formation  Guelph Shepherd Hazen Hazen C IC(Z;‘;YI] Beyer  Slichter Terzaghi USBR
Piramboia 1.749x10°  2.981x10°  4.176x10°  5.733x10°  5.779x10°  5.364x10°  1.593x10°  2.472x10°  1.256x10°
Botucatu 28655107 2435x10°  4.691x10°  6.807x10°  7.421x10°  6219x10°  2.409x10° 3222x10°  1.273x10°
Serra Geral 8.850x10%  4470x10°  7.812x107  7.819x107 5542107  8.609x107 20995107  4.501x107  4.522x10°
Tertiary Deposits ~ 1.110s10°  3362x107  5258x10°  5.006x104  3377x10%  5.680x10% 1.316x10* 1.763x10*  1.036x10°
Weighted average 1.971x10°  2.330x10°  3.787x10°  4.761x107  4.993x10°  4.407x10°  1.515x10°  2.156x10°  9.610x10*
(area)

It is important to notice that PTF formulas developed
using field data were often correlated with average K values
from pumping tests. As the pumping test employs a large support
volume, the respectively derived formulas are primarily valid for a
general and not high-resolution aquifer characterization (Vienken
& Dietrich, 2011).

Particle size is just one of the physical characteristics that
influence hydraulic conductivity. The shape and arrangement of
such particles, for instance, have a great influence on pore size
distribution and connectivity. Point scale measurements cannot
account for such variation, therefore several measurements
across the area of interest are required to capture this variability.
The volume of soil within which flow parameters are averaged and
remain practically constant, is called a representative elementary
volume (REV) (Lin & Rathbun, 2003). The REV is the scale at
which the number of pore combinations is sufficient for variability
to be considered stochastic and a single composite value can be
used. Thus, all field-scale soil water models consider soil water
variations due to individual particle interactions to be stochastic
(Seyfried, 2003).

Despite collecting data across different formations and
soil types, the granulometry of the samples as illustrated in
Figure 2 is remarkably similar for almost all samples. Therefore, in
this particular study, we are confident that the sampling distribution
across the studied area captured the stochastic variation of K
and therefore, the average values obtained by field measurements
and by most PTFs can be used as a composite K_value for the
referred watershed. We consider for the studied atea that the best
method is the Shepherd method, based on its range of applicability
and results. It cannot be affirmed however that this number and
distribution of sampling points can be used to obtain unique I,
values for watersheds of similar size and different soil conditions,
for REV size vary greatly from place to place (Huang et al., 20106).

CONCLUSIONS

In this study PTFs proved to be a good surrogate to field
measurement, provided that we use the average values of the
sampling points, therefore fulfilling the objective of obtaining
a composite K value for the catchment. For point estimates,
that is, for higher spatial resolution, none of the PTF methods
was adequate. The main limitations were related to the range of
applicability of the PTFs, like for instance, grain size, level of
uniformity, or abundance of the clay fraction. Therefore, in each
case, a choice of the most compatible PTF should be made.

The results reinforce the viability of determining I using
soil granulometry determination, which is a considerably cheaper,
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and less time-consuming task. However, it is important to notice
that, as illustrated in Figure 2, in terms of granulometry, the area
is quite homogeneous.

Further investigation is required to determine the minimum
number of sampling points per catchment area, as well as if this
method could be useful in catchments with more heterogeneous
soil granulometry.
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