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We explore the soil physical characteristics in wetland of Barito Delta from primary data of soil sample and electrical resistivity
measurement with the support from some secondary data. We also estimate saturated hydraulic conductivity (Ks) in Barito Delta
from soil physical characteristics applying Saxton and Rawls (1986) and Weynants et al. (2009). Soil texture pro�le is determined
from interpolation of soil fraction in each layer applying Bayesian statistics to analyze soil physical characteristics in the landforms
of Delta. Clay is the dominant soil fraction in the soil of Barito Delta. Clay fraction percentage decrease along the depth of soil
pro�le as it reaches �ne sand particles deriving from ancient sedimentation from the past. It is an opposite with soil organic matter
content that has contrast value from 1st to 2nd soil depth, but a few discrepancy from 3rd depth to downward direction.�e content
of clay in the soil depends on the sedimentation activity in the landform. Clay is dominant soil particle in the Delta; in case, it is in
�at area and there is no intensive of sea water sedimentation such as in Basin of Peat Anticline and Natural Levee. In more than
2m depth of soil, loamy sand and silty clay textures are mostly in the landform that is in�uenced by sea water activity, while by
river water is clay loam. Ks values from Saxton and Rawls (1986) are close to Ks values from the measurement of previous studies.
Ks values are generally small in Barito Delta that is mostly ranging from 1.10−7 to 2m s−1.Ks values are larger following the depth of
soil pro�le. �e values of Ks are smaller in Basin of Peat Anticline and Natural Levee than in Tidal Flat and Beach Ridge. It is
because both landforms have clay as dominant soil particles.

1. Introduction

Physical and hydraulic properties of soil are valuable in-
formation for water balance studies and simulations [1].
Physical properties of soil or soil physical characteristics,
that is, soil texture, bulk density, and soil organic matter, are
used to determine management in agricultural and envi-
ronmental applications [2]. Soil texture is one of essential
factors in�uencing hydraulic parameter of soils [3] and also
can be used as indication to analyze the potential source of
water to downgradient ecosystems and water bodies in

landforms [4]. �e percentage of particle size of sand, silt,
and clay in soil material is soil texture. Soil texture classi-
�cation is useful to determine the soil particle distribution
[5, 6] that is essential to estimate soil water hydraulic
characteristics [7]. Bulk density is physical properties of soil
that varies with soil structure condition. Bulk density is
essential for soil compaction information and modern
farming technique planning. Organic matter is soil physical
characteristics that include all the elements of organic
compounds (hydrogen, oxygen, nitrogen, etc.). It is im-
portant information for plants nutrients [8].

Hindawi
Applied and Environmental Soil Science
Volume 2022, Article ID 9118461, 15 pages
https://doi.org/10.1155/2022/9118461

mailto:deasyarisanty@ulm.ac.id
https://orcid.org/0000-0001-5937-2309
https://orcid.org/0000-0003-2294-4507
https://orcid.org/0000-0003-2689-253X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9118461


It has been long term applied that soil physical charac-
teristics are used for soil water hydraulic characteristics [9].
One of dominant soil hydraulic characteristics is saturated
hydraulic conductivity [5]. Estimation of saturated hydraulic
conductivity (Ks) is important because it is themain key of soil
characteristics [10]. It describes the rate of water flow and one
of the parameters to predict soil hydraulic behavior. It rep-
resents the ability of soil to transmit the water in saturated
zone [11]. It is also the key to evaluate soil water movement
and quality [10]. Ks is also important to understand soil
moisture dynamics [12], resources management decision
related to water conservation [11], and plant growth [5, 11].

Soil water characteristics are used to estimate Ks from
soil physical characteristics [9]. Soil physical characteristics
that are commonly used to estimate saturated hydraulic
conductivity are particle size distribution, bulk density, and
organic matter compound [13]. Soil texture and bulk density
are mostly easy to obtain to estimate Ks [11, 14]. Bulk density
and soil texture are commonly soil physical properties that
are used to estimate Ks using pedotransfer function [15, 16].
Pedotransfer function of Ks also can be predicted from
organic matter compound [17]. Pedotransfer functions
(PTFs) are developed from soil properties by linking soil
survey maps with representative soil profiles [18]. Ks can be
determined from soil profiles from each soil depth applying
this technique. Soil hydraulic properties with respect to
horizons are required to obtain information of overall hy-
draulic behavior of soil profile [19] in each depth.

PTFs are important to quantify and to predict ecosystem
services of soil such as for food supply and water storage. Land
surface model also rely on PTFs since it can simulate water
fluxes in numerical models running on locally, regionally, and
globally [20, 21]. %ere are a lot of methods and techniques to
calculate PTFs. Mostly useful and simple formula of PTFs in
developing country is based on bulk density only or particle
size distribution and bulk density or soil organic matter [22].
However, PTFs prediction has low accuracy using soil texture
only or bulk density only [20] because it is probably not
applicable for wetland, swamps and desserts. It is wisely to
calculate PTFs not only include bulk density and soil texture
but also include soil organic matter in wetland, swamps, and
desserts. Reliable and sufficient sampling in local scale also
increases the accuracy of PTFs [23].

%ere are manymethods that are widely applied to estimate
Ks using PTFs such as Saxton and Rawls formula in (1986) and
(2006). It firstly uses soil texture and bulk density to define Ks
[24, 25]. %en, it is modified to include soil organic matter
content in estimating Ks [9]. Since it includes bulk density and
soil organic matter in PTFs, it is probably applicable for wetland
such Barito Delta as the conclusion and suggestion in [23].

%e hydraulic soil properties control the fluxes, that is,
groundwater table, surface runoff, evapotranspiration, inter-
flow, andwhole water balances, in peatland [26]. Barito Delta is
a peatland created from sediment deposition of river and
marine landform in the southern of Borneo. %is wetland is
bounded by Barito and Kapuas Murung Rivers [27]. %is
Quadrangular shape of Barito Delta is poorlymapped [28]. Not
only soil physical characteristics are rarelymapped, but also soil
hydraulic characteristics of Ks are rarely measured, estimated,

and analyzed in this peatland delta. It is time-consuming,
difficult [29], expensive or not affordable [30], impractical [31],
and nonaccessible place to measure Ks in large areas [29] and
wetland [32, 33] such as in the wetland of Barito Delta.

%e information of soil physical characteristics and Ks is
important to understand the water cycle in wetland of Barito
Delta.Ks is also basic information to model water interaction
in groundwater soil and advances application studies. Ks is
used to parameterize process-based hydrologic model be-
cause it shows shallow groundwater-surface water exchange
process [11]. %erefore, the purpose of this paper is (a) to
explore soil physical properties particularly soil fraction and
soil textures, and soil organic matter in each landform, (b) to
profile and characterize soil textures in the landform of
Barito Delta, and (c) to estimate Ks from soil physical
characteristics in Barito Delta landform.

2. Methods

Soil samples and electrical resistivity measurements are
taken based on landform. Landform element is classified
based on local surface shape, combination of surface shape
and slope gradient, combination of surface shape, slope
gradient, and contextual measure of relative landform po-
sition [34]. Landform map is generated and classified from
Landsat imagery in 2008, soil type map, and slope map class.
Landform map is validated with field check to Barito Delta.
Soil type map is derived from soil map scale 1 : 250.000 in
1999. It is published by Bureau of Soil Research (locally
called PUSLITANAK). Slope map is created from topog-
raphy map scale 1 : 250.000 in 2000. Topography map is
collected from Bureau for Geospatial Information (locally
called BIG). Topography map is used because there is no
cloud-free SRTM, so there is a mistake in mapping the
terrain map.

2.1. Soil Samples. Soil sample for soil texture is taken using
special hand auger bore for wetland. %is sample is to an-
alyze in laboratory to obtain particle size percentage (% sand,
% silt, and % clay). %e number of sample location for soil
texture is 51 locations. In each location, soil sample is taken
for 1 to 5meter depth where for each one meter distance is
being sampled. Only in a place where it reaches fine sand
materials, it is not sampled until 5m depth. It is because
these fine sand materials are from the process of river
sedimentation that occurs in the past, while the regolith or
the bedrocks are hundreds of meter depths from this layer.
Particle size and soil texture classification are defined ap-
plying USDA classification [35]. USDA triangle texture is
also built in R software using soil texture Package [36].

Soil sample for bulk density (BD) analysis is taken using
cylindrical ring (ϕ 5 cm). %e number of sample location for
BD is 28 sites. It is taken representatively at least for each
landform except for Oxbow Lake. It is because (a) the depth of
water in the basin of Oxbow Lake can reach 1meter depth, (b)
there is no access to reach this remote area, and (c) it is covered
by water and grass.%e value of bulk density is measured from
laboratory testing. BD is taken only in land surface or land
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surface of first layer or at 1meter depth. It is because (a)
peatland is only on land surface, (b) the type of peatland is
relatively similar from 1 to 3meter depth so that the value of
BD is relatively the same, and (c) a lot of sample locations are
found fine sand materials in the 1st to 2nd meters depth.

Soil sample for soil organic matter (SOM) analysis is taken
using special hand auger bore for wetland. %e number of
sample location for SOM is 10 sites that are taken represen-
tatively for each landform. In each location, soil sample is taken
for 1 to 5meter depth where for each one meter depth distance
is being sampled. It is only limited sample taken for SOM
because (a) it is rainy season where water depth above land
surface can be 1 to 1.5 meters, (b) the study area gets influence
from tidal activity and mostly inundated, and (c) it is not
possible doing additional fieldwork with a lot of sampling sites
at this moment for this research with limited time period.

2.2. Saturated Hydraulic Conductivity (Ks). Ks formula for
Saxton and Rawls (1986) in [24, 25] expressed in equations
(1) and (2) and Saxton and Rawls (2006) in [9] expressed in
equations (3)–(9). In situ bulk density data (BD), soil organic
matter content (SOM), clay (Cl), and sand (Sa) values are
used to estimateKs. θs (equation (1)) is estimated from in situ
BD measurement, while θs (equation (4)) is estimated from
in situ SOMmeasurement. Ks formula for Saxton and Rawls
(1986) and Saxton and Rawls (2006) shows in equations (2)

and (3) [9, 24]. However, Saxton and Rawls (2006) eliminate
data with SOM >8%, Cl> 60%, and BD< 1%, and it makes it
is not applicable in Barito Delta. It shows negative values of
(θs–θ33) so that there is no value of Ks. %erefore, Ks esti-
mation uses Weynants et al. (2009) in [38] that apply soil
texture, bulk density, and soil organic carbon (SOC) in
calculation. SOC is from 58% of SOM according to USDA
Natural Resources Conservation Service. %e formula of Ks
is shown in the following equation [25, 38]:

θs � ϕ � 1 −
BD
2.65

, (1)

Ks � 24 exp􏼒19.52348xϕ − 8.96847 − 0.028212xCl

+ 0.00018107 x Sa2 − 0.0094125 xCl2

− 8.395215x ϕ2 + 0.077718x Sax ϕ

− 0.00298 x Sa2 xϕ2 − 0.019492xCl2 xϕ2

+ 0.0000173 x Sa2 xCl + 0.02733xCl2 xϕ

+ 0.001434xSa2 xϕ − 0.0000035xSa xCl2􏼓,

(2)

where θs is saturated soil moisture (cm3 cm−3), ϕ is porosity,
BD is bulk density (gr cm−3), and Ks is saturated hydraulic
conductivity (ms−1).

Ks � 1930∗ θs − θ33( 􏼁
(3− λ)

, (3)

θs � θ33 + θ(s−33) − 0.097 Sa + 0.043, (4)

θ33 � −0.251Sa+0.195Cl+0.011SOM+0.006(Sa∗SOM) −0.027(Cl∗SOM)

+0.452(Sa∗Cl) +0.299+ 􏼚1.283∗􏼈 −0.251Sa+0.195Cl+0.011SOM+0.006(Sa∗SOM) −0.027(Cl∗SOM)

+0.452(Sa∗Cl) +0.299􏼉
2
􏼛

− 0.374∗ −0.251Sa+0.195Cl+0.011SOM+0.006(Sa∗SOM) −0.027(Cl∗SOM) +0.452(Sa∗Cl) +0.299{ }{ } −0.015,

(5)

θ(s−33) � 0.278Sa+0.034Cl+0.022SOM−0.018(Sa∗SOM) −0.027(Cl∗SOM)

−0.584(Sa∗Cl) +0.078+ 􏼚0.636∗􏼈0.278Sa+0.034Cl+0.022SOM−0.018(Sa∗SOM) −0.027(Cl∗SOM)

−0.584(Sa∗Cl) +0.078􏼉􏼛 −0.107,

(6)

λ�
1
B

,

(7)

B �
ln(1500) − ln(33){ }

ln θ33( 􏼁 − ln θ1500( 􏼁􏼈 􏼉
, (8)
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θ1500 �−0.024Sa+0.487Cl+0.006SOM+0.005(Sa∗SOM)−0.013(Cl∗SOM)+0.068(Sa∗Cl)+0.031
+ 0.14∗ −0.024Sa+0.487Cl+0.06SOM+0.005(Sa∗SOM) −0.013(Cl∗SOM)+0.068(Sa∗Cl)+0.031{ }{ }−0.02,

(9)

where θs is saturated soil moisture (%v), SOM is soil organic
matter content (%), Ks is saturated hydraulic conductivity
(mmh−1), λ is slope of logarithmic tension-moisture curve,
and Cl and Sa are in %

Ks � exp (1.9582 + 0.0308∗ Sa − 0.6142∗BD

− 0.01566∗ SOC∗ 1.72),
(10)

where SOC is soil organic carbon (%)

2.3. Bayesian Statistics. Spatial distribution of soil properties
(% clay, % silt, or % sand) can be predicted and mapped with
Bayesian statistics. From this interpolation, it can be con-
structed soil texture distribution along soil pro�le in
landforms to explore soil characteristics in Barito Delta. It is
because interpolation can be performed when data from soil
sample (�xed depth of soil sample) and soil pro�le from
�eldwork are available [39]. Several cross-sections (Figure 1)
are selected representatively in the landform of Barito Delta.
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Figure 1: Location of soil samples and electrical resistivity measurement in landform of Barito Delta (source: modi�cation of Arisanty [37]).
�e location of cross-section to describe in detail soil texture characteristics from interpolation.
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%is cross-section is used to help in explaining in detail the
soil characteristics of Barito Delta.

%e interpolation of soil physical characteristics is
performed in R with gstat packages [40] applying Bayesian
methods using geOR packages [41–43]. Noninformative
priors are selected in this method because of limited in-
formation of the priors. Bayesian statistics formula shows in
equation (11) that illustrates p(θ|Z) is posterior distribution,
p (θ) is prior distribution, and θ is unknown parameters [44].
%e Bayesian predictive distribution for soil physical
characteristics in location s0 is below.

p Z s0( 􏼁|Z( 􏼁( 􏼁 � 􏽚
​
p Z s0( 􏼁|Z, θ( 􏼁p(θ|Z)dθ. (11)

A number of simulations to create the map are 1000 with
spatial scale of 3 km× 3 km. %is map is used to build cross-
section of soil profile illustrating soil texture characteristics.
Cross-validation procedure is applied to measure the quality
of Bayesian to predict soil physical properties (% sand, % silt,
and % clay). Cross-validation statistics of ME or mean error
and RMSE or root mean square error is adapted from [45] in
following equations:

ME �
1
n

􏽘

n

i�1
Zs0 − Zsθ( 􏼁, (12)

RMSE �

���������������

1
n

􏽘

n

i�1
Zs0 − Zsθ( 􏼁

2

􏽶
􏽴

, (13)

where N is the number of observed values of soil physical
characteristics (% clay, % silt, or % sand), Zs0 is predicted
value, and Zsθ is observed value of soil physical charac-
teristics (% clay, % silt, or % sand).

Since a lot of samples is taken not more than 3m depth,
the percentage of particle size for this untaken samples is
following sample 51 in 3m depth that consists of 75.57% of
sand, 6.61% of silt, and 17.82% of clay. %ese percentages of
untaken samples are only used for interpolation. %e as-
sumption of soil fraction in this sample is similar with fine
sand materials from ancient sedimentation.

In this research, Bayesian statistics is applied and not
inverse distance weighting (IDW) although the model of
Bayesian statistics is fitted with pure nugget. It is because
pure nugget model could not be rejected although weaker
spatial dependences are occurred in soil mapping [46]. %is
pure nugget effect exists perhaps due to horizontal sampling
distance condition [47]. Bayesian statistics with pure nugget
effect also is selected because transfer error values of in-
terpolation applying Bayesian statistics show lower RMSE
compared with IDW (Table 1). %e RMSE equation of
transfer error value is due to interpolation shown in
equation (14). %is formula is as follows [48, 49]. %e
values of soil fraction for observed values can be com-
pletely shift while using IDW compared with Bayesian
statistics (Table 1). It can be shown below in Table 1 that
illustrates error values comparison of RMSE values ap-
plying IDW and Bayesian statistics interpolation.

RMSE �

������������

1
n

􏽘

n

i�1
x0 − x( 􏼁

2

􏽶
􏽴

, (14)

where n is the number of sample or observed values of soil
physical characteristics (% clay, % silt, or % sand), x0 is
interpolation values of soil physical characteristics (% clay, %
silt, or % sand) applying Bayesian statistics or IDW, and x is
observed value of soil physical characteristics (% clay, % silt,
or % sand).

3. Result and Discussion

3.1. Soil Physical Characteristics. Soil texture characteristics
are illustrated representatively applying USDA triangle texture
diagram in Figures 2 and 3. It is selected to a sample that has
BD and SOM data in Figure 1. Complete USDA triangle
texture for all samples can be seen in [50]. Clay and silty clay are
the dominant soil texture in 1 to 2meter depth in the peatland
of Barito Delta (Figure 2). %e percentage of clay and silt
particles has majority distribution in the landforms of Barito
Delta. Mostly, the percentage of clay particle is larger than silt
particle in the magnitude of ∼10%. Natural Levee has the
largest clay content in the soil. Sand particle has the lowest
content in 1 to 2meter soil depth. %e lowest percentage of
sand particle can be ∼0.08%. %e percentage of sand particle is
larger in Tidal Flat and Limb of Peat Anticline in 1 to 2meter
depth. Sandy loam is the major soil texture in the 3rd to 4th

meter of soil depth. It is because sand particle percentage
increase along soil profile. Natural Levee has the lowest content
of sand particles in these depths.

Clay is the majority soil texture in 1 to 2 meter along soil
profile in the landform of Barito Delta (Figure 3). %e
percentage of clay particle can be more than 60%. Natural
Levee has the largest content of clay particle ∼89% in the 1st
meter depth. Tidal Flat and Basin of Peat Anticline have
larger clay content in the 2nd depth compared with Natural
Levee and Limb of Peat Anticline. Clay is soil texture in
Natural Levee and Limb of Peat Anticline in 3 meter depth
along soil profile, while Tidal Flat and Basin of Peat Anticline
are sandy loam. Soil texture tends to be heterogeneous in 4
meter depth along soil profile in Barito landform. It is
probably because sedimentation process is not as active as in
the 1st meter of soil depth. %e percentage of soil particle
within soil depends on infiltration process where water can
carry soil fraction downward. Moreover, soil-clay decreases
consistently with changes of soil structure along soil profile
[51].

Table 1: %e values of RMSE (%) for transfer error interpolation of
soil fraction applying Bayesian statistics and IDW.

Soil depth (m)
RMSE Bayesian

statistics RMSE IDW

Sand Silt Clay Sand Silt Clay
1 1.94 8.82 10.10 22.13 15.41 35.60
2 1.97 10.99 12.54 23.04 14.32 32.29
3 25.79 11.79 18.07 41.87 19.58 33.73
4 20.55 13.37 15.02 49.21 24.54 28.23
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Clay is the most common and dominant soil fraction in
various landforms in Barito Delta (Figure 4). Sand particle is
very low and almost can be neglected due to limited content
in the soil of Delta. It is because the minimum value of sand
particle can be ∼0.01%, especially in 1 to 2meter soil depth so
that percentage of sand particle only is written in legend of
the �gure, while percentage of clay and silt fraction is shown
in graphic of �gure (Figure 4). In Natural Levee, clay
contains around 85% with an abruptly decreasing along
pro�le of soil depth. In contrast to silt fraction, silt contains
around 10% with an increasing along pro�le of soil depth.
Both of them have comparable percentage content within
soil at 5m depth. It is because both of clay and silt particles
have low percentage within the soil, while sand is the
dominant soil particle after 5m depth. �ese soil charac-
teristics of Natural Levee are similar with Limb of Peat
Anticline.

In Basin of Peat Anticline, the soil characteristics are
di¡erent with other landforms (Figure 4). Clay particle
contains much higher compared with silt and sand particles.
�e clay particle in the soil does not decrease continuously
with the depth of soil. It is because in the basin frequently
occurs sedimentation. Water and its mineral content have
more time to stay at the basin to in�ltrate further downward

along pro�le so that the clay contents in the soil depend on
each process of sedimentation, in�ltration rate, and available
soil mineral particle in certain time.

�e soil characteristics are in contrast to each other in
Oxbow Lake and Beach Ridge (Figure 4). Clay contents
around 55%with abruptly increasing along pro�le in Oxbow
Lake, while in Beach Ridge decreasing. It is because river
mostly carries clay particles in sedimentation process in
Oxbow Lake, while sea water mostly carries sand particles in
sedimentation process in Beach Ridge. Soil samples in Beach
Ridge and Oxbow Lake are only taken until 2meter depth
because �ne sand material from ancient sedimentation is
found below 2m depth. It is as indication there is sedi-
mentation that occurs in the past.

Tidal Flat also has speci�c soil characteristics compared
with other landforms (Figure 4).�e fraction of sand particle
largely contents in the soil of Tidal Flat compared with other
landforms. It is because Tidal Flat is generally dominated
with sand particles [52]. �is landform occurs both sedi-
mentation from sea water and sedimentation from river.�e
sea water sedimentation is more active than river water so
that sand and clay including silt particles are comparable.
Barito estuary is also controlled by tidal currents during dry
season [28].

Soil texture in 1 meter depth
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Figure 2: USDA triangle soil texture in 1st to 4th meters depth in the landform of Barito Delta. Soil texture in each landform indicates with
color alphabet, that is, (a) with light blue color, Tidal Flat (Sample No. 3); (b) with orange color, Natural Levee (Sample No. 22); (c) with
green color, Limb of Peat Anticline (Sample No. 6); (d) with violet color, Basin of Peat Anticline (Sample No. 13).
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Electrical resistivity measurement is helpful to map soil
layers [53] and soil structure [54]. In this research, we use
electrical measurement to estimate soil depth and soil texture.
Since the landscape is challenging, we only take two mea-
surements in the �eld as primary data. It is to complete and
support the information of soil samples and secondary data of
electrical resistivity measurement from Hehanussa et al. [55].
Wenner method is applied to measure electrical resistivity.
Data are plotted on respective graphs, and the values are
calculated in this method. Vertical electrical sounding is
recorded from the changes of resistivity with depth and
correlate with geological information to infer the depths and
resistivity of the present layers [56]. RES2DINV software is
used to obtain the visualization of resistivity model.

�e electrical resistivity 3D imaging is situated in Limb of
Peat Anticline (Figure 5). It also con�rms that clay is the
dominant soil fraction in Barito Delta. �is peatland also has
mud along soil pro�le. It can be found until the 25m depth
with resistivity value of 5.23Ωm.�e next depth of soil pro�le
can be found clay texture, followedwith sand texture.�is sand
texture con�rms there is ancient sedimentation below 10meter
depth with resistivity value of 11.5–25.1Ωm. It is an agreement
with [57] that electrical resistivity can also help to estimate peat
basin structure and mineral sediments.

Soil organic matter content (SOM) is mostly concerned
in the peatland because of organic compound abundances in
the soil. Soil is mostly not peaty soil in Barito Delta since the
values of SOM are mostly less than 4%. Only Natural Levee
and Tidal Flat (Figure 6(b)) have peaty soil because the
values of SOM are more than 10% [58]. SOM percentage
changes along soil pro�le in Barito Delta (Figures 6(a) and
6(b)). It is an agreement with [59] that SOM should change
steadily down soil pro�le as a result of peat forming process.
It can be because of land use e¡ect, drainage e¡ect, and long-
lasting decomposition [60] so that the magnitude of changes
should be di¡erent.�e changes of SOM are mostly decrease
abruptly from 1st depth to 2nd depth of soil, while in 3rd and
4th depth mostly not signi�cantly change as occurs in 1st to
2nd depth. It is probably because 1st to 2nd depth get intensive
in�uence of decomposition including in�ltration, drainage,
and land use condition. �ere are very sharp changes of
SOM in Natural Levee and Tidal Flat (Figure 6(b)) from 2nd

to 3m soil depth because 1st soil depth is peaty soil with
more than 10% of SOM, while 3rd m depth 3% of SOM.

�e cross-validation of soil fraction mapping in each soil
depth applying Bayesian statistics shows in Table 2. �e ME
values are mostly low ranging from 0.02 to 0.05. Only in the
�rst 1meter depth has ME values of −0.20 for clay fraction
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Cl

SiCl
SaCl

ClLo SiClLo
SaClLo

Lo
SiLoSaLo

SiLoSaSa

a

b
c

d

102030405060708090

10

10

20

20

30

30

40

40

50 50
60

60

70

70

80

80

90

90

[%] Sand 50-2000 µm

[%
] C

lay
 0-

2 µ
m

[%] Silt 2-50 µm

(c)

Soil texture in 4 meter depth

Cl

SiCl
SaCl

ClLo SiClLo
SaClLo

Lo
SiLoSaLo

SiLoSaSa

a

b

c

d

102030405060708090

10

10

20

20

30

30

40

40

50 50
60

60

70

70

80

80

90

90

[%] Sand 50-2000 µm

[%
] C

lay
 0-

2 µ
m

[%] Silt 2-50 µm

(d)

Figure 3: USDA triangle soil texture in 1st to 4th meters depth in the landform of Barito Delta. Soil texture in each landform indicates with
color alphabet, that is, (a) with light blue color, Tidal Flat (Sample No. 29); (b) with orange color, Natural Levee (Sample No. 1); (c) with
green color, Limb of Peat Anticline (Sample No. 44); and (d) with violet color, Basin of Peat Anticline (Sample No. 7).
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mapping and the 4m depth that has ME values of 0.50 for
sand fraction mapping. It is probably because both of them
have largest fractions of certain particle in those soil depths;
that is, clay fraction is the largest particle in 1m depth and
sand fraction is the largest particle in 4m depth. �e RMSE
values are also low if it is compared with the values of soil
fraction percentage.

Generally, clay texture is existing in 1 to 2 meter depth of
soil pro�les in the landforms of Barito Delta (Figure 7). As
soil pro�le is going deeper, the courser soil particle is existing
in 3 to 4 meter depth such as loamy sand and sandy loam. It
is because sandy loam is a transitional texture that moisture

retention properties change from course to medium soil
texture [61]. Heterogeneous soil texture is existing in the
landforms that are in�uenced by river water and sea water
sedimentation. It can be seen in soil pro�le cross-section of
AB and CD. In soil pro�le AB and CD, Basin of Peat An-
ticline has homogeneous soil textures because it is close to
Limb of Peat Anticline that both of these landforms are
in�uenced by sedimentation processes of river water. Clay
loam texture is usually existing after clay texture in the next
depth of soil pro�le. Usually, it is an indication that river
sedimentation is dominant process to the landform than sea
water. For example, soil textures are continuously clay, clay
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Figure 4: �e percentage of soil fraction vs soil depth in various landforms of Barito Delta. �e low content of certain soil particle fraction,
that is, sand fraction, is mostly not able to shown to all graphics in this �gure because the percentage value is too low compared to other
fractions so that its value is written in the text in each graphic of �gure. For example, sand� (2, 0.2, 4, 8)%means percentage of sand fraction
in 1st depth is ∼2, 2nd depth is ∼0.2, 3rd depth is ∼4, and 4th depth is ∼8%.
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loam, and sandy clay loam as going deeper along soil pro�le
in the landforms of Basin of Peat Anticline and Limb of Peat
Anticline in AB. It is an opposite with Limb of Peat Anticline
that is bordered with Natural Levee. �ese landforms are
in�uenced both from river water and sea water so that soil

texture along depth of soil pro�le is heterogeneous. For
example, soil textures are continuously silty clay, clay, sandy
loam, and loamy as going deeper along soil pro�le in EF.

Clay is the soil texture in 1 meter depth along soil
pro�le in Barito Delta in cross-section GH and IJ
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Figure 5: Electrical resistivity 3D imaging at Limb of Peat Anticline (source: primary data, 2012).
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Figure 6: Soil organic matter (SOM) along soil pro�les in the landform of Barito Delta. TL is tidal �at, NL is natural levee, LPA is limb of
peat anticline, and BPA is basin of peat anticline.
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(Figure 8). �ese cross-sections have much more intensive
sea water activity since it is bordered with sea water. Tidal
activity is more active controlling sedimentation. It can be
seen there are Beach Ridge and Tidal Flat in cross-section
GH and IJ. Since sea water sedimentation is more intensive
than river water, silty clay texture is existing in 2m depth
below clay texture in 1m depth. �e indication of intensive
sea water activity can be seen also from the existing of
loamy sand texture in 3 to 4meter depth in GH and IJ. �is
courser texture of loamy sand is not available in AB and CD
because there is no sea water process and sea water is far
from landforms in AB and CD. EF is more close to sea
water than CD or AB so that loamy sand is existing in
Natural Levee and its adjacent landform, Limb of Peat
Anticline (Figure 7). It is because tidal activity has more
in�uence to GH and IJ than AB and CD. Di¡erent pro-
cesses and sediment activity surrounding river banks can
in�uence clay-silt or sand-silt dominant fraction in the soil
of peatland [62].

3.2. Saturated Hydraulic Conductivity (Ks). To explain in
detail, only several samples of Ks values are displayed. �e
values of Ks generally increase along the depth of soil pro�le
in Natural Levee applying Saxton and Rawls (1986) as shown
in Figure 9. �e value of Ks increases continuously with the
depth as the sand particle contain much higher at deeper soil
pro�le. It is an opposite with [63] that Ks values decrease
along the depth of soil pro�le. �ere is an abrupt change of
Ks values from 3 to 4m depth because of the larger values of
sand particles as going deeper from land surface of Barito
Delta. �e values of Ks above 3m depth are less than 1ms−1
since larger portion of clay content in the soil. In Sample 42,
the Ks values are continuously 0.03, 0.1, 0.1, and 0.75ms−1
from 1 to 4meter depth.

�e complex process that occurs in Limb of Peat
Anticline is leading to di¡erent behaviors of Ks values
along soil pro�le (Figure 9). �e rate of sedimentation
process is also controlled by slope in Limb of Peat An-
ticline. �is landform is not as �at as Natural Levee, Basin

Table 2: Cross-validation of ME and RMSE of soil fraction mapping in each soil depth applying Bayesian statistics.

Depth (m)
Soil fraction (%)

Clay Silt Sand
ME RMSE ME RMSE ME RMSE

1 −0.20 12.93 −0.00 11.00 −0.00 1.80
2 −0.05 15.61 −0.00 15.15 −0.04 13.86
3 0.04 30.32 0.00 20.65 −1.41 45.77
4 0.00 25.13 −0.00 25.33 0.21 41.46
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Figure 7: Soil pro�le for cross-section AB, CD, and EF in Barito Delta. �e location of cross-section AB, CD, and EF can be checked in
Figure 1. It is constructed based on the result of interpolation of soil fraction applying Bayesian statistics. Horizontal axis is land surface,
while soil depth is vertical axis. Horizontal and vertical scales are di¡erent for layout con�guration only.
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Figure 8: Soil pro�le for cross-section GH and IJ in Barito Delta. �e location of cross-section GH and IJ can be checked in Figure 1. It is
constructed based on the result of interpolation of soil fraction applying Bayesian statistics. Horizontal axis is land surface, while soil depth is
vertical axis. Horizontal and vertical scales are di¡erent for layout con�guration only.
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Figure 9: �e values of Ks pro�le along soil depth in di¡erent landforms in Barito Delta applying Saxton and Rawls (1986).
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of Peat Anticline, and Tidal Flat so that mostly water can
�ow and easily carry �ne particle of clay and leaving
coarser particle of sand or silt in Limb of Peat Anticline.
�is courser particle of sand or silt is leading to larger Ks
values in Limb of Peat Anticline compared to in Natural
Levee and Basin of Peat Anticline. In the 1st depth of soil,
the Ks values are more than 10m s−1 in Limb of Peat
Anticline.

Ks values are larger in Basin of Peat Anticline compared
withNatural Levee (Figure 9). As a basin, it is a location where
a lot of materials from sedimentation process mostly stay in
this area so that courser particle can give contribution tomake
this landform has larger Ks than Natural Levee. But, the Ks
characteristics in Basin of Peat Anticline are similar with
Natural Levee that the Ks values increase along the depth of
soil pro�le. In Sample 42, the Ks values are continuously 0.03,
0.1, 0.1, and 0.75ms−1 from 1 to 4meter depth.

Ks values are large in Tidal Flat (Figure 9). �is landform
is mostly in�uenced by sea water. Courser particles, that is,
silt and sand, are largely content within the soil in this
landform. It is similar with Beach Ridge that has more
intensive sea water activity compared to Tidal Flat landform.
It is leading to very large values of Ks in Beach Ridge than in
Tidal Flat. In Tidal Flat, the values of Ks also increase along
the depth of soil pro�le. �e values of Ks continuously from
1st depth to 3rd depth of Sample 30 are 2.3, 2.77, and
12.01m s−1. �e values of Ks increase abruptly from 2nd
depth of soil to the 3rd of soil from 2.77 to ∼12m s−1. It is
because the sand particle increases along the depth and it is
close to the 4th depth of soil where it is found �ne sand
material from ancient sedimentation.

�e values of Ks from Saxton and Rawls (1986) are lower
compared with Weynants et al. (2009) in all landforms in
Barito Delta (Figure 10). However, Weynants et al. (2009)
include soil organic matter in estimating Ks, but it does not
input clay fraction. It is because peatland characteristics are
not only from soil organic matter and soil organic carbon
but also from clay vs sand fractions. �e pattern of Ks values
is almost similar for both methods that Ks values decrease in
downward direction. Only in Limb of Peat Anticline, the
value of Ks decreases downward to 3rd depth of soil and
slightly increases to 4th soil depth. �e pattern of Ks values is
similar in Basin of Peat Anticline and Tidal Flat that Ks
values have negative or positive correlation with soil depth in
downward direction. It is probably because both landforms
are �at compared with Natural Levee or Limb of Peat
Anticline. �e discrepancy values of Ks from both methods
appear largely in Basin of Peat Anticline and Tidal Flat. Clay
and silt fractions mostly have comparable values in the soil
of both landforms.

Saxton and Rawls (1986) are applicable to estimate Ks
values in Barito Delta. It is because the values of Ks esti-
mation are close to Ks values from measurement based on
previous studies in peatland. �e Ks values are 0.7×10−5 to
1.3×10−2ms−1 in peatland [64], and 7.16×10−6 to
2.69×10−2ms−1Ks values variation [65]. Ks values according
to Weynants et al. (2009) tend to have very small variation
and tend to have overestimation. Ks values are varied be-
tween 3ms−1 and 4.3ms−1, while Saxton and Rawls (1986)
are from 8×10−5 to 8×105 depending on percentage of sand
vs clay and soil depth. �e high value of Ks is only in
landform near sea water that abundances with sand particles.

1.4 1.6 1.8 2.0 2.2 2.4

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)
Natural Levee (1)

1.4 1.6 1.8 2.0 2.2 2.4

Ks (m/s)

Saxton and Rawls (1986)

3.5 3.6 3.7 3.8 3.9 4.0 4.1

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Natural Levee (1)

3.5 3.6 3.7 3.8 3.9 4.0 4.1

Ks (m/s)

Weynants (2009)

0.6 0.8 1.0 1.2

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Limb of Peat Anticline (44)

0.6 0.8 1.0 1.2

Ks (m/s)

Saxton and Rawls (1986)

3.80 3.85 3.90 3.95 4.00

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Limb of Peat Anticline (44)

3.80 3.85 3.90 3.95 4.00

Ks (m/s)

Weynants (2009)

0.155 0.160 0.165 0.170 0.175 0.180

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Basin of Peat Anticline (7)

0.155 0.160 0.165 0.170 0.175 0.180

Ks (m/s)

Saxton and Rawls (1986)

3.65 3.70 3.75 3.80 3.85 3.90

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Basin of Peat Anticline (7)

3.65 3.70 3.75 3.80 3.85 3.90

Ks (m/s)

Weynants (2009)

0.00 0.05 0.10 0.15 0.20

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Tidal Flat (3)

0.00 0.05 0.10 0.15 0.20

Ks (m/s)

Saxton and Rawls (1986)

3.35 3.40 3.45 3.50

5

4

3

2

1

0

So
il 

D
ep

th
 (m

)

Tidal Flat (3)

3.35 3.40 3.45 3.50

Ks (m/s)

Weynants (2009)

Figure 10: Comparison of Ks pro�le along soil depth in di¡erent landforms in Barito Delta applying Saxton and Rawls (1986) vs Weynants
et al. (1999).
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4. Conclusion

Clay is the major soil particles in the landforms of peatland of
Barito Delta. Clay fraction is mostly more than 60% existing
within the soil. Clay content can reach more than 80% if the
recent river sedimentation is intensive such as in Basin of Peat
Anticline and Natural Levee. Mostly, sand particles are less
than 1% available in the soil. In case of higher values of sand
particles within 1 to 2 depths of soil, it is because the dominant
sedimentation process occurs in certain landform. Sand
particles that have larger percentage along soil profile in the
landform after 2 or 3 meter depth are from ancient river
sedimentation that occurs in the past. Sea water also influ-
ences clay content in the soil of Barito Delta. Mostly, clay is
less available in soil fraction in the landform that is affected by
sea water. %at is why in the landform that is affected by sea
water and river water can have heterogeneous soil texture
along soil profile depth. It is because both sedimentations
from sea and river determine the circulation of soil fraction in
the soil. Silty clay and loamy sand mostly can be used as the
signal, and there is sea water activity that influences the
landforms such as Tidal Flat and Beach Ridge.

Soil organic matter (SOM) is mostly ranging from 2 to
3%, which contains in soil of Barito Delta. Only a few
samples show peaty soil. It is because a lot of peatland areas
are converted to agricultural and settlement areas since long
time ago. SOM percentage has negative correlation with soil
depth from 1st to 2nd depth that SOM relatively decreases
along soil depth. SOM values have relatively stable values to
the next downward depth.

Since Ks values from Saxton and Rawls (1986) are more
applicable in Barito Delta than Weynants et al. (1999), the
description ofKs values in this section is based on Saxton and
Rawls (1986). %e dominant soil fraction is clay particle, and
the values of Ks are low in each landform, especially in
1meter depth along soil profile. %e value is ranging from
1.10−5 to 1.00m s−1 in 1m depth. Only in Limb of Peat
Anticline, that Ks values can be more than 10m s−1. It is
probably the fine particle of clay flows down to the basin
leaving course particle in Limb of Peat Anticline so that in
basin has lower values of Ks compared to in limb. In the
depth below 2m depth, the Ks values are heterogeneous
depending of major soil fraction in landform. It is because
soil fraction (clay, silt, and sand) existing in the soil
depending on intensive sedimentation process occurs in
each landform. %e value of Ks abruptly increases after 2 or
3m depth as it reaches fine sand particle from ancient
sedimentation.

It is recommended to measure BD in every soil depth to
measure Ks values. %e remote area, big rivers, no available
pathway, and road are a big challenge to perform this
measurement. From one sample to other samples, often we
should be taken by boat. It also takes much time to perform
measurement from one sample to other samples. Fieldwork
mostly cannot be done in rainy season since the inundated
water can be 1 to 1.5meter above land surface. Additional
analysis of soil physical characteristics also can be done to
validate the value of Ks. Advanced research should be done
further to this area.
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properties and nutrients mapped at 30 m spatial resolution
using two-scale ensemble machine learning,” Scientific Re-
ports, vol. 11, no. 1, p. 6130, 2021.

[40] E. J. Pebesma, “Multivariable geostatistics in s: the gstat
package,” Computers & Geosciences, vol. 30, no. 7,
pp. 683–691, 2004.

[41] P. J. Diggle and P. J. Ribeiro, “Bayesian inference,” in Model-
based GeostatisticsSpringer New York, New York, NY, USA,
2007.

[42] T. Hengl, A Practical Guide to Geostatistical Mapping, Office
for Official Publications of the European Communities,
Luxemburg, Europe, 2009.

14 Applied and Environmental Soil Science



[43] R. S. Bivand, E. Pebesma, and V. Gómez-Rubio, “Interpo-
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