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For the past 20 years, soil reflectance measurement in the laboratory has been a common and extensively used
procedure. Based on soil spectroscopy, a proxy strategy using a chemometrics approach has been developed
for soils, along with massive construction of soil spectral libraries worldwide. Surprisingly however, there are
no agreed-upon standards or protocols for reliable reflectance measurements in the laboratory and field. Conse-
quently, almost every user reconstructs his or her own protocol based on the literature, experience, convenience
and infrastructure. This yields significant problems for comparing and sharing soil spectral data between users, as
spectral variations can be encountered from one protocol to the next. This further prevents the generation of a
robust model for a given soil property using the worldwide data archive. To solve this problem in the laboratory,
a joint project between CSIRO— Perth and Tel Aviv University (TAU)was conducted to establish a standard pro-
tocol for soilmeasurement, alongwith the use of an internal standard procedure to generate correction factors to
normalize all possible variations to a soil benchmark (SBM) setup. The method is based on a proof of concept re-
ported by Pimestein et al. (2011) for the use of an internal soil standard (ISS), a concept adopted from the wet
chemistry discipline. To formulate the ISS method proposed herein, we used samples from two sand dunes
that were characterized for their mineralogy, stability and reflectance reproducibility to be suitable for the stan-
dardization mission. These samples were found to be stable in space and time and to hold a stable soil structure
and spectral response common to soils. Five soil sampleswere used to examine the performance of the suggested
ISS approach. The ISS and soil samples were carefully measured for reflectance at the CSIRO laboratory using a
new calibrated ASD and different protocols and procedures harboring minor and major differences. In addition,
the exact same ISS and soil samplesweremeasured in the TAU laboratorywith a different ASD, protocols and am-
bient conditions. A systemic quantitative study was conducted to judge the performance of the ISS method. The
results demonstrated that each protocol provides significant spectral variations from the SBM protocol, but all
can be corrected to the SBMmeasurements. The results are promising as they can be achievedwith any protocol
if the systematic variations are kept constant. The ISS samples can also be used to track spectrometer deteriora-
tion andmeasurement-setup stability. The current paper provides information on how to obtain and use the ISS,
and recommends a simple protocol for measuring soil reflectance under laboratory conditions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last decade, soil reflectance has become awell-recognized tool
to assess soil attributes rapidly and accurately in the laboratory domain
(Ben Dor, 2010). Soil proxies for many attributes, soil-mineral recogni-
tion and soil-type discrimination are themajor applications that soil re-
flectance can contribute to soil practices. In recent years, it has been
shown that soil reflectance can be used from both field and air domains
using two major spectral technologies: portable point and airborne im-
aging spectrometry (Ben-Dor et al., 2009). With the rise in available
indy.ong@csiro.au (C. Ong),
portable spectrometers, more users in the soil discipline are entering
the field and many soil spectral databases are being constructed in the
laboratory to assist in other domains (i.e. http://www.isric.org/data/
icrafisric-spectral-library).

Whereas spectral libraries of rocks and minerals have been quite
popular over the past 30 years (Clark 1999; Crowley 1991; Crowley et
al., 2003; Hunt 1977,1979,1980; Hunt and Salisbury, 1970,1971,1976;
Hunt et al., 1971a,1971b,1971c; Gaffey 1985,1986; Swayze et al.,
2007) and can be easily shared, for soils, despite the establishment of
a few soil libraries, spectral sharing is quite limited. This is mainly be-
cause in rocks andminerals, mostly the absorption positions are impor-
tant; in soils, for proxy models, not only are the absorption positions
important, but also the intensity and shape of the spectrum are crucial.
The first soil spectral library (SSL) was published by Baumgardner et al.
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(1985), who collected hundreds of soil samples from theUS and catego-
rized them into five major soil types. Later, when soil proxy became a
feasible method, it was understood that the SSL must be accompanied
by chemical attributes of the soil samples (together with their spectra),
and these two databases (spectral and chemical) were integral parts of
the SSL (Shepherd and Walsh, 2002; Brown et al., 2006).

In the last 5 years, there has been a growing effort to generate more
local SSLs by professional userswhowould then contribute and exchange
their data internationally to form a world SSL archive (Viscarra Rossel,
2009). Generating SSLs in a large-scale domain is a growing and impor-
tant mission that has recently been adopted by many organizations and
entities, at both the national (e.g. Knadel et al., 2012) and continental
(e.g. the LUCA SSL in Europe; Stevens et al, 2013) levels. It is predicted
that there will be an increased in activity in this research as more SSLs
are established and shared by the soil spectroscopy community.

To succeed with a soil proxymodel, both chemical and spectral data
have to be carefully acquired, to minimize the systematic and random
effects. However, this is impossible when the population and measure-
ment conditions (e.g. soil types, instrumentation and protocols) vary or
are unknown (Brown, 2007). This problem generates significant con-
straints to obtaining a robustmodel for given attributes using “merged”
SSL data, and blocks any attempts to compare them (Wetterlind and
Stenberg, 2010). In contrast to chemical analyses, there are no agreed-
upon protocols for soil spectral measurements. Users therefore prefer
to keep their successful protocol active and are not open to examining
others. One way to prevent possible systematic variations might be
achievedmathematically, by following procedures such as spectral der-
ivation or standard normal variate (SNV). However, in the case of high
variations, these procedures could be problematic. Amore basicmethod
that deals with the physical parameters and spectral origin is thus
needed.

To solve this problem, Pimstein et al. (2011) suggested adopting the
idea of internal standards from the wet chemistry discipline for soils.
Those authors demonstrated that well-known and agreed-upon refer-
ence material that is measured under any setup in any laboratory can
be used to align one laboratory's spectral measurements to another's.
They termed this material internal soil standard (ISS); their sample
was not the ideal example to be shared throughout the soil spectral
community; rather, it was useful as a proof of concept. Accordingly,
the search for an ideal ISS remains active and the ISS idea cannot yet
be implemented in SSLs worldwide.

This paper reports on a comprehensive study conducted to seek,
identify and establish an ideal ISS sample and scale up Pimstein et al.'s
concept for practical use. This is in order to create standards and proto-
cols that will enable the comparison and use of every soil spectral
measurement that has been acquired by different spectrometers, geom-
etries and external conditions. The ISS sample was examined under
minor and extreme conditions to check its suitability as a robust stan-
dard and to develop an agreed-upon spectral measurement for the
soil spectroscopy community. This study involved a comprehensive col-
laboration between Tel AvivUniversity (TAU), Israel, and CSIRO— Perth,
Western Australia.

2. Theoretical background

2.1. Factors affecting soil spectra

Twomain factors can affect soil spectra: nonsystematic and system-
atic. The nonsystematic effects are those arising from uncontrollable
phenomena, such as random noise and uncertain effects and instabil-
ities (noise). To minimize the nonsystematic “noise” effects, it is impor-
tant to maintain a consistent protocol. To achieve this, users must keep
the instrumentation factors (instability of the spectrometer, illumination
source, and detector output), as well as sample preparation, constant
using an agreed-upon protocol. If these factors are not controlled, noisy
and inconsistent soil spectra may result.
The systematic effects are those factors that arise from controlled re-
sponses that change from one instrument to the next but stay constant
in a selected protocol. To prevent systematic effects, controllable and re-
cordable factors such as thewhite reference (WR) sample, spectral con-
figuration, measurement geometry, fore optic status, operator, particle
size distribution and environmental conditions, are kept constant or
tracked. If these factors are not controlled, the results may vary and hin-
der the ability to obtain good results from the chemometric analysis
while using multisource SSLs; in practice, it may also prevent the shar-
ing of SSLs between potential users.

Whereas the nonsystematic effects can be minimized by using an
agreed-upon protocol, the systematic effects can vary from one labora-
tory to another. Consequently, a method tominimize the systematic ef-
fects is strongly required and effort in establishing measures to align
different SSLs that have been generated using different protocols
needs to be made. This issue is doubly important as such a method is
lacking and cross-calibration between laboratory infrastructures is un-
common or nonexistent.

2.2. Description of the ISS principle and method

As previously discussed, the internal standard idea was adopted
from the wet chemistry discipline to minimize systematic effects,
where an agreed-upon and well-known (species and concentration)
material is used to align the readings of any method (Willis, 1972).
The internal standard idea is based on the fact that thenonsystematic ef-
fects are minimized by the protocol used in the professional laboratory,
while the different systematic effects between protocols are corrected
for using the alignment factor generated from the standard's reading. In
general, an ideal ISS should be inexpensive, simple to use, easily delivered
overseas, homogeneous, stable in space and time, and useful for both ra-
diometric and spectral calibration. Pimstein et al. (2011) concluded that
the internal standard also has to be as similar as possible to soil grain
size (shape, size and nature) and if possible, it should have stable (and
preferably chemically featureless) spectral performance across the entire
spectral region. They indicated that their sand dune sample (90% quartz),
which underwent a bleaching process with HCl and the DCB method
(Mehra and Jackson, 1960) to remove calcite and free iron oxides, respec-
tively, and was characterized by an average grain size fraction of b2 mm,
is the preferred ISS sample. It was shown that other materials (flat poly-
ethylene surface and glass crushed to b2mm) cannot perform the correc-
tion as effectively as the sand sample and concluded, as previously
mentioned, that the ISS must have “soil characteristics” in terms of
shape and nature. Nonetheless, based on their proof of concept, they
strongly recommended finding a better ISS sample from natural sources
that satisfies their previous suggestions and does not need to be subjected
to chemical processes. They also pointed out that such a sample must be
tested, and be easy to disseminate to the scientific community at low (or
no) cost with long-term availability to all.

3. Material and methods

3.1. ISS and soil samples

3.1.1. Internal soil standard (ISS)
Wedevoted an international effort to locate the ideal ISS samples that

would satisfy Pimstein et al.'s (2011) criteria. Recently, in Australia, two
sites were characterized as bright, homogeneous sand dunes (Fig. 1).
They were found along the coastline of Wylie Bay (WB) and Lucky Bay
(LB) in southwestern Australia. The sand dunes were sampled by
collecting the top 10mm (about 50 kg each) and brought to the laborato-
ry to be further inspected for their fulfillment of ISS criteria. In WB 2
(33°49′ 23.89″S 121°59′51.81), the sand was sampled on a moderate
slope of a 30-m high dune hill (under dry conditions), and in LB (33°59′
17.22″S 122°13′51.89″), it was sampled at the waterfront (wet condi-
tions). After arrival at the laboratory (2 days after sampling), the sand



Fig. 1. The location of the two internal soil standard (ISS) samples selected for this study.
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samples were immediately washed with distilled water several times
until the EC of the leached water was low. The sand was spread out on
a metal tray coated with filter paper and left in the oven for 48 h at
110 °C. After drying, the samples were cooled down to room tempera-
ture for 2 days and sieved to b500 μm for WB and b250 μm for LB (for
the latter, two batches were prepared). In the LB samples, a thin
(dark) crust evolved after heating which was gently removed before
sieving. Samples were exposed to ambient conditions in the laboratory
for 1 week, until equilibrium was reached, and moisture content that
was measured by gravimetric method showed stability. Additional
measurements (X-ray diffraction, differential thermal analysis (DTA),
CSIRO – 0 , 1 
CP

CSIR

a

Fig. 2. The threemeasurement setups used tomeasure the soil reflectance. (a) The samples wer
used. (c) The samples were held by hand to face the sapphire window of the CP assembly.
thermal gravimetric analysis (TGA); Fourier transform infra red spec-
troscopy (FTIR) and particle-size distribution) were conducted to char-
acterize the sand samples.
3.1.2. Soil samples
Five soil samples fromWestern Australia were obtained from sites at

Mullewa, Toolibin and Buntine-Marchagee. All soils were air-dried and
sieved to pass a 2-mm sieve and then stored in a 100ml plastic contain-
er. Soil analyses have been determinated as indicated in Table's 3
comment.
O – 2 , 3 
DB 

TAU – 1 , 2 
CP 

b c

e lifted up to the CP assembly bymanual elevator. (b) A dark box with fixed geometrywas



Table 1
The stability results of the cross examination between threeASD spectrometers and 4 con-
tact probe assemblies at CSIRO (measurementswere acquired over one week). All contact
probes were model number A122300.

ASD/CP 1 (SN:00150) 2 (SN:00170) 3 (SN:644) 4 (SN:317)

1 (SN:6351) ++ ++++ ++ +++
2 (SN:6232) ++ ++++ ++ +++
3 (SN:16446) ++ ++++ ++ +++

++ bad (N5%) , +++ favorable (3-5%) and ++++ good (b3%).
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3.2. Reflectance measurements

3.2.1. Instruments
Four ASD spectrometers (two ASD FieldSpec Pro FR SN:6232 and

6351 and a ASD FieldSpec3 SN:16446) and five different contact-
probe (CP) assemblies were used in this study at two geographical
locations: three spectrometers in the southern hemisphere at CSIRO
(Perth, Western Australia) and one in the northern hemisphere at TAU
(Tel Aviv, Israel). The spectrometers were used in the laboratories
under the same ambient conditions: 22 °C and 12% RH at CSIRO and
26 °C and 40% RH in Tel Aviv.

In general, four basic geometric options were possible for the soil-
measurement protocol: 1) use of a CP that touches the surface of the
sample, 2) use of a bare fiber with a set viewing and illumination geom-
etry (no contact with the sample) in a dark box (DB) environment,
3) use of an integrating sphere that collects radiation from all directions,
and 4) measuring the reflectance through a glass petri dish (e.g. using
the MagLight® from ASD). Only the first two options meet the condi-
tions for a well-accepted protocol for most users worldwide. Although
highly recommended, option 3 is not applicable in practice as the
integrating sphere assembly is expensive and most laboratories do not
have it. The fourth option, although easy to perform, suffers from
nonhomogeneity of the petri dish glass' transparency, which adds an-
other unknown factor to the spectral variation which cannot always
be corrected for. Accordingly, the CP and DB options were selected to
carry out the spectral measurements in this study. Both options were
used at CSIRO, whereas only the CP option was used at TAU.
3.2.2. A short description of each measurement method used
The CP, DB at CSIRO: Both arrangements required 60 min warming

up of the spectrometer and 30 min for the lamps. In the CP method,
the samplewas prepared by pressing the soil surface against a glass sur-
face and bringing the bare sample to the CP by a stable elevator while
the CP was held firmly in place (Fig. 2a). The measurements were car-
ried out in a dark environment. In theDBmethod, a dark boxwith a con-
stant geometry was set up (Fig. 2b), consisting of two 12 V and 35 W
tungsten halogen lamps that illuminated the sample at 45°. A bare
fiber was set up to measure from the nadir position, covering a field of
view (FOV) of 100 mm diameter of the sample surface. The
Table 2
Themeasurement set-upswith themodifications conducted at both CSIRO and at the TAU labor

Set-up name ASD CP DB WR-PTFE WR-BaSO4 Operator

TAU 1 (1*) (1*) Dirty – 2
TAU 2 (1*) (1*) – Clean 3
CSIRO 0 (2) (2) Brand new — a (clean) – 1
CSIRO 1 (2) (2) CAP — c (clean) – 1
CSIRO 2 (2) (1) Brand new — b (clean) – 1
CSIRO 3 (2) (1) Brand new — b (clean) – 1

DB— dark box, CP— contact probe.
Brand new — a = a clean 50.8 mm polytetrafluoroethylene 99% reflectance standard (LabSphe
CAP — c = a clean (used) polytetrafluoroethylene cap that fits the CP sapphire window.
Brand new — b = a clean 85 mm polytetrafluoroethylene disc.
ASD — Analytical Spectral Device®.
BLD — a silver painted black “cake” dish.
Protocols: 3 (TAU), 2 (CSIRO dark box), 1 (CSIRO contact probe).
measurements were done under two constant distances of the sample
to the fore optic (10 and 13 cm). The sample preparation was done
using a large sample holder (i.e. bigger than the FOV; a “cock dish”)
with surface preparation consisting of using a flat sheet of glass to
apply pressure and flatten the surface. In both CP and DB methods
some modification to the sampling method was performed to demon-
strate possible systematic variations that could occur in reality. These
consisted of differences in: geometry (CP and DB), white reference
(bothmaterial and distances from the fore optics), sample holder geom-
etry, sample preparation and distance from the fore optics (see later de-
scription). After each measurement, a check was performed to
determine if the white reference (WR) was observed to have returned
to 100%. If necessary the WR was retaken to set it back again to 100%.
After every 2 soil samples (8–6 replications) the ISS was measured
using the same configuration.

The CP at the TAU: Only the CP method was performed at the TAU,
with 15 min warm up for both spectrometer and globe of the contact
probe. The soil sample was prepared on a black plastic dish holding
enough sample to cover 20 mm depth. The surface of the sample was
smoothed with a stainless steel knife. A manual elevator was used to
bring the contact probe to the sample, which held it stable duringmea-
surement (opposite to the CSIRO CP method) (Fig. 2c). Modifications
were employed to the experiments at the TAU to demonstrate effects
of systematic drifts, which included: differing the white reference
(using a dirty surface); and using twodifferent operators (an experienced
user and an un-trained student). After every soil sample measurement
and before each set (3–4 replications), the ISS was measured using the
same configuration. After each of the 4 replicates of the soil sample mea-
surements, the WR was checked to determine if it had deviated from
100%. If necessary, theWRwas retaken to set it to 100%. In all of the pro-
tocols above, 3 to 4 replicatesweremeasured for each of the two ISS sam-
ples. A replicate measurement of each of the samples was collected by
stirring and re-preparing the sample holder beforemeasurement. The re-
flectance variation observed at 1.6 μmbetween replicates of a given sam-
ple was b3% using the twomethods tested at CSIRO and b6% at TAU. The
variation between CSIRO and TAU might be a result of different condi-
tions, such as the human factor, and stability of the instrument.

3.3. Selecting the soil benchmark spectral measurement protocol

The soil benchmark (SBM) is a spectralmeasurement of the ISS sam-
ple under agreed-upon standard conditions to which all othermeasure-
ments are then aligned. For that purpose we examined at CSIRO the
most stable ASD spectrometer and CP assembly from the inventory (3
ASDs and 4 CPs). The selection was based on checking the stabilization
of each ASD-CP combination. The examination took place during a
week where the same 99% reflectance standard and the WB-1 sample
were repeatedly measured. Stability was judged based on the variation
of the WB-1 reflectance output in each configuration as gathered over
the week. The configuration that provided b3% variation in five
atories for carrying out themeasurement of the same 5 soil samples and ISS sand samples.

Distance Method Protocol Sample holder Status (relative to CSIRO 0)

Contact CP 3 A polyethylene cup Major modification
Contact CP 3 Sever modification
Contact CP 1 BLD Soil benchmark method
Contact CP #1 BLD Minor modification
10 cm DB 2 A paper black dish Moderate modification
13 cm DB #2 A glass dish Moderate modification

re).
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b

Fig. 3. The soil samples (a) and the internal soil standard (ISS) samples (b) used in this study.
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measurements (1 per day) was then selected as the SBM setup. As seen
in Table 1, the critical factor was the CP, and not the ASD instrument.
Therefore, we selected ASD-2 and CP-2 for the SBM setup. It should be
pointed out, however, that it is not important which setup is selected
for the SBM alignment as long as it is stable and agreed-upon by the en-
tire community. If a new SBM setup is to be selected, then a simple
alignment between the current SBM measurements (ASD-2, CP-2) can
be performed using the suggested ISS samples.

3.4. Modification from the basic protocols

In order to check the ISS performance and its potential we applied
several staged modifications to each of the basic setups. There were
minor to extreme changes to span all possibilities. The summary of
these modifications is given in Table 2, along with a short description
of each in the afterward section.

3.4.1. Explanation to Table 2
At CSIRO the CP method was used with two setups (CSIRO 0 and 1).

CSIRO-0 was selected as the SBM setup (using ASD-2 and CP-2). This
used a brand new polytetrafluoroethylene (PTFE) 50.8 mm disc
(LabSphere SRS-99-020 AS-01161-060) as the WR which was held
against the CP sapphire glass window during both optimization of the
Fig. 4. The spectra of the internal soil standard (ISS) samples (LB— a,WB— b) asmeasured
by the CSIRO-0 setup.
spectrometer and WR measurement. The method for CSIRO-1 (ASD-2,
CP-2) used a clean (used) 25 mm polytetrafluoroethylene cap, that fits
exactly to the CP sapphire window (CAP-c). This WR was used during
both optimization andWR calibration. Additionally at CSIRO, two addi-
tional setups were used with the DB configuration: (CSIRO 2 and CSIRO
3, with ASD2 and bare fiber) CSIRO 2 involved the maintaining of a dis-
tance of 100 mm from the fore optic to the sample in the dark box (DB)
configuration (see Fig. 2b). The sample holder was amatt-black painted
cardboard dish, 80 × 150 mm in size and 40 mm depth. The CSIRO-3
method maintained a 140 mm gap from the fore optic to the sample
under the same DB lighting configuration. The sample holder was a
glass dish 60 mm in diameter and 20 deep. In both of the above DB
setups (CSIRO 2, 3), the same brand new PTFE disc of 50.8 mm in diam-
eter was used. The PTFE disc was provided from a commercial supplier
with a reflectance calibration between 250 and 2500 nm. At the TAU a
different protocol from CSIRO was applied using a different ASD spec-
trometer and CP assembly (see the previous description). The proce-
dure differed by moving the CP assembly toward the sample (opposite
to CSIRO-CP setups where the sample brought to the CP; see Fig. 2c).
Also, at the TAU the spectrometerwaswarmedup for only to 15min be-
fore the measurement was started. In the TAU-1 a dirty PTFE disc was
used as the WR, whereas in TAU-2 packed BaSO4 powder was used as
the WR. Different users were used at the TAU to conduct the measure-
ments, one per each setup (TAU-1 and TAU-2) and different room con-
ditions were encountered relative to those at CSIRO. The following
summarizes the difference between TAU and CSIRO setups: 1) different
spectrometers and calibration dates, 2) different CP and geometry (CP
against DB), 3) different warming up conditions, 4) different room con-
ditions, 5) different measurement protocols, 6) different white refer-
ence (WR) and 7) different operators. In both locations the same exact
samples (either soil or ISS) were measured.

3.5. Spectral correction to the soil benchmark (SBM) measurements

As Pimstein et al. (2011) suggested, an agreed-upon ISS sample and
setup, composed of “benchmark spectra” (SBM), have to be used for
correcting the other setups. As previously discussed, the CSIRO-0
setup was selected as the SBM configuration, where both WB and LB
were used as the ISS samples. The two samples represent independent
replicates for the ISS correction as described above. The measurement



Table 3
Basic characteristics of the five soils used to examine the ISS concept, using WB and LB as ISS samples.

CSIRO code Site name Laboratory name Clay
(%)

Silt
(%)

Sand fine
(%)

Sand coarse
(%)

Organic carbon
(%)

CaCO3

(%)
DPTA iron
(mg/kg)

Location coordinates

Soil 1 MU 090213 Mullewa (0 cm) a 13.4 4.8 34.5 47.2 0.75 0.58 0.75 WGS84 S28.59050785
E115.4457249

Soil 2 TL5 4 Toolibin Lake (0 cm) a 7.8 b0.01 14.77 77.43 1.19 0.23 46.98 UTM Zone 50 N6353334
E055460

Soil 3 TL5 4 D60 Toolibin Lake (60 cm) a 57.25 4.0 15.83 57.25 0.14 b0.10 7.04 UTM Zone 50 N6353334
E055460

Soil 4 MU 100105 Mullewa (0 cm) b 10.1 2.2 0 0 0.35 0.26 7.60 WGS84, S28 30 19.2
E115 12 33.6

Soil 5 MU 100105w Mullewa (0 cm) b 4.8 0.01 22.7 72.5 0.44 0.52 8.8 WGS84, S28 30 19.2
E115 12 33.6

All determinations were conducted at CSBP Bibra Lake Western Australia (a) and ChemCentreWestern Australia (b). A detailed description of each procedure is given in Indorante et al.
(1990) for clay, silt and sand and in Rayment and Lyons (2011) for OC (page 68), for CaCo3 (page 420) and for Fe-DPTA (page 240).
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under the user setup (slave) can be corrected to the SBM setup by ap-
plying the following:

CFλ ¼ 1– Sρλ– SBMρλð Þ=Sρλð Þ

Rcλ ¼ Roλ � CFλ

where

Sρ is the reflectance of the Slave ISS reference (the WB and LB
measured at the user's setup)

SBMρ is the reflectance of the soil benchmark (SBM) ISS reference
(the WB and LB sand samples measured at CSIRO-0 setup)

Ro is the original soil sample reflectance (the SOIL spectrum
measured at the user's setup)

Rc is the corrected soil sample reflectance (the SOIL spectrum
measured at the user's setup normalized to the CSIRO-0
setup)

CF a correction factor.

4. Results

4.1. General

Fig. 3 shows the ISS samples, LB andWB (b), and thefive soil samples
(a) that were selected for this study. Fig. 4 provides the ISS reflectance
spectra measured using the CSIRO-0 setup. As seen in Fig. 4, the WB
sample consisted of high reflectance values with small spectral fea-
tures, whereas LB showed moderate reflectance baseline values,
with absorption features at 1.4 μm, 1.9 μm and 2.3 μm which could
be assigned to hygroscopic water (the first two) and to carbonate
(the last).
Fig. 5. The spectra of the five soil samples as measured by the CSIRO-0 setup.
X-ray diffraction found that both samples are dominated by quartz,
with LB having about 90% quartz and 10% aragonite, and WB having
99% quartz. Differential thermal analysis (DTA), thermogravimetric
analysis (TGA) and gravimetric measurements demonstrated that no
hygroscopic water exists in the LB sample (0.01% weight lost after
24 h in 150 °C) suggesting that the strong water spectral features at
1.4 and 1.9 μm can probably be assigned to zeolitic water trapped in
the aragonite structures. TGA showed 20% loss of weight above 450 °C
in the LB sample and the reflectance spectrum of this heated sample
no longer showed the two water peaks at 1.4 and 1.9 mm. This demon-
strates that the “zeolitic”water is trapped at higher energy than the hy-
groscopic water bonded to the mineral's surface. Thus, although the LB
possesses a spectral signature that “looks like” soil hygroscopic water
(which can vary in time and space quite significantly in high surface
areaminerals such as smectite; Ben-Dor et al., 1999), the real water sig-
nals may be stable in all possible room temperatures and humidifies.
These characteristics make the LB an excellent sample for ISS as it
holds stable features similar to soil andmaintains N50% baseline reflec-
tance. The second sample selected for the soil ISS,WB, is also a good ref-
erence, as it was found to be featureless (quartz purity, 99%) and very
bright (with 90% baseline reflectance at 1.7 μm), with no hygroscopic
water at all. Together with LB, WB covers the potentially high dynamic
ranges for soils and thus is ideal for systematic corrections. In addition,
each ISS is an independent sample for calculation of the correction fac-
tor and thus better represents the systematic variation that the ISS
method stands for.We then use the average of the correction factors ex-
tracted from both ISS samples.

Table 3 provides the exact locations and some attributes of the soil
samples selected to check the ISS concept and Table 4 provides the
minerology of the soils as obtained from the XRD. Fig. 5 shows the spec-
tra of thesefive soil samples asmeasured under the CSIRO-0 setup. They
all exhibited typical soil reflectance features (Ben Dor, 2010) with iron
oxide absorption features in the visible (VIS) region (samples 1, 3, 4,
5), an organic matter feature (sample 2) and hygroscopic water at 1.4
and 1.9 μm (all), clay at around 2.2 μm, and possible feldspar features
at around 2.3–2.4 μm (See Table 4).
Table 4
Mineralogy of the five soils used to examine the ISS concept, using WB and LB as ISS
samples.

Soil
number

Mineralogy (XRD)

1 Quartz (dominant), kaolinite (minor), hematite (trace), feldspar (trace)
2 Quartz (dominant), feldspar (trace), kaolinite (trace)
3 Quartz (dominant), kaolinite (minor), feldspar (trace), goethite (trace)
4 Quartz (dominant), kaolinite (minor), feldspar (trace), hematite (trace),

halite (trace)
5 Quartz (dominant), kaolinite (minor), feldspar (trace), hematite (trace)



Fig. 6. The spectra of the internal soil standard (ISS) samples (LB— a, WB — b) as measured by all protocols and setups.
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Fig. 6 shows theWB (a) and LB (b) spectra as measured in all of the
setups used in this study for each soil. The spectral variation around the
CSIRO-0 (SBM) setup is significant and mainly based on the systematic
effects that occurred as part of the modifications applied. The spectral
variations are mostly related to the baseline offset position whereas in
TAU-2, new spectral features are observed near 1.4 and 1.9 μm. As
TAU-2 setup was based on BaSO4 as a white reference. As BaSO4 is a hy-
groscopic material, the new signals at TAU-2 are related to the water
molecule spectral features of the white reference. In general spectral
variations from CSIRO-0 occurred either in major (TAU-2) or minor
(CSIRO-1) modifications, confirming that even small changes in the re-
flectance measurement protocol can cause significant spectral changes
in the final spectral product. This strengthens the need for a correction
to be further applied to the data, and will be discussed accordingly.
Fig. 7. The spectra of the five soil samples as measured by CSIRO-1, CSIRO-1 corrected t
To visually examine the ISS method's performance, we provide for
every setup the spectra of each soil before and after the ISS correction
was applied (Figs. 7–11) along with the corresponding soil spectrum
of the CSIRO-0 setup (the soil benchmark configuration; SBM). To quan-
titatively examine the ISS method's performance, we calculated the av-
erage sum of deviation square (ASDS) index suggested by Ben-Dor et al.
(2004) as follows:

ASDS ¼ Σ Sisρλ–1ð Þ2=nÞ ð4Þ

Sisρλ ¼ RCρλ=RMρλ ð5Þ

where n is the number of spectral channels of the spectrometer used to
measure the soil sample, RCρλ is the reflectance value (at a given
o CSIRO-0 using the internal soil standard (ISS-Corrected) approach, and CSIRO-0.



Fig. 8. The spectra of the five soil samples as measured by CSIRO-2, CSIRO-2 corrected to CSIRO-0 using the internal soil standard (ISS-Corrected) approach, and CSIRO-0.
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wavelength) of the examined sample (original and ISS-corrected spec-
tra) relative to the reflectance value (at a given wavelength) of the
same soil with the benchmark setup, RMρλ (the CSIRO-0 spectrum).
Lower ASDS values indicate better ISS correction performance. To
judge the correction power of the ISS method, we calculated the nor-
malized different ASDS values (ND-ASDS) according to:

ND‐ASDS ¼ ASDS bð Þ–ASDS að Þð Þ=ASDS bð Þ ð6Þ

where ASDS (b) is the ASDS calculated before ISS correction and ASDS
(a) is the ASDS calculated after ISS correction. More positive ND-ASDS
values indicated better ISS correction performance. The histograms of
these calculations are given in Fig. 12 (for the ASDS) and in Fig. 13 (for
the Nd-ASDS).

4.2. Interpretation of the ISS results

4.2.1. Case study 1: CSIRO-1 protocol (changes: CP with small modifi-
cation of different WR (PTEE "cape"))

In Fig. 7 all of the soil spectra for this case study are shown before
and after correction to the CSIRO-0 setup. Although this case study rep-
resents “minor” changes from the SBM protocol (see Table 2), spectral
variations from the CSIRO-0 setup were still observed. The PTFE “cape”
configuration (CSIRO-1) showed higher reflectance values relative to
the brand-new PTFE disc (CSIRO-0). This demonstrates that a different
PTFE, even if it is clean, may provide spectral variations, even when
the other measurement factors are held constant. As further seen in
Fig. 7, ISS-corrected spectra (using the ISS of the CSIRO-0 setup) shifts
the CSIRO-1 reflectance data toward the CSIRO-0 SBM measurements.
The ASDS values (Fig. 12) show that significant change was obtained
at each of the soil after the ISS correction. The normalized difference
ASDS values (ND-ASDS, Fig. 13) varied from 27% in SOIL-1 to 90% in
SOIL-5 as shown in Fig. 7 demonstrating the power of the ISS correction.

4.2.2. Case study 2: CSIRO-2 protocol (changes: DB with moderate modifi-
cation to fore-optic, WR, measurement geometry, FOV)

In Fig. 8 all soil spectra of this case study are shown before and after
correction to the CSIRO-0 setup. As this case study represents “moder-
ate” changes from the SBM protocol (See Table 2), the spectral varia-
tions from the CSIRO-0 setup are moderate as well. The samples
measured with the DB configuration (CSIRO-2) were all lower in their
reflectance relative to the SBM reflectance (CSIRO-0). This is mainly be-
cause the geometry of the CSIRO-2 setup and the different powered
light sources than the CP in CSIRO-0 and hence, produces lower reflec-
tance in total. These systematic variations are then corrected by the
ISS method to shift the CSIRO-2 results to the CSIRO-0 setup, as seen
in all of thefive soils that underwent the ISS correction. The ASDS values
(Fig. 12) show that significant change occurred to each soil by the appli-
cation of the ISS correction. The normalized differenceASDSvalues (ND-
ASDS, Fig. 13) varied from44% (in SOIL-1) to 88% (in SOIL-3), suggesting
the ISS correction was improving the results. This observation demon-
strates that moderate systematic variation can be corrected by the ISS
method.

4.2.3. Case study 3: CSIRO-3 protocol (changes: DB with moderate
modifications relative to CSIRO-0 and minor modifications relative
to CSIRO-2—fore optic distance to the sample changed from 10 cm
(CSIRO-2) to 13 cm (CSIRO-3) and the sample holder was changed
from a paper dish to a petri dish. All other parameters were as with
the CSIRO-2 setup)

In Fig. 9 all soil spectra of this case study are shown before and after
correction to the CSIRO-0 setup. As this case study represents



Fig. 9. The spectra of the five soil samples as measured by CSIRO-3, CSIRO-3 corrected to CSIRO-0 using the internal soil standard (ISS-Corrected) approach, and CSIRO-0.
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“moderate” changes from the SBM protocol (See Table 2), the spectral
variations from the CSIRO-0 setup are only slight as well. The samples
measured in the DB (CSIRO-3) were all lower in their reflectance rela-
tive to the SBM reflectance (CSIRO-0) and similar to CSIRO-2 setup.
This is again due to the difference in the measurement geometry rela-
tive to the CSIRO-0. These systematic variations are corrected by the
ISS method to the CSIRO-0 setup, as seen in all of the five soils that
underwent the ISS correction. The ISS correction aligns the CSIRO-3 re-
flectancedata toward the CSIRO-0 SBMmeasurements. TheASDSvalues
(Fig. 12) show that significant change was obtained at each soil by the
ISS correction. The normalized difference ASDS values (ND-ASDS,
Fig. 13) varied from 31% in SOIL-5 to 85% in SOIL-3 demonstrating
again the power of the ISS correction in this moderate systematic varia-
tion set.

4.2.4. Case study 4: TAU-1 protocol 1* (changes: CP with major modi-
fications; ASD, non stable CP assembly, WR, operator, environment
and geographic locations)

In Fig. 10 all soil spectra of this case study are shown before and after
correction to the CSIRO-0 setup. Although this case study represents
“major” changes from the SBM protocol (see Table 2), the spectral
variations from the CSIRO-0 setup are minor (SOIL-5) to moderate
(SOIL-3). As seen, the samples measured in the TAU-1 setup were all
systematically lower in their reflectance values relative to the CSIRO-0
SBM reflectance. This is due to fact that the illumination conditions for
the TAU-1methodwere dissimilar to those in CSIRO-0 (based on differ-
ent bulbs, spectrometers and geometry). The total changes generate a
systematic variation accordingly. The ISS corrected spectra shows favor-
able results in SOIL-2, SOIL-4 and SOIL-5 but small (although positive)
changes to SOIL-1 and SOIL-3. The ASDS values (Fig. 12) show that
significant changes occurred to each soil by the ISS correction. The
normalized difference ASDS values (ND-ASDS, Fig. 13) varied from
19% in SOIL-3 to 94% in SOIL-5 demonstrating the power of the ISS
correction.

4.2.5. Case study 5: TAU-2 protocol 1* (change: CP with major modifi-
cations; ASD, non-stable CP assembly, BaSO4 as WR, operator, envi-
ronment, geographic locations)

In Fig. 11, all soil spectra of this case study are shownbefore and after
correction to the CSIRO-0 setup. This case study represents “major”
changes from the SBM protocol (See Table 2), where the most signifi-
cant was the use of BaSO4 as a white reference. The spectral variations
from the CSIRO-0 setup are major, not only in the baseline shift, but
also in the absorption peaks around the H2O absorption peak at 1400
and 1800 nm and the baseline between these two wavelength regions.
It is interesting to note that although these major changes were per-
formed to the sampling method, the ISS methodology was able to cor-
rect the TAU-2 spectra and align them to the results of the CSIRO-0
setup. The ASDS values (Fig. 12) show that significant changes occurred
to each soil by the application of the ISS correction. The normalized dif-
ference ASDS values (ND-ASDS, Fig. 13) varied from 36% in SOIL-1 to
62% in SOIL-4 demonstrating the power of the ISS correction in this
case as well in the others.

5. General discussion

5.1. ASDS discussion

In the literature, performance of the soil proxy analysis is favored
even without any standardization procedures. This is mainly due to



Fig. 10. The spectra of the five soil samples as measured by TAU-1, TAU-1 corrected to CSIRO-0 using the internal soil standard (ISS-Corrected) approach and CSIRO-0.
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the fact that the measurement protocol for each model is usually kept
constant, with the result that all of the effects related to signal are
modeled along with the systematic effects. Nonetheless, if there was a
need to use a model that was constructed using method A to soil mea-
sured in method B, the results may be significantly compromised by
the effects of variations from the differing measurement techniques.

Accordingly, the ISS approach aims at projecting all spectral mea-
surements (A and B in our example) as close as possible to an agreed
(SBM) setup measurement, enabling the increase of the soil population
(and hence accuracy) for the proxy model. Götze and Glässer (2012)
have suggested using the same white reference across laboratories in
order to align the variations obtain between two spectrometers. Appar-
ently this idea is impractical as it is impossible to share the same one
white reference for all users. Moreover, this study shows that not only
spectrometer variations are in effect but also white reference variations
are significant. It is also possible that the same white reference is dete-
riorating with time.

The results of this study also showed that evenwithin a given proto-
col, slight (systematic) changes can occur (CSIRO-0 vs. CSIRO-1),
whereas in some cases these changes are of the same magnitude with
extreme changes in the measurement protocols (CSIRO-1 vs. TAU-1).
The ISS solution, which was adopted from the wet chemistry discipline,
showed that a correction of the results fromameasurement setup to the
SBM (CSIRO-0 setup) is possible. It is true that the ISS correction does
not exactly shift the spectrum of a given soil to its corresponding
CSIRO-0 setup measurement, but in all cases it was better aligned that
without a correction, and now is closer to the CSIRO-0 results. More-
over, the ISS method also showed the possibility of correcting for spec-
tral artifacts (such as adsorbed water on the BaSO4 white reference)
enabling the biased spectrum to much better fit the original spectrum
measured using the CSIRO-0 setup. The ISS also showed the possibility
to align between two different laboratories located in the northern
and southern hemispheres, measured by different users, using dissimi-
lar protocols, with different instruments and different white references.
This adds to the ideas of Pimstein et al. (2011) and confirms the ISS ap-
proach in soils. The success of the ISS approach presented in this paper is
a result of allocating ideal “internal soil standards”whichwere stable in
time and space, hold “soil structural shape” andwere easy to obtain. Be-
sides using these ISS samples to align the user soil spectral measure-
ment to a benchmark configuration it can be used to track the spectral
measurement stability of the spectrometer. In this regard, it is recom-
mended that all users measure the ISS samples prior to their sample
measurement (at the exact same geometry and laboratory conditions)
to track after possible deterioration of the measurement scheme.

TheWB and LB samples found inWestern Australia seem to be ideal
materials for the Internal Soil Standard (ISS) approach, which is to cor-
rect soil spectral measurements to a SBM setup. These samples are quite
homogeneous and almost monomineralic (quartz), consisting of a par-
ticle size and shape found in naturally occurring soils. They are bright
(LB) and semi-bright (WB) samples (to cover large dynamic range)
with stable spectral features. Accordingly, the vast worldwide effort to
establish more soil spectral libraries (and extend the present ones)
might be significantly benefited from the ISS approach. If the ISSmethod
and the suggested samples were adopted by the soil spectral community
it would improve the cross calibration and sharing of soil spectral data-
bases, employ a reasonable comparison between global soils and more
importantly, open thepossibilities of obtaining robust proxymodels to es-
timate soil attributes. It should also be pointed out that although this
paper deals with laboratory and controlled conditions, there is an impor-
tant requirement to upscale the ISS idea into the field environment.



Fig. 11. The spectra of the five soil samples as measured by TAU-2, TAU-2 corrected to CSIRO-0 using the internal soil standard (ISS-Corrected) approach, and CSIRO-0.
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However, this would require more research based on the fact that more
nonsystematic effects will need to be addressed and studied.

The ASDS and normalized ASDS (ND-ASDS) values are good indica-
tors to demonstrate the performance of the ISS approach. As seen in
Figs. 12 and 13, all ASDS and ND-ASDS values were positive, ranging
from 20% to 89% correction capacity. In all the samples and all setups,
the ISS method brought the final results closer to the SBM measure-
ments. The ability to correct for strong systematic effects, such as the
water absorption features from using BaSO4 and not PTFE was shown
by using the ISS approach. This demonstrated that the ISS approach is
a powerful method for overcoming systematic drifts which may occur
in any protocol. This suggests that the user's protocol can be retained,
as long as the ISS samples are used and the protocol is kept constant.
Nonetheless, although at CSIRO two soil spectral measurement proto-
cols were developed and comprehensively examined (can be achieved
as indicate later), we suggest users to adopt the method, as it is simple
and cheap to construct and found to be stable and steady. The question
of which is the perfect soil benchmark setup to continue the ISS ap-
proach is an important issue but not crucial. The suggested CSIRO-0
setup used here, can be easily replaced by another (agreed) setup (e.g.
integrating sphere) and transferred to all users that adopted the ISS
method with CSIRO-0 samples. If the same ISS sample was to be mea-
sured by a new suggested setup, a simple transformation from the
CSIRO-0 setup to the new one can be done using the ISS method. The
correcting factors are then applied to all of the CSIRO-0 aligned setup
and a new correction database could be generated. For the time being
and for all practical purposes, we strongly recommend to use LB and
WB samples and the CSIRO-0 setup as the SBM entity. After collecting
more data a new SBM setup may be considered.

The ISS LB andWB samples used in this study can be sent to any user
via request to the authors of this paper along with their CSIRO-0 (digital)
spectra. Thiswill enable all users fromhereon in to align their soil spectral
information with a “common denominator” and will hopefully open a
new era in the worldwide effort to combine and share all SSLs.

However, it should be pointed out that in reality, every SSL has to
be accompanied by chemical information on the soil attributes.
Whereas this paper deals with the spectral variation and its correc-
tion according to a simple standardization process, the same effort
has to be incorporated into the chemistry section, where variation
may also occur and affect the final proxy results when using SSLs
from multiple sources.

6. Summary and conclusion

The ISS method to align soil spectral readings to a benchmark setup
by using internal sand samples from Western Australia has proven to
work successfully. It demonstrated an easy and practical way to align
minor and extreme systematic changes encountered in the different
protocols and setups used (using the same samples). The results of
this paper confirms the ideas of Pimstein et al. (2011) and further up-
scale their method by finding, analyzing, examining and preparing
ideal internal soil standards for the entire soil community. The ISSmeth-
odwas found tomostly solve the systematic issues if a constant setup is
kept for both the soil samples and for the internal soil standards. If the
user protocol is extremely different from the CSIRO-0 protocol (the se-
lected benchmark setup in this study) then the user is urged tomeasure
the ISS samples more frequently (e.g. before and after every soil sample
measurement). This is also true if nonsystemic effects are suspected to be
dominant in the measurement setup (e.g. the measurement assembly is
unstable). Although we strongly recommend the use of the CSIRO CP
and DB protocols (see. http://dx.doi.org/10.4225/08/54992DB18BB6E),
this is not mandatory as long as the user protocol is stable, reliable and
reputable, and followed by the exact ISS samples (LB andWB) measured
at CSIRO-0 (or later, under another agreed-upon benchmark setup). The
LB and WB samples can be also used to track the performance of the
used protocol and the temporal performance of the instrumentation.
Based on the results of this paper, we hope that users will now adopt
the ISS method in every soil spectral measurement they conduct and
the forthcoming spectral data will hold a well-agreed-upon standardiza-
tion quality that will enable sharing and comparing soil spectral data in
a newly beneficial way.

Acknowledgments

The authors wish to thank the CSIRO Office of the Chief Executive
(OCE) Distinguished Visiting Scientist Program and the Sustainable Ag-
riculture Flagship that enabled Prof. Ben Dor to carry out this research at
CSIRO Mineral Resources Flagship in Perth Australia in 2013.

http://dx.doi.org/10.4225/08/54992DB18BB6E


124 E. Ben Dor et al. / Geoderma 245–246 (2015) 112–124
References

Baumgardner, M.F., Silva, L.F., Biehl, L.L., Stoner, E.R., 1985. Reflectance properties of soils.
Adv. Agron. 38, 1–44.

Ben Dor, E. 2010 Characterization of soil properties using reflectance spectroscopy in
hyperspectrscal remote sensing of vegetation Ed, Dr. Prasad S. Thenkabail, Tyalor
and Francis Publication 704pp

Ben-Dor, E., Kindel, B., Goetz, A.F.H., 2004. Quality assessment of several methods to re-
cover surface reflectance I using synthetic imaging spectroscopy (IS) data. Remote
Sens. Environ. 90, 389–404.

Ben-Dor, E., Irons, J.A., Epema, A., 1999. Soil spectroscopy. In: Rencz, A. (Ed.), Manual of
Remote Sensing, Third ed. J. Wiley & Sons Inc. New-York, Chichester, Weinheim,
Brisbane, Singapore, Toronto, pp. 111–189.

Ben-Dor, E., Chabrillat, S., Demattê, J.A.M., Taylor, G.R., Hill, J., Whiting, M.L., Sommer, S.,
2009. Using imaging spectroscopy to study soil properties. Remote Sens. Environ.
113, S38–S55.

Brown, D.J., 2007. Using a global VNIR soil-spectral library for local soil character-
ization and landscape modeling in a 2nd-order Uganda watershed. Geoderma
140 (4), 444–453.

Brown, D.J., Shepherd, K.D., Walsh, M.G., Dewayne Mays, M., Reinsch, T.G., 2006. Global
soil characterization with VNIR diffuse reflectance spectroscopy. Geoderma 132 (3),
273–290.

Clark, R.N., 1999. Spectroscopy of rocks and minerals, and principles of spectroscopy.
Manual of Remote Sensing 3 pp. 3–58.

Crowley, J.K., 1991. Visible and near‐infrared (0.4–2.5 μm) reflectance spectra of Playa
evaporiteminerals. J. Geophys. Res. Solid Earth (1978–2012) 96 (B10), 16231–16240.

Crowley, J.K., Williams, D.E., Hammarstrom, J.M., Piatak, N., Chou, I.M., Mars, J.C., 2003.
Spectral reflectance properties (0.4–2.5 μm) of secondary Fe-oxide, Fe-hydroxide,
and Fe-sulphate-hydrate minerals associated with sulphide-bearing mine wastes.
Geochem. Explor. Environ. Anal 3 (3), 219–228.

Gaffey, S.J., 1985. Reflectance spectroscopy in the visible and near infrared (0.35–2.55
mm): applications in carbonate petrology. Geology 13, 270–273.

Gaffey, S.J., 1986. Spectral reflectance of carbonate minerals in the visible and near infra-
red (0.35–2.55 mm): calcite, aragonite and dolomite. Am. Mineral. 71, 151–162.

Götze, C., Glässer, C., 2010. White-reference based post-correction method for multi-
source spectral libraries. Photogrammetrie Fernerkundung Geoinformation 2010
(5), 363–369.

Hunt, G.R., 1977. Spectral signatures of particulate minerals in the visible and near infra-
red. Geophysics 42 (3), 501–513.

Hunt, G.R., 1979. Near-infrared (1.3–2.4) μm spectra of alteration minerals-Potential for
use in remote sensing. Geophysics 44 (12), 1974–1986.

Hunt, G.R., 1980. Spectroscopic properties of rock and minerals. In: Stewart, C.R (Ed.),
Handbook of Physical Properties Rocks. CRC Press pp. 295.
Hunt, G.R., Salisbury, J.W., 1970. Visible and near infrared spectra of minerals and rocks: I:
Silicate minerals. Mod. Geol. 1, 283–300.

Hunt, G.R., Salisbury, J.W., 1971. Visible and near infrared spectra of minerals and rocks:
Carbonates. Mod. Geol. 2, 23–30.

Hunt, G.R., Salisbury, J.W., 1976. Visible and near infrared spectra of minerals and rocks:
XI Sedimentary rocks. Mod. Geol. 5, 211–217.

Hunt, G.R., Salisbury, J.W., Lenhoff, A., 1971a. Visible and near-infrared spectra of minerals
and rocks: III Oxides and hydroxides. Mod. Geol. 2, 195–205.

Hunt, G.R., Salisbury, J.W., Lenhoff, C.J., 1971b. Visible and near-infrared spectra of min-
erals and rocks: sulfides and sulfates. Mod. Geol. 3, 1–14.

Hunt, G.R., Salisbury, J.W., Lenhoff, C.J., 1971c. Visible and near-infrared spectra of min-
erals and rocks: Halides, phosphates, arsenates, vandates and borates. Mod. Geol. 3,
121–132.

Indorante, S.J., Follmer, L.R., Hammer, R.D., Koenig, P.G., 1990. Particle-size analysis by a
modified pipette procedure. Soil Sci. Soc. Am. J. 54, 560–563.

Knadel, M., Deng, F., Thomsen, A., Greve, M.H., 2012. Development of a Danish national
Vis–NIR soil spectral library for soil organic carbon determination. Digital Soil Assess-
ments and Beyond: Proceedings of the 5th Global Workshop on Digital Soil Mapping
2012, Sydney, Australia (Vol. 403). CRC Press (July).

Mehra, O.P., Jackson, M.L., 1960. Iron oxide removal from soils and clays by a dithionite–
citrate system buffered with sodium bicarbonate. Proc. 7th nat. Conf. Clays vol. 5
pp. 317–327.

Pimstein, A., Ben Dor, E., Notesko, G., 2010. Performance of three identical spectrometers
in retrieving soil reflectance under laboratory conditions. Soil Sci. Soc. Am. J. 75,
110–174.

Rayment, G.E., Lyons, D.J., 2011. Soil Chemical Methods — Australasia vol. 3. CSIRO
Publishing.

Shepherd, K.D., Walsh, M.G., 2002. Development of reflectance spectral libraries for char-
acterization of soil properties. Soil Sci. Soc. Am. J. 66 (3), 988–998.

Stevens, A., Nocita,M., Tóth, G., Montanarella, L., vanWesemael, B., 2013. Prediction of soil
organic carbon at the European scale by visible and near infrared reflectance spec-
troscopy. PLoS One 8 (6), e66409.

Swayze, G.A., Wise, R., Livo, K.E., Hoefen, T.M., Kokaly, R.F., Sutley, S.J., 2007. USGS Digital
Spectral Library splib06a. US Geological Surv, Reston, VA, p. 231.

Viscarra Rossel, R.A., 2009. The Soil Spectroscopy Group and the development of a global
soil spectral library. EGU General Assembly Conference Abstracts vol. 11, p. 14021
(April).

Wetterlind, J., Stenberg, B., 2010. Near‐infrared spectroscopy for within‐field soil charac-
terization: small local calibrations compared with national libraries spiked with local
samples. Eur. J. Soil Sci. 61 (6), 823–843.

Willis, D.E., 1972. Internal standard method calculations. Chromatographia 5 (1), 42–43.

http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0005
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0005
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9000
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9000
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9000
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0015
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0015
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0035
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0035
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0035
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0030
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0030
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0030
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0100
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0100
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9005
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9005
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9010
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9015
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9015
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9020
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9020
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0045
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0045
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0045
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9025
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9025
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9030
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9030
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9040
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9040
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9035
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9035
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9050
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9050
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9060
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9060
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9070
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9070
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9080
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9080
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9090
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9090
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf9090
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0050
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0050
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0110
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0110
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0110
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0110
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0115
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0115
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0115
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0055
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0055
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0055
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0060
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0060
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0065
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0065
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0070
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0070
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0070
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0075
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0075
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0120
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0120
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0120
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0085
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0085
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0085
http://refhub.elsevier.com/S0016-7061(15)00003-8/rf0090

	Reflectance measurements of soils in the laboratory: Standards and protocols
	1. Introduction
	2. Theoretical background
	2.1. Factors affecting soil spectra
	2.2. Description of the ISS principle and method

	3. Material and methods
	3.1. ISS and soil samples
	3.1.1. Internal soil standard (ISS)
	3.1.2. Soil samples

	3.2. Reflectance measurements
	3.2.1. Instruments
	3.2.2. A short description of each measurement method used

	3.3. Selecting the soil benchmark spectral measurement protocol
	3.4. Modification from the basic protocols
	3.4.1. Explanation to Table 2

	3.5. Spectral correction to the soil benchmark (SBM) measurements

	4. Results
	4.1. General
	4.2. Interpretation of the ISS results


	4.2.1. Case study 1: CSIRO-1 protocol (changes: CP with small modification of different WR (PTEE 
	Outline placeholder
	Outline placeholder
	4.2.2. Case study 2: CSIRO-2 protocol (changes: DB with moderate modification to fore-optic, WR, measurement geometry, FOV)
	4.2.3. Case study 3: CSIRO-3 protocol (changes: DB with moderate modifications relative to CSIRO-0 and minor modifications ...
	4.2.4. Case study 4: TAU-1 protocol 1* (changes: CP with major modifications; ASD, non stable CP assembly, WR, operator, en...
	4.2.5. Case study 5: TAU-2 protocol 1* (change: CP with major modifications; ASD, non-stable CP assembly, BaSO4 as WR, oper...


	5. General discussion
	5.1. ASDS discussion

	6. Summary and conclusion
	Acknowledgments
	References


