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A B S T R A C T   

Understanding alteration processes in geothermal systems through remote sensing can help assess the pro-
spectivity of a geothermal field. As a result of which, alteration detection and mapping are vital in the early 
exploration stage. However, many geothermal surface manifestations, which are evidence of alteration processes, 
often occur in densely vegetated areas, particularly in tropical regions. Current lithological mapping techniques 
using passive remote sensing systems can have problems with vegetation canopy completely blocking the signal. 
LiDAR, an active remote sensing system, can be a solution since it can (partially) penetrate vegetation canopy. It 
collects information from the ground in 3D-coordinated points with laser return intensity (LRI) values. In this 
study, we test for the first time the possibility of differentiating hydrothermally altered rocks through their LRI 
values in a laboratory experiment. We scanned selected altered and unaltered rocks under different moisture and 
temperature conditions using a terrestrial laser scanner (at 1550 nm wavelength). Our results show LRI values 
follow the degree of alteration: strongly altered rocks have the highest LRI, unaltered rocks are at the lowest, and 
weakly altered rocks show an intermediate response. Varying moisture conditions decrease LRI values for all 
rocks, but the relative LRI order due to alteration remains intact. We recorded no significant temperature effect 
on LRI values for any of the alteration stages. Our results provide the first evidence that rocks with different 
hydrothermal alteration phases can be distinguished by their LRI values which opens up the potential for 
airborne mapping of geothermal surface manifestations with LRI.   

1. Introduction 

Mapping hydrothermal alteration at the surface is crucial at an early 
stage of a geothermal exploration programme (International 
Geothermal Association, 2014) since the alteration at the surface is a 
clue towards the hydrothermal characteristic and activity of a 
geothermal system in the subsurface (Browne, 1978; Cumming, 2009; 
Pirajno, 2009; Stelling et al., 2016; White and Hedenquist, 1990). Uti-
lising remote sensing in the alteration mapping at the beginning pro-
duces the preliminary interpretation efficiently, which will help decide 
on further exploration steps. Therefore, the development of remote 
sensing for alteration mapping has been treated in various research 
studies. 

Remote sensing methods that support the characterization and 
mapping of geothermal surface manifestations can be passive or active 
(van der Meer et al., 2014). An advantage of passive remote sensing is 

that spectral information can be acquired, useful for alteration mineral 
identification. A number of studies have demonstrated alteration map-
ping using multi-spectral passive remote sensing data, particularly in 
arid to semi-arid regions (e.g. in Nevada, United States by Coolbaugh 
et al. (2007), Ninomiya (2004), and in African Desert by Aboelkhair 
et al. (2020), Gabr et al. (2015), Madani and Emam (2011)). 

However, mapping using passive remote sensing techniques has 
limitations where vegetation density increases. Meanwhile, active 
remote sensing techniques, such as LiDAR (light detection and ranging), 
can partially penetrate vegetation cover and record LRI (laser return 
intensity) signals returned from different canopy levels as well as from 
the ground. Ground returns can be studied in isolation and thereby 
provide information on geology even in densely vegetated areas. 

Although LiDAR typically has no multi-spectral information, laser 
return intensity (LRI) of LiDAR have regularly been studied as an 
approach to differentiate rocks, such as discriminating marl from 
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limestone (Franceschi et al., 2009), silica-rich rocks from clay-rich rocks 
(Burton et al., 2011), limestone from chert (Penasa et al., 2014), sand-
stone from limestone (Hartzell et al., 2014), mudstone, marl, and 
limestone (Humair et al., 2015; Matasci et al., 2015), carbonate rocks 
(Carrea et al., 2016), and flysch of sandstones from marlstone (Živec 
et al., 2019, 2017). However, LRI signals of altered volcanic rocks found 
in geothermal surface manifestations have yet to be studied. 

In this presented work, we draw from the advantages of the LiDAR (i. 
e. its high accuracy and ability to penetrate vegetation cover partially) 
and the LRI (i.e. as a proxy to rock detection) to support alteration 
mapping in vegetated areas. In a laboratory experiment, we conduct a 
series of scanning measurements on altered and unaltered rocks taken 
from a geothermal area in the forests of Indonesia. We present the first 
(laboratory) evidence that raw LRI data can be used for detecting and 
characterising altered rocks, which could form the basis for future 
airborne alteration mapping with LiDAR LRI data. 

2. Methods 

We performed a laboratory experiment under controlled conditions 
to investigate if different hydrothermally altered rocks can be identified 
in the LRI signal response. We measured the LRI signal response on the 
various types (i.e. the degree of alteration) and texture of rocks (i.e. 
grain size, uniformity, and porosity). We expect that the overall distri-
bution of the LRI value will conform with the degree of alteration and 
textures. Moisture content and temperature of the rock samples were 
varied to establish if these LRI differences prevail and remain visible 
under variable environmental conditions. 

2.1. Sample material 

We collected rock samples from hydrothermally altered ground in a 
geothermal field near Bajawa City, Central Flores, Indonesia (Fig. 1). 
This study area is situated in structure-controlled monogenetic cones in 
the west arm of Flores Island, a part of the Sunda Arc Geothermal Belt in 
Indonesia (Muraoka et al., 2005). This area is an excellent geothermal 
site since prospective heat flow occurs in a wide area, which is proven by 
hot springs, fumaroles, and mud pools (Combs and Muffler, 1973). The 
rock variety and type of alteration found here are representative for 
geothermal systems in Indonesia and other places in the world in similar 
tectonic settings (Table 1). 

We selected seven representative hand-sized rocks (Table 1 and 
Fig. 2). The selected rocks sufficiently cover all degrees of alteration 
found in a hydrothermal environment, which are unaltered (UA), 
weakly altered (WA), and strongly altered (SA). We classified the degree 
of alteration based on the remaining texture due to the alteration pro-
cess. For the alteration, we divide into:  

• "strongly altered" is for the condition of rock that has entirely altered 
to clay, where volcanic rock fragments or phenocryst minerals are 
difficult to identify; otherwise, the shape of a mineral is somewhat 
recognisable, but it is not possible to define what mineral or frag-
ments are. 

Fig. 1. Location of the sampling environment in Bajawa, Flores Island, 
Indonesia. (a) Flores Island is the manifestation of the subduction movement in 
the south of Indonesia. (b) Bajawa region is situated in between active vol-
canoes. One of them is Mt. Ine Rie. (c) Monogenetic cones are nested in between 
the volcanoes where the geothermal surface manifestation can be found. 

Table 1 
The codification of rock samples. (a) Selected samples for consistency test to 
check the quality of measurement. It has a uniform texture (i.e. grain size) with a 
flat surface to provide a uniform and stable reflectivity. (b) The sample shows 
some effects of weathering.  

Name of samples Code of samples 

Unaltered massive aphanitic basalt UA-M-A 
Unaltered porous aphanitic scoriaceous basalt UA-P-A 
Weakly altered porous porphyritic andesite WA-P-P 
Weakly altered porous fine-grained lapilli-tuff (a) WA-P-F 
Strongly altered porous porphyritic autobreccia SA-P-P 
Strongly altered porous coarse-grained breccia (b) SA-P-C 
Strongly altered porous fine-grained lapilli-tuff (b) SA-P-F  

Fig. 2. Photographs of rock samples. The colour of rocks corresponds to the 
degree of alteration, where unaltered rocks (UA-M-A and UA-P-A) are dark and 
strongly altered (SA-P-P) are bright. Weathering effect is shown on the 
yellowish-brown rocks (SA-P-C and SA-P-F). The size of 10-cm is chosen from 
the footprint size of a typical airborne laser scanning dataset, ± 0.1 mrad, ac-
quired from 800 to 1000 m above sea level (PT. ASI Pudjiastuti Geosurvey, 
2018). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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• "weakly altered" is for the condition under the strong alteration, 
where some part of groundmass is altered to clay, but the phenocryst 
or fragment can still be identified. 

We define the sample’s porosity with physical textures that we 
visually assess as massive (M) or porous (P). We also compared coarse- 
grained sedimentary rock (C) to fine-grained rock (F) and porphyritic 
igneous rock (P) to aphanitic (A) with a limit on the grain size of 2 mm. 
Each sample was given a concatenation code of "degree of alteration – 
porosity – grain/crystal size". For instance, UA-M-A is an unalter-
ed–massive–aphanitic sample, which refers to an unaltered basalt. Note 
that the altered samples are all porous, while the unaltered samples can 
be massive or porous. 

2.2. Experiment setup 

The main components of the setup are a heating assembly and a 
terrestrial laser scanner. The heating assembly is designated and built 
specifically for this study to keep the sample stable while the measure-
ments are ongoing. The chamber is a copper cylinder with a hemi-
spherical base corresponding to the interior shape of a heating mantle 
(Fig. 3a). This metal was chosen as a fast and even conductor of heat 
(Edwards and Christensen, 2013). The chamber interior is painted with 
ultra-black colour to form a uniform background for the scanned sam-
ples. The heating mantle is equipped with a thermal controller and 
thermal probe PT100 RTD powered by an electric source. The temper-
ature within the chamber is monitored on an OMRON E5CN displayer. 
The rock sample is placed on the bottom of the chamber (Fig. 3a) to (1) 
get the heat as equal as possible with the temperature set by the heat 
controller, especially for hot measurements, and (2) minimise influences 
from the laboratory environment outside of the heating chamber. 

We run a terrestrial laser scanner (TLS) FARO Focus S350, with an 
eye-safe laser wavelength of 1550 nm (FARO, 2019a), in front of the 
opening of the heating chamber (Fig. 3b). Since the TLS must stand 

firmly on a tripod for safety reasons, it could not be pointed to nadir; 
therefore, the heating assembly was tilted towards the TLS, in this 
experiment, at approximately 45◦. Within the tilted chamber, the sam-
ple was still sitting stable while also in the field of view of the TLS 
(Fig. 3b). This direction also allows surplus water vapour to dissipate to 
not interfere with the incoming laser beam and the optical instrument on 
the scanner head. 

The primary setting of the TLS interface was on the spatial resolution 
(i.e. laser point density on the surface) and the quality (i.e. scan itera-
tions) of points which both influence the needed time of a scan. We 
scanned with the instrument’s spatial resolution set to "1/8′′ or 
approximately equal to an average point spacing of 1.23 mm at this 1 m 
range setup. The scan quality was set to "4x", which means a single point 
was measured four times and then averaged to a single value. This 
setting combination provided a balanced trade-off between signal 
quality and measurement time, which was 1 – 2 min per sample. The 
more iterations or denser the points, the more time is needed. At the 
same time, we want a short measurement time to ensure no significant 
changes in rock surface conditions. 

The scanner FARO Focus S350 used in this study measures LRI values 
in percentages as a ratio of outgoing and incoming energy at the sensor. 
This scanner is not compensating for the range to the object to calculate 
reflectances value at the target surface. Since the range in this experi-
ment is constant and insignificant (i.e. 1 m), the percentage of measured 
LRI at the laser head closely represents the reflectance value at the target 
surface. 

The experiment’s environment setting was an indoor laboratory with 
consistent lighting. The LRI value is unaffected by shadows due to an 
external light source (Donoghue et al., 2007). The laboratory was air-
conditioned with a constant temperature of 22 ◦C and relative humidity 
of around 45%. The scanning process was done with stable scanner head 
temperatures between 40◦ and 45 ◦C (based on personal communication 
with FARO specialists) to avoid any possible drift of measured intensity 
values between scans. 

Fig. 3. The experiment setup: (a) the heating assembly and (b) its position in front of the laser scanner head. The copper chamber’s opening size is designed to be as 
narrow as possible, considering the samples’ size to avoid heat loss. The stove and hot water to provide a wet-hot condition of samples are installed next to the 
heating assembly to allow quick movement of samples. 
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2.3. Sample treatment and measurement 

All samples were subjected to four different environmental treat-
ments before and during measurements, which are a combination of 
temperature and moisture content:  

• Dry-cold condition: the samples were dried (with measured moisture 
on the surface between 9% - 16%) in a cool air-conditioned room 
(between 20o and 22 ◦C) with measured relative humidity approx. 
45%. This condition can also be called the primary condition;  

• Wet-cold condition: the samples were soaked up in room- 
temperature water for 5 min. This time was taken to ensure the 
rocks absorb water. The wet samples were taken out from the water 
and placed immediately inside the cold chamber;  

• Dry-hot condition: the samples were dried in dry-cold condition and 
then heated in the chamber until the sample surface temperature 
reaches approximately 90 ◦C. This level of temperature was found as 
the highest temperature in the field where the samples were picked 
up;  

• Wet-hot condition: the samples were soaked up in hot water (approx. 
90 ◦C), heated on a stove for 5 min, and we quickly placed the soaked 
and hot rock into the heating chamber (with temperature is also 
approx. 90 ◦C). In this case, to prevent drying out of the hot sample, 
hot water from the same heating stove was sometimes sprayed onto 
the samples until the scanning started to ensure the samples 
remained optimally soaked until the start of the measurements. 

For the next measurement, we measured the samples in sequence for 
each condition on a different day to meet the primary condition, i.e. dry- 
cold. This step allows the water content to evaporate to the initial level 
of moisture at room conditions at the beginning of the next measure-
ment, e.g. after a wet measurement. Before and after the sample mea-
surement, the moisture content was measured using a FLIR MR40 
Moisture-metre to confirm that moisture changes stayed small (<3% 
loss) during scanning. We started the scanning for hot measurements 
after the temperature of rock samples reaches 90 ◦C in the chamber. We 
checked the sample temperature’s stability before and after the hot 
measurement by putting a thermal probe on the sample surface. The 
sample WA-P-F with its homogeneous texture and the planar surface was 
used to check for consistency in measurement quality and confirm no 
instrument drift in the results. We measured this sample after each start- 
up of the scanner system and before each sample measurement. 

The scanning results in the laser head are raw in a proprietary 
format. After the scanning, the raw results were processed using FARO 
Scene (FARO, 2019b) to remove the noise by averaging the raw data and 
convert from "fls" device format to an exchangeable format of a point 
cloud. Further analysis was done in CloudCompare, as provided by 
Girardeau-Montaut (2014), to plot the raw LRI distributions. We 
calculated a descriptive statistic and performed a statistical Z-test to 
know the difference of each distribution. The results plot in a 
line-of-similarity diagram compares particular treatments and factors 
that influence the LRI values. 

3. Results 

To check for instrument stability and repeatability, sample WA-P-F in 
the primary condition (i.e. dry-cold) was measured before each sample 
measurement. The repeat measurements show that the scans’ results 
were consistent over time and with different scanner head temperatures. 
Fig. 4 illustrates the LRI distribution as histograms for three different 
scan head temperatures. The histograms show similar shapes and widths 
(standard deviation of around 1.67%), with the peaks for all conditions 
at 85.5%. Our results show that the measurement time and scanner head 
temperature showed no significant contribution to the measured LRI 
values. Hence, all shifts observed in LRI on different samples and 
treatments can be related to these different treatments and rocks. 

The results show that the relative position of LRI distribution is 
following the degree of alteration (Figs. 5–8). With the laser wavelength 
of 1550 nm used in this experiment, the results show that brightness 
increases with alteration degree in the visible as well as in the short- 
wave infrared (i.e. 1550 nm) domain (compare Figs. 2 and 5). Also, 
altered rocks are more reflective than unaltered rocks under the same 
environmental conditions (i.e. grey values getting brighter from top to 
bottom within the same column in Fig. 5). These LRI values also record 
surface sample characteristics such as textures and porosity (compare 
Figs. 2 and 5). 

In quantitative terms, strongly altered samples have an LRI of about 
20% higher than unaltered samples (Fig. 6). This difference is relatively 
consistent no matter the environmental conditions that the samples 
were exposed to (Fig. 6a–d). Unaltered rocks are grouping and are 
separable from the other rocks, although they have broad standard de-
viation (see upper whiskers of UA-M-A and UA-P-A that overlap WA-P-P, 
all Fig. 6). Meanwhile, weakly altered samples typically plot between 
the unaltered and strongly altered samples, although WA-P-F can plot 
amongst the strongly altered samples depending on environmental 
conditions (Fig. 6a–c). Overall, the plots in wet conditions are about 
5–10% points lower than in dry conditions whilst the plots are kept 
intact. 

Strongly altered samples also show a smaller standard deviation than 
unaltered rocks (Fig. 7). Strongly altered samples have an average 
standard deviation of 1.56, while unaltered rocks have a much larger 
average standard deviation of 3.05. Again, weakly altered samples have 
standard deviation values between strongly altered and unaltered 
samples with an average of 1.85. The strongly altered rocks are grouping 
and show the highest LRI in all environmental conditions, followed by 
the weakly altered rocks, which have higher LRI than the unaltered 
rocks (Fig. 8). 

Our statistical test shows that moisture decreases the LRI values by 
dropping all samples plot below the line of similarity with the difference 
of 9.09 and 7.81, in cold and hot conditions, respectively (Fig. 8). In cold 
conditions, moisture influences more than in hot conditions. As the 
temperature has an insignificant difference, the plot is not presented. 

4. Discussion 

We have analysed laboratory LRI values of rock samples of different 
alteration degrees and under variable environmental conditions. The 

Fig. 4. LRI response of three randomly selected measurements over three days 
with different scanner head temperatures shows comparable (a) histogram and 
(b) grey scaled LRI. The histogram shows that the temperature change of the 
scanner head from 40 ◦C to 45 ◦C produced peaks at identical positions and 
slight changes to the overall shape. 
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results have shown that several (although not all) parameters influence 
the LRI values. In this section, we will discuss the results per parameter 
and put the findings into context. 

4.1. Impact of geological properties on LRI 

4.1.1. Mineral alteration 
Our results show that strongly altered rocks have a higher LRI than 

unaltered rocks. The unaltered basaltic rocks of the study area are rich in 
dark, mafic minerals. These minerals appear to have low reflectance at 
1550 nm, as shown by the low LRI values for the unaltered samples (UA- 
M-A and UA-P-A are dark in Fig. 5). With increasing alteration, the LRI 
values increase. We attribute this increase for altered samples to a rise in 
clay content in the samples, which is typical for acid-sulfate altered 
rocks (e.g. Ece et al., 2008; Schoen et al., 1974). Clay is a product of 
hydrothermal alteration (Browne, 1978) and has been reported to cause 
high albedo in short-wave infrared reflectance spectroscopy (e.g. 

Baldridge et al., 2009). Our results confirm that this is also true for LRI 
values under lab conditions in that wavelength range. 

Our strongly altered samples (i.e. SA-P-C and SA-P-F) also show 
weathering effect with brownish-coloured minerals (Fig. 2). The 
weathering effect seems to contribute a lower LRI slightly between a 
strongly altered rock (compare weathered SA-P-F and unweathered SA- 
P-P). Despite the insignificant effect on LRI values, our results show that 
weathered rocks have higher LRI than unweathered rocks (as in Zhou 
and Wang, 2017; compare SA-P-C and SA-P-F to UA-M-A and UA-P-A in 
Fig. 6). 

4.1.2. Rock textures 
The LRI imagery of sample SA-P-C (see Figs. 2 and 5 for comparison) 

show a pattern of brighter fragments surrounded by a rim of darker 
points at the fragment edges. The finer-grained SA-P-F, at the same time, 
shows a more homogeneous intensity throughout the sample. Addi-
tionally, all samples show effects on the LRI at their periphery. We 

Fig. 5. The LRI of rocks displays in grayscale intensity values, where the brighter tone shows the more reflective rock. The measurements in this figure are grouped 
by environmental conditions and highlight the differences between rock types (i.e. different samples) at a given condition. For each alteration degree, the 
arrangement is not ordered, e.g. SA-P-P, SA-P-C, and SA-P-F. Note that the scale line is in the metre unit. 

Y.R. Freski et al.                                                                                                                                                                                                                                



Geothermics 97 (2021) 102250

6

attribute all these changes to slight changes in local incident angle 
(partially caused by surface roughness and grain boundaries), which 
influences the amount of light being reflected to the sensor (e.g. in 
Zhang et al., 2020). These different textures also explain the distinct 
value of the standard deviation of fine-grained (SA-P-F) and 
coarse-grained (SA-P-C) (see Figs. 6 and 7). While surface roughness 
influences the average of the raw LRI (Živec et al., 2019), its influence to 
change the alteration order is considered insignificant. 

The strongly altered rocks show a relatively high LRI with a narrow 
standard deviation (Figs. 6 and 7). We attribute this to a diffuse surface 
due to the high clay component. Clay, due to its grain size, forms a 
"matte" surface that reflects laser signal equally to all directions (as a 
Lambertian reflector described by Carrea et al. (2016)). Although with a 
high local slope of the fragment, this surface behaviour still reflects more 

signal towards the LiDAR sensor resulting in a bright LRI. On the other 
hand, our unaltered samples’ surface reflects the laser beam with 
specular behaviour, resulting in a low LRI value. It has been reported 
that a natural rock surface is not a perfect diffuse reflector (Carrea et al., 
2016; Nayar et al., 1991). Our experiments confirm that although 
strongly altered rocks may not be perfect diffuse reflectors, it still dif-
fuses more than unaltered rocks. 

4.1.3. Rock porosity 
Our results indicate no change in LRI values to variations in porosity 

for unaltered samples. At the same environmental conditions (i.e. wet), 
the massive (UA-M-A) and the porous sample (UA-P-A) reflected in a 
similar LRI value range (Fig. 6b and 6d). It suggests that although 
porosity is related to the ability of rocks to contain water (e.g. 

Fig. 6. Boxplots of the LRI measurements be-
tween all rock types grouped by environmental 
conditions. Dark blue, orange, and red indicate 
the alteration degrees, which is unaltered, 
weakly-, and strongly altered rocks, respec-
tively. The boxes show the second and third 
quartile range of the data, with the median 
positioned at the colour change. The whiskers 
extend 1.5 times the interquartile range above 
and below the boxes. The LRI values for all 
conditions increase following an order by 
alteration degree from unaltered to strongly 
altered rocks, with some overlap between cat-
egories, particularly between weakly- and 
strongly altered rocks. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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Franceschi et al., 2009; Kaasalainen et al. 2010), it does not affect the 
LRI values for unaltered samples in well-saturated conditions. Porous 
materials may, however, stay water-saturated longer than massive 
samples. We suspect that massive samples would return to high LRI 
values faster than porous samples after being wet. 

4.2. Impact of environmental conditions on LRI 

4.2.1. Moisture 
The moistening treatment of the rock samples shifts all LRI values 

consistently to lower LRI values while keeping the relative order of the 
samples intact. For instance, the strongly altered rock SA-P-F shifts from 
86% in dry-cold conditions (in Fig. 6a) to 77% in wet-cold conditions 
(Fig. 6b) but retains its relative position between samples SA-P-C and 
SA-P-P. In general, wetting the samples causes an average drop in LRI of 
8.9% points, with the 13% points of WA-P-P being the most extreme 
case. This effect of moisture significantly influences the LRI (Fig. 8; 
Kaasalainen et al. (2010)). 

Wetting the samples causes a shift in LRI and results in a broader 
spread of the LRI values and a higher standard deviation of the LRI 

values for wet conditions (Fig. 7). Although high moisture generally 
causes lower LRI, some bright spots can be observed on the wet condi-
tion samples (e.g. UA-M-A wet-cold in Fig. 5). We believe that our 
massive basaltic rock sample cannot absorb sufficient amounts of water 
in wet measurement. In this experiment, we provided the same period of 
soaking and maintaining the water content on the surface (the sample is 
assumed to be well-saturated during scanning (see Appendix A)). 
Therefore, we suspect that the laser beam scanned free water on the 
surface instead of the moist rock sample, causing the elevated LRI values 
(see the bright mottling on the wet UA-M-A in Fig. 5). 

An exception is formed by sample WA-P-F which plots in the lower 
half of the strongly altered rocks in dry conditions (Fig. 6a and Fig. 6c). 
This sample WA-P-F has a uniform surface directly facing the scanner 
(Fig. 2), reflecting more uniformly higher intensity in dry conditions. 
However, it separates much lower than the strongly altered group in wet 
conditions (Fig. 6b and 6d) because more water is kept by the uniform 
textures of the sample (i.e. as a function of grain size, shape, sorting, and 
packing mentioned by Griffiths (1961)). 

4.2.2. Temperature 
When the rocks are exposed to hot conditions, they have a slightly 

higher LRI than under ambient temperature (see Fig. 5). These changes 
in LRI are very slight, with typically values around 0.5 to 1.5% for dry 
conditions (see boxplots in Fig. 6a and 6c) and a little more (2 to 4.5%) 
in wet conditions (Fig. 6b and 6c). All plot positions remain in the same 
order as under ambient temperatures. 

We consider that the slight changes in LRI due to temperature vari-
ation is insignificant compared to the uncertainty for identification 
within one class of altered rocks. The slight difference of plot position 
(averaged at 1.9%) may be caused by the heated rock surface being 
slightly drier than in cold measurement (even in the air-conditioned 
atmosphere), creating a slightly higher LRI value. The independent 
moisture content measurements were taken before and after the scan-
nings (Appendix A) corroborate this interpretation since several of the 
samples show lower moisture content in hot conditions for the wet 
conditions (column wet-hot) compared to cold conditions (column wet- 
cold). Hence, we interpret that sample temperature itself has no direct 
influence on the signal’s reflected LiDAR intensity but allows some 
water to evaporate and the sample to reflect more of the laser signal due 
to the changed moisture content. 

4.3. Consideration towards airborne mapping application 

To transfer these results to the field scale for an airborne laser 
scanning (ALS) system, the absolute LRI thresholds established in this 
study may not be applicable. They will differ with the LiDAR system (e.g. 
wavelength), atmospheric attenuation (e.g. low-level cloud, fog, steam), 
vegetation density, and terrain morphometry (e.g. incident angle due to 
the surface roughness of outcrop and the terrain slope). However, the 

Fig. 7. Standard deviations trend of all samples in every treatment. The trend 
confirms the degree of alteration. Wet samples generally have a higher standard 
deviation than dry samples. Hot altered samples generally have a similar value 
of standard deviation both in wet and dry conditions. 

Fig. 8. Comparisons between dry and wet conditions on the samples 
show significant differences in moisture effect with the plots below the 
line of similarity. It clearly shows that moisture decreases the LRI 
values with d-value of 9.09 and 7.81 in cold and hot conditions, 
respectively. It also shows that the order of all samples remains intact 
in terms of the alteration degree. Strongly altered rocks (red box) are 
still grouping at the higher LRI, and unaltered rocks (dark blue box) 
are at the lower LRI, while the weakly altered rocks (orange box) fall in 
between. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)   
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relative LRI values between altered and unaltered rocks in 1550 nm can 
be applied to the mapping scale. Our experiments show that this order 
remains no matter the environmental conditions (e.g. moisture) as long 
as conditions are consistent for (part) of the study area. Even if condi-
tions vary spatially (e.g. under vegetation canopy) and are unknown, 
unaltered and strongly altered rocks can still be differentiated based on 
their vastly different LRI values. Weakly altered rocks, however, overlap 
with either of these groups (strongly altered and unaltered rock) 
depending on the environmental conditions they are in. Thus, detection 
of weak alteration may be difficult if the environmental conditions 
cannot be determined from an alternative source. It is therefore rec-
ommended to combine the LRI survey with field sampling for validation 
purposes. 

5. Conclusions 

By analysing laboratory LRI with a LiDAR beam at 1550 nm, we can 
determine the order of the alteration degree of rocks within the same 
controlled environmental conditions. Qualitatively, strongly altered 
rocks result in the highest LRI and unaltered rocks in the lowest LRI with 
weakly altered rocks in between. This relative order is consistent within 
each controlled condition, although absolute LRI values change. Wet 
rocks reflect laser beams with noticeably lower LRI values than dry rocks 
as moisture causes changes on rock surfaces, such as reducing clay 
reflectivity and converting from diffuse to specular behaviour. Hot rocks 
reflect laser beams with slightly higher LRI values than cold rocks as the 
heat evaporates the moisture, and the rocks, therefore, reflect more 
energy. From all factors that contribute to LRI values, we found that 
alteration degree (and weathering), moisture, and surface roughness 
have a significant effect, while porosity and temperature have a little (or 
insignificant) effect on LRI values. Our analysis can make a qualitative 
separation of altered from unaltered rocks without requiring validation 

data. This is very useful for applying this technique for airborne surveys 
over larger areas in which it should be possible to map altered rocks 
concerning geothermal activity. If validation data for the different 
alteration phases is available, it should be possible also to identify in-
termediate altered rocks. 
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Appendix Supplementary data  

A The moisture check before and after scanning   

Samples code Dry-cold Wet-cold Dry-hot Wet-hot 
Approx. moisture,% 
Before After Before After Before After Before After 

UA-M-A 9 9 20 19 9 9 20 18 
UA-P-A 9 9 19 17 9 9 20 18 
WA-P-P 13 13 22 20 11 10 21 20 
WA-P-F 14 14 24 22 12 11 21 20 
SA-P-P 15 15 24 21 10 9 23 22 
SA-P-C 15 15 25 22 13 12 22 21 
SA-P-F 16 16 23 20 12 10 21 20    

B The surface temperature check before and after scanning   

Samples code Dry-cold Wet-cold Dry-hot Wet-hot 
Approx. surface temperature, ◦C 
Before After Before After Before After Before After 

UA-M-A 20.3 20.8 23.5 23.6 92.4 94.6 89.3 92.1 
UA-P-A 20.2 20.7 23.3 23.6 90.5 93.4 88.9 90.8 
WA-P-P 21.0 21.2 23.7 23.5 91.3 92.8 89.2 91.2 
WA-P-F 21.1 21.2 23.6 23.8 89.8 93.6 89.3 90.5 
SA-P-P 21.0 21.1 23.9 23.7 88.9 91.2 88.9 91.2 
SA-P-C 20.6 20.8 23.4 23.5 89.5 92.8 88.9 90.6 
SA-P-F 20.5 20.7 23.7 23.7 89.4 91.5 89.0 92.2  
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