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Abstract 

The morphological study of geological hand samples has a wide variety of applications in the 

geosciences, which is conventionally accomplished by measuring the distance between features of 

interest on the sample’s surface. Close-range three-dimensional (3D) laser scanners provide an 

opportunity to study the form and shape of geological samples in a digital environment and have 

been increasingly utilized in fields such as paleontology, rock mechanics, and sedimentology, with 

some uptake in planetary sciences and structural geology. For paleontological studies, primary 

applications are in quantitative analysis of fossil morphology and integration into 3D animated 

models for understanding species movements. In the field of rock mechanics, typical uses of 3D 

digital geological hand sample models include quantifying joint roughness coefficient (JRC), 

determining the surface roughness of rock samples, and assessing morphological changes over 

time due to processes such as weathering. In the field of sedimentology, such models are 

incorporated to characterize the shape of sediment particles and to calculate key parameters such 

as bulk density. This paper aims to provide a comprehensive review of established literature that 

includes substantial use of digital geological hand samples acquired from 3D close-range (<1m 

target distance) triangulation laser scanners in an effort to identify opportunities for future progress 

(such as global data sharing) as well as challenges specific to the nature of geological samples 

(e.g., translucency) and geoscientific workflows (on and off-site).  
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1 Introduction 

Morphology, the study of structure or form, of geological hand samples, including fossils, rocks, minerals, 

and sediments, has a variety of applications. For instance, the morphology of fossils aids in the identification 

of species (Lyons et al., 2000; Arakawa et al., 2002; Bethoux et al., 2004; Lee et al., 2018) and simulations 

of locomotion (Rybczynski et al., 2008; Evans and Fortelius, 2008; Polly and MacLeod, 2008). For hand-

specimen sized rock samples, the roughness of its surface or joints allow for the calculation of shear strength 

(resistance of rock joints to shearing) and transmissivity (ability of water to travel through joints) (Lanaro 

et al., 2000; Fardin et al., 2001; Hong et al., 2008; Yang and Kulatilake, 2019). Centimeter-scale features 

on the surface of rock samples, such as folds or faults indicate stress conditions (Dunham and Crider, 2012). 

Certain minerals may be distinguished by studying their morphology, which can be accomplished by 

rotating a three-dimensional (3D) model to orientations that make the distinguishing features visible or 

apparent (De Paor, 2016). The morphology of sediment samples is used to assess the suitability of a 

sediment particle for engineering applications, such as railroad ballast (Komba et al. 2013; Anochie-

Boateng et al., 2013; Mvelase et al., 2016). Additional important information retrievable from this approach 

includes sediment particle transport history and paleoenvironment (Roussillon et al., 2009; Rossi and 

Graham, 2010; Hirmas et al., 2013). Established methods of assessing morphology include measuring the 

distances between known landmarks on a sample’s surface using rulers or calipers (Atwood and Sumrall, 

2012; Mike et al., 2016), using profilometers to create one-dimensional (1D) cross sections of a sample’s 

surface (Bizjak, 2010), or visually comparing the sample to established shape charts (Hawayaka and 

Oguchi, 2005). Lyons et al. (2000) and Lanaro et al. (2000) were among the first to apply 3D close-range 

laser scanners (<1m target distance) to the study of morphology of geological materials, specifically fossils 

and rock joints. Over the past two decades, the spatial resolution and the achievable accuracy of data point 

locations in three-dimensional space via laser scanning has advanced, allowing for the analysis of fine 

(<mm) details. In addition, 3D information can be displayed, manipulated, archived and shared efficiently. 

Historically, photographs and illustrations were used to communicate and preserve geometric information, 

which allowed for qualitative and limited quantitative analyses in 2D. Using 2D images in conjunction with 
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3D digital models allows for innovative methods of quantitative analysis such as complex geometric 

calculations including sphericity for grain roundness or volume measurements for bulk density 

computations (Bernardini and Rushmeier, 2002; Bethoux et al., 2004; Petti et al., 2008). In turn, enhanced 

methods for sharing morphological data have been developed (De Paor, 2016 and Harvey et al., 2017). The 

objective of this manuscript is to provide a comprehensive review of established literature that includes 

substantial use of digital geological hand samples acquired from 3D close-range triangulation laser 

scanners. Figure 1 represents the categorization of 83 peer-reviewed manuscripts published between 2000 

and 2019, where point or multi-stripe triangulation scanners were used for the digitization of hand-specimen 

sized geological materials (~10cm3). These hand samples range from 1mm3 to 8,000cm3 with an average 

size of 20cm3 and a median long axis of ~8 cm. The use of close-range laser scanners in geology has 

significantly increased in the past few years with over two thirds of publications appearing in the last 5 

years (since 2014). It is worth noting that there are many important studies on the use of laser scanning for 

virtual geological fieldtrips, generating virtual outcrops and associated applications. In addition to a review 

of the current literature, the authors have included results and lessons learned from scanning 180 geological 

hand samples (fossils, rocks, minerals, core, sediments) as exemplars for identifying and supporting 

important topics for discussion. 
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Figure 1: Proportion of the 83 peer-reviewed manuscripts published between 2000 – 2019 that apply close-

range (<1m target distance) laser scanners to geological hand samples per field of study. This figure 

illustrates the relative proportions of papers categorized by (a) scanning target and (b) geological sub-

discipline.   

 

2 Close-range 3D triangulation laser scanning of geological hand samples 

Non-contact laser scanners collect 3D data by measuring distances between the scanner and the target 

surface using directed laser beams (Kanade and Asada, 1981) typically in the 450-1550 nm wavelength 

range (Angelopoulou and Wright, 1999; Amann et al., 2001). For the purposes of this manuscript, “close-

range” laser scanners collect point data from a maximum target distance of one meter. In general, there are 

three different laser scanning techniques, which include time-of-flight, phase-shift, and triangulation 

(Vosselman and Maas, 2010). The most common method used for close-range laser scanning is 
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triangulation due to its relatively high capture point density (10-100 pt/mm2; Guidi et al., 2010) and 

accuracy (2.25 µm - 200µm; Blais, 2004). Close-range 3D laser scanners can be generally categorized by 

the capture point density measured in points per area and the number of divisions or rotations. The ranges 

for these parameters vary depending on the scanner, with capture point density adaptable between 1.2 pts/in2 

(0.002 pts/mm2) and 268,000 pts/in2 (415 pts/mm2) for any given scan. The number of divisions indicates 

the number of times a given sample is rotated on the target platform and scanned to capture the entire 

sample in 360° and is adaptable between 4 and 16 divisions (90° and 22.5°). In this study, 180 geological 

hand samples of various types were scanned and resulting models were assessed for quality and 

completeness leading to an average capture point density of ~7,000 pts/in2 (~11 pts/mm2) and 12 divisions 

as sufficient default parameters with changes required for rougher and/or morphologically more complex 

samples. Increasing the number of divisions also increases the average amount of overlap per division. For 

the recommended 12 divisions, the average amount of overlap per division would be 150°, assuming the 

target surface is a sphere. The complexity increases as the realistic morphologies of geological hand 

samples are considered and it is also affected by the initial orientation of the sample.  

 

Triangulation-based laser scanning systems emit a laser beam, either continuously or as a pulse, directed 

towards a target surface, as depicted in Figure 2. Not shown in this figure is the rotating platform that the 

target is placed on. In most cases, the angle of the emitted laser will rotate as shown with the scanning angle 

or a pattern will make multiple readings on the CCD sensor (Collado, 2004). A single beam or a series of 

striped, gridded, or patterned beams can be used (Jarvis, 1983). Upon arrival at the target surface, the beam 

is scattered and the waves that are reflected back to the scanner are focused by a lens within the scanner 

onto a charge-coupled device (CCD). The position that the beam strikes the CCD is recorded (Rioux, 1984) 

and the target’s location with respect to the laser source is calculated. The baseline (B) is known, as are the 

angle of projection (!) and the angle of incidence (β). The known distance between the camera lens and the 

CCD is given by f, in the x-direction, and p, in the z-direction (Reid et al., 1988; Beraldin et al., 2009). Eq. 

(1) is used to calculate the distance between the laser source and the object in the z-direction (").  
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" = $∗	'
()' *+, -     (1) 

 

Basic trigonometric principles are applied to calculate the target distance between the laser source and the 

sample in the x-direction (.), as follows:  

. = " ∗ tan2     (2) 

The recorded information for each point on the target surface generates a point cloud with local 3D 

coordinates.  

 

Figure 2: Schematic of a close-range triangulation laser scanner layout with a rock hand sample (on a 

rotating platform not shown here) as the target surface – plan view (modified from Beraldin et al., 2009).  

 

Sensitivity refers to the level (high/low) of detected backscattered signals, which correlates with gaps in 

data and resolution quality. Based on empirical results, it was found that reflected beams from translucent 

geological materials such as quartz and fluorite are generally low in intensity and may result in gaps in the 
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generated point cloud model. The spatial resolution dictates the scale of target features that are resolvable 

in the generated point cloud model. Together, the sensitivity and spatial resolution are delineating 

characteristics of a laser scanner (Blais et al., 2000). The peak detection algorithm is used to record the 

return signals with the strongest amplitude and variations in the internal peak detection algorithm and the 

signal-to-noise ratio are limiting factors in scanning results (Cosarca et al., 2009). Random errors can be 

introduced from constructive interference caused by the summation of light waves of the reflected laser 

beam on the CCD (Baribeau and Rioux, 1991). This creates a high or low intensity signal, called speckle, 

which is difficult to resolve and lowers the overall accuracy (Amann et al., 2001; Feng et al., 2001) and 

reduces the resolution of the final point cloud. While the calibration of each laser scanner can vary 

depending on the manufacturer (Isheil et al., 2010, Santolaria et al., 2009), studies have shown that the 

achievable accuracy in practice may differ (Boehler and Marbs, 2003; Lichti, 2007; Lichti and Skaloud, 

2010; Polo and Felicisimo, 2012). Recommended calibration steps include scanning objects with known 

dimensions and comparing the digital results to the physical measurements (i.e. caliper measurements) to 

look for bias (Mills and Fotopoulos, 2013; Zhang et al., 2014). Based on the number of divisions, close-

range laser scanners take several individual scans in order to capture the complete 3D object and 

photographs can be simultaneously captured and registered to the 3D point cloud, creating a texture map. 

The individual scans and corresponding texture are aligned within the same reference frame (Park and 

DeSouza, 2005). Alignment is started by selecting at least three common points between each individual 

scan to define the transformation of two overlapping scans (Bernardini and Rushmeier, 2002). After 

selecting at least three common points, automated methods are used to fine-tune the alignment through 

methods such as the iterative closest point (ICP) algorithm (Besl and McKay, 1992), which minimizes the 

differences between overlapping point clouds. Extraneous data, such as the scanning platform, can be 

trimmed from the point cloud (Axelsson, 1999). Finally, the aligned scans are integrated or fused together 

into a single point cloud producing a unified, non-redundant surface (Levoy et al., 2000). The fused point 

cloud and related texture map is defined as a “3D digital model” throughout this manuscript. 
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A number of factors need to be considered during the process of laser scanning of geological specimens. 

The quality of the generated point-cloud model is affected by conditions such as lighting as well as the 

distance and angle between scanner and target (Isheil et al., 2011). In general, lower lighting conditions are 

preferable over high ambient radiation as the latter creates noise, reducing the signal-to-noise ratio (Boehler 

and Marbs, 2003; Schaefer and Inkpen, 2010). High incident angles (> 40˚) result in both a lower signal-

to-noise ratio of the laser beam and an elongated footprint of the beam, meaning the resolution of the point 

is lower and the reflected signal is weaker in intensity (Soudarissanane et al., 2009). Therefore, placing the 

surface of interest directly parallel to the scanner produces the highest quality results. For larger samples 

that do not fit within the 40˚ incident angle range, multiple scans of the object are necessary to accurately 

capture the complete face. 

 

Empirical results from the scans of various geological hand samples (~180) showed that reflective or 

translucent samples and those with complex morphology are the most challenging for generating 3D digital 

models. Retro-reflective materials such as minerals with a metallic luster, for instance galena or pyrite 

(reflectivity of over 40%; Folinsbee, 1949), are generally not suitable for scanning because they reflect the 

laser beam signal at an intensity which exceeds the limits of the sensor’s dynamic range. This saturates the 

receiver, creating a truncated signal, which cannot be used to accurately calculate the target’s position. 

Translucent materials, such as minerals that have a vitreous luster, such as cerussite or fluorite, are 

challenging to scan because the laser beam can interact with the object in a variety of ways, i.e., the laser 

beam can be absorbed or transmitted rather than reflected by the translucent object resulting in no point 

measurements. Additionally, the laser beam can be scattered within the translucent object’s volume. Since 

the measured backscattered beam will not originate from the target’s surface, the position measurements 

will be inaccurate. Coating reflective or translucent objects in talc powder creates an opaque surface 

allowing for a higher proportion of the directed laser beams to be reflected and registered for a 3D digital 

model. Figure 3 compares the 3D model of a galena mineral scanned prior and after talc powder application, 

which shows that applying talc powder resulted in a 30% reduction in data loss. A more comprehensive 
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study involving 32 scans of two different pyrite and galena samples revealed that, on average, data gaps are 

reduced by 35% after the application of talc powder depending on the sample’s reflectivity and morphology.  

 

 

Figure 3: 3D model of a galena sample scanned at 7,000 pts/in2 (11 pts/mm2) (a) texture map without talc 

(left) and with talc (right) and (b) point cloud without talc (left) and with talc (right). Two regions with the 

greatest reduction in data gaps after talc application are outlined in red.  

 

Features which obstruct parts of the hand sample may cause the occluded parts to be poorly (if at all) 

captured in the 3D digital model. For instance, samples with a vesicular or botryoidal texture, such as the 

malachite sample shown in Figure 4, require a higher capture point density in order to obtain a denser point 

cloud to improve the likelihood that the rounded bulges, sharp edges or slightly obstructed features will be 

captured. Figure 4 shows a low (1,900 pts/in2) (3 pts/mm2), medium (29,000 pts/in2) (45 pts/mm2) and high 

(67,000 pts/in2) (104 pts/mm2) capture point density scan of a hand sample of malachite, with each increase 

in capture point density resulting in more scanning time and greater file size.  
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Figure 4: Texture map (left) and point cloud (right) of malachite mineral sample at various capture point 

densities: (a) low (1,900 pt/in2) (3 pts/mm2), (b) medium (29,000 pt/in2) (45 pts/mm2), (c) high (67,000 

pt/in2) (104 pts/mm2). With increasing capture point density, finer details, such as the botryoidal texture of 

the mineral are captured (red box shows greatest improvement in finer details).  

 

3 Applications of 3D digital models of geological hand samples  

Based on a comprehensive review of the literature in the past two decades (Figure 1), a summary of the 

main applications for 3D digital models of hand samples in geology is provided herein, where broad 

categories include fossils, trace fossils, rocks and minerals, core and sediments.  

 

3.1 Fossils 

Lyons et al. (2000) were among the first to apply a close-range 3D laser scanner to the digitization of body 

fossils or the preserved remains of past species in order to establish whether 3D laser scanning would be a 

viable option for paleontological studies. Since the physical form of the fossil is one of the most important 
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defining features, an accurate representation is crucial. In this study, the basisphenoid and basioccipital 

bones of a juvenile Tylosaurus were scanned using a 3D laser scanner developed by the Institute for 

Information Technology, a division of the National Research Council of Canada. The basisphenoid and 

basioccipital bones were selected because they both have complex surfaces with small features indicating 

the locations of cranial nerves. It was found that scanning at a 0.1mm resolution was adequate for the 

morphological study of fossil samples. In other studies, 3D printed specimens from scanned models were 

used to allow for greater interactions by students and the public to appreciate scale and take measurements 

(Grant et al., 2017) for Megalodon teeth and to represent missing parts of skeletons for museum display 

(Mitsopoulou et al., 2015).  

 

3.1.1 Reconstruction and analysis of ancient organism biomechanics  

Evans and Fortelius (2008) used a Nextec Hawk laser scanner to model fine-scale movements and relative 

position of teeth surfaces during chewing of eight different carnivoran species. Evidence from the 3D digital 

skull models showed that attrition wear facets were the result of tooth-tooth contact during chewing. In 

addition, the models showed that the amount of horizontal movement in the chewing cycle depended on 

the number and complexity of the species’ teeth. Rybcynski et al. (2008) incorporated a 3D digital model 

of the Hadrosaur skull scanned using an Arius 3D laser scanner at a resolution of 0.3-0.5 mm. Simulations 

of various chewing scenarios constrained by the geometry of the Hadrosaur skull were evaluated and it was 

found that if the Hadrosaur used a transverse chewing stroke, proving this species to have had an 

evolutionary edge over other species. In a follow-up to this study, Cuthbertson et al. (2012) described the 

morphology of the intracranial joints of both Edmontonosaurus regalis and Brachylophosaurus Canadensis. 

Based on the morphology of these joints, as well as the observed dental wear, a new chewing hypothesis 

was developed for Hadrosaurids which involved only rotational movement of the mandibles. Nabavizadeh 

(2014) was also interested in simulating hadrosaurid chewing motions and used eleven scanned models 

(using a NextEngine 3D) of hadrosauroid skulls of varying genera to determine the function of the 

predentary bone, which is unique to ornithischian clade dinosaurs and its overall significance was not well 
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understood. Results showed that predentary bone acts as an axial point for the dentary bones to 

simultaneously rotate mediolaterally by studying the morphology of the predentary bone and surrounding 

jaw bones, as well as the predentary bone’s placement within the skull.  

 

In addition to chewing, full body locomotion can be simulated with the use of 3D digital models. Polly and 

MacLeod (2008) used 3D scans of ankle bones of four extinct species created using a Konica-Minolta 

Noncontact VIVID 910 scanner in order to determine how they walked. The principal components of each 

ankle bone were calculated and used to automatically determine the number of toes, the stance, and the 

locomotor type of each species based on comparisons to existing species. Since these three locomotion 

parameters were known through independent studies, the accuracy of this methodology could be assessed. 

Of the twelve parameters calculated (three parameters for four species), only two were incorrect suggesting 

the utility of 3D digital models. Like Polly and MacLeod (2008), Béchard et al. (2014) simulated species 

movement through the use of 3D digital models using scans of nineteen specimens of the species 

Bothriolepis Canadensis (a placoderm fish) with the aim of reconstructing its thoracic armor. A more 

accurate description of the morphology of this species compared to previous reconstructions was produced, 

which was used to explore biomechanical aspects and constraints. It was determined that there was likely 

no mobility between the cephalic (head) and thoracic (middle body) armor, and within the thoracic armor, 

there was a previously undiscovered gill opening. In terms of movement, it was likely that the dorsal ridge 

played an important role while the pectoral fins were restricted. A Cyberware 3030 RGB 3D scanner 

(resolution of 0.25-0.5 mm) was used to create 3D scans of the skull bones of both modern humans and 

Neanderthals to determine if facial features varied depending on climate (Freiss et al., 2001). 

 

3.1.2 Taxa identification and quantitative morphological characterization 

High resolution scans allow for the morphological study of smaller and/or more morphologically complex 

fossils. Kullmer et al., (2001) developed a methodology for digitization of hominid teeth using 3D laser 

scanning where the morphology of teeth provided information on species identity and how it ate. This, in 
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turn, can provide information on its prey of preference and its environment (Massare, 1987). By digitizing 

the teeth, structural parameters, which were necessary for morphological analysis (e.g. cusp area or height 

index), could automatically be calculated. Motani (2005) applied a Konica-Minolta Noncontact VIVID 910 

scanner to the digitization of the tooth crown of the Ichthyosaur, Mixosaurus. Commonly, ichthyosaur tooth 

crowns are conical in shape, with flattened tips. However, through the use of the 3D digital model, it was 

found that the Mixosaurus tooth does not have a distinct conical crown tip; rather, its shape is elongate, 

forming a ridge, which is thinnest at the center. This shape is unique to the Mixosaurus and can thus be 

used as a taxonomical identifier. In addition, wear patterns of the teeth indicated that the Mixosaurus 

crushed hard prey items, like shells, with its posterior teeth.  

 

Sato et al. (2011) scanned braincase of a plesiosaur, Polycotylidae, with an Arius 3D scanner at a resolution 

of 0.1 mm to determine whether it was a member of the short-necked plesiosaur family or the long-necked 

branch. The 3D digital models allowed for distinguishing key identifiers, such as a key-hole shaped foramen 

magnum (hole in the base of the skull for the spinal cord to pass through). It was determined that the 

Polycotylidae more closely resembled the long-necked plesiosaurs rather than the short-necked. Scanners 

have also been used in examining dinosaur bones: Wright and Selden (2011) used a NextEngine 3D laser 

scanner to create 3D digital models of two trigonotarbid specimens. These specimens are significant 

because they were the first of this type of dinosaur to be found in Kansas. Using the 3D digital model, the 

boundaries between the fossils body segments were distinguishable. The same scanner was applied to the 

digitization of the main bodies, called Thecaes, of blastoids, an extinct marine animal (Atwood and Sumrall, 

2012). Blastoids are small (1-2 cm) in size, and their landmark features are >1mm. To identify the specific 

species of blastoid, a robust series of geometric landmarks were used. Four known species of blastoid were 

distinguished using the 3D digital models, and three new species were discovered. Adams (2013) scanned 

the skull of a crocodylilform found in the Twin Mountain formation of north-central Texas. Through 

studying the morphology of the skull, a new species of crocodylilform, Paluxysuchus newmani, was 
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discovered. Paluxysuchus newmani is distinguishable based on the medial separation between its frontal 

and orbital margins, an elongated anterolateral process of the postorbital, large and rounded supratemporal 

fenestra and a narrow posterior ramus of the jugal. Paluxysuchus newmani was placed in the Neosuchia 

clade based on six synapomorphies. Mike et al. (2016) aimed to develop a quantitative way to discriminate 

between species of blastoids. The differences between scans of various species were calculated using 

Discrete Procrustes distance and three species of blastoid were accurately distinguished. Lee et al. (2018) 

used a NextEngine 3D laser scanner to scan and study 51 brachiopod specimens with a high convexity, 

which made 2D analysis difficult. The 3D morphometric approach allowed for the quantification and 

analysis of highly convex brachiopod shells and the developed technique could potentially be applied to 

other taxa, as well.  

 

3.1.3 Fossil reconstruction and preservation 

An important function of 3D digital models is to provide a fossil record. In-situ casts have a limited life 

span, while also requiring physical storage. Often fragile trace fossils are digitally preserved to overcome 

handling and potential damage to specimens (Adams et al., 2010, Fanti et al., 2013, Subsol et al., 2015). 

Fossils are rarely pristine and have been subject to deformations over time including brittle deformation 

(structural breakage) and plastic deformation (change in shape without breakage). Brittle deformation is 

usually overcome by “jigsaw puzzling” which involves placing the pieces back in their presumed original 

position. Boyd and Motani (2008) sought to determine if the jigsaw puzzling method was viable as samples 

that have experienced brittle deformation are often subject to plastic deformation as well. A scan of the 

skull of a Woolly Monkey taken with a Konica-Minolta Noncontact VIVID 910 scanner was digitally 

“broken”. Simulated plastic deformation was applied to the digital skull and was reconstructed using the 

jigsaw puzzling method. Both a 3D digital model of the original skull and one that had been subject to 

simulated plastic deformation to a lesser degree were used. The two reconstructions were very similar, 

meaning that retrodeformations using the jigsaw method can superficially look correct even if they have 

been deformed. Another study involved the skeletal remains of ichnospecies, which are often incomplete 
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and were recreated using proportionally accurate skeletal parts. Mitsopoulou et al. (2015) created 3D digital 

models of the humuerus, ulna, and tibia of the Palaeoloxodon tiliensis species (a dwarf elephant that used 

to live in the Mediterranean during the Pleistocene) using a FARO Platinum Arm Scanner to create a 

mathematical relationship between adult and juvenile skeletons. To recreate the missing bones necessary 

for a complete skeleton, the mathematical function was applied to the known adult bones in order to model 

the size of the juvenile bones. In addition, Palaeoloxodon tiliensis is commonly confused with another 

dwarf elephant, Palaeoloxodon antiquus. In order to determine which morphological characteristics are 

distinguishable, the scans of the two species was overlaid and the differences identified. Peterson and 

Krippner (2019) used a NextEngine 3D laser scanner to scan the tooth of a Tyrannosaurus Rex and a dorsal 

osteoderm of a Cretaceous crocodilian to conduct geometric measurements such as surface area and volume 

and to assess if 3D printing these samples would be suitable for paleontological research. It was discovered 

that accurate digital representations can be made for paleontological samples with a long axis size range of 

5 to 15 cm and the 3D prints of these samples have insignificant geometric differences from the scanned 

fossil. 

 

3.2 Trace fossils 

The 3D models of fossil imprints can be used to delineate specific features and make quantitative 

measurements that are not accessible in 2D representations. To provide an example, a fossilized therapod 

footprint was scanned by the authors and is shown in Figure 5 along with the quantitative depth information 

extracted from the 3D digital model. In the 2D image, the footprint is identifiable. The 3D scan 

provides a third dimension which indicates the depth of the imprint (in this case 6mm from the 

surface). This additional information may be used to determine more about the locomotion of the 

specimen (walking or running) as demonstrated in Bordy et al. (2020) with photogrammetric 

models.  
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Figure 5: Single face scan of the therapod footprint at 7,000 pts/in2 showing a (a) 2D image and (b) depth 

model generated from the point cloud. The laser scan generated depth map illustrates the outline and 

topography of the footprint. Sample from the Miller Museum of Geology, Queen’s University collection.  

 

3.2.1 Track and footprint imprints 

Trace fossils, such as footprints, burrows, or feeding marks, also provide important information on the 

paleoenvironment. Arakawa et al. (2002) were among the first to apply 3D laser scanning to trace fossils 

with three sets of therapod footprints and one set of bird footprints collected from China and Japan using a 

Konica-Minolta Noncontact VIVID 700 scanner. The study demonstrated that 3D laser scanning can 

provide geometric and topographical information on the morphology of trace fossils as an alternative 

traditional footprint analysis. Platt et al. (2010) used 3D scanning to quantify the morphology of several 

trace fossils including ant tunnels, dinosaur tracks, and insect burrows including those of a tiger beetle and 

a brown scorpion. New measures to quantify the morphology, including surface area index and volume 

exploited, were developed. Different burrow makers had characteristic surface areas and volumes and thus, 

these parameters could be used during taxological identification. Petti et al. (2008; 2009; 2011) conducted 

two studies using a ShapeGrabber SG1002 3D scanner which has a resolution of 0.3 mm to digitize tracks 

in the Coste dell’Anglone tracksite in the southern Alps. Based on the depth of various digits within the 

footprint, interpretations were made on how the dinosaur walked. The newly discovered trackway was 
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scanned and based on the morphology of the footprint, the fossils could be attributed to an archosaur 

trackmaker and at least three of the trackways could be assigned to the ichnogenus Brachychirothenum. 

This discovery is significant because this was the first well documented report of this ichnogenus from the 

Upper Triassic of Northern Italy. Fiorillo et al. (2010) discovered a footprint in the Nunushuk formation in 

Alaska. Based on 3D digital models (created using a NextEngine 3D laser scanner), it was determined that 

it likely belonged to a Neoceratopsian. This would not only be the earliest recorded occurrence of 

Neoceratopsian species in North America, but would also substantiate the Beringia land bridge theory. The 

theory was further corroborated by the discovery and identification, using 3D scanning, of a Therizinosaur 

track found in the in the Lower Cantwell formation, also in Alaska (Fiorillo and Adams., 2012). In the first 

of three studies applying laser scanning to footprint analysis, Belvedere and Mietto (2010) scanned 

footprints from Upper Jurassic Iouaride`ne ichnosite of Morocco using ShapeGrabber SG1002. The prints 

were assigned to the Stegosaurian ichnogenus Deltapodus based on the analysis of the digital model of the 

footprints. This was significant as it was the first time that this species has been discovered in Africa and 

indicated that there was a connection between the northern and southern parts of Tethys. Belvedere et al. 

(2011a) scanned casts of dinosaur tracks using a NextEngine 3D laser scanner. The goal of this study was 

to determine if the tracks were from avian or small non-avian dinosaurs. These tracks were significant 

because, if avian, they would be the oldest evidence of birds in Gondwana. This would have significant 

biogeographic and paleobiological implications. Using the 3D information, they were able to identify new 

footprints which, along with a more detailed description of the prints, allowed them to conclude that the 

footprints were from a small non-avian dinosaur rather than a bird. Belvedere et al. (2013) used laser 

scanning for footprint analysis at the Kem Kem beds and identified therapod and turtle tracks (verified in 

the skeletal record in different proportions). Potential explanations were that the skeletal fossils and the 

footprints were found in two different units or that the skeletal remains do not accurately represent the 

ecology of the area. Many of the skeletons used for analysis of the taxonomy of the area were purchased 

rather than collected by scientific research groups. Therefore, the results of these studies may be less 

accurate since the exact location of the remains within the strata was unknown. Footprints can provide a 
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more accurate account since they are not subject to post-mortem transportation in the way that skeletons 

are.  

 

In Contessi and Fanti (2012) scanned tracks from the Cenomanian Kerker Member in southern Tunisia 

using a Zsnapper portable scanner with a resolution of 0.2mm and an accuracy of 40µm. Within these 

tracks, which are dominated by tridactyl dinosaur tracks, three bird tracks were discovered and based on 

their morphology were assigned to the ichnogenus Koreananornis. These tracks were significant as they 

represent the oldest fossil birds from the Cretaceous of continental Africa and it is the first time that this 

ichnogenus has been found in Africa (previously only known in Asia and North America). The morphology 

of the tracks was compared to the morphology of tracks of modern birds and it was found that they were 

most similar to sand pipers. Sand pipers are most commonly found in modern tidal flat environments. Both 

the tridactyl and Koreananornis tracks indicate the presence of land in southern Tunisia which had been 

previously thought to be entirely marine. In their first follow-up study, Fanti et al. (2013a) scanned 

footprints created from silicon molds from tacks in the Wapiti Formation in Alberta, Canada. The tracksite 

contains a diverse ichnofauna which, in this study, were attributed to mammals, tyrannosaurids, medium-

sized theropods, hadrosaurids, ankylosaurs, and amphibians. The presence of amphibians was unexpected 

as they were not generally found in high-latitude environments. The assemblage of this tracksite was similar 

to other sites of the same time period throughout western North America. In their second follow-up study, 

Fanti et al. (2013b) created a 3D digital model by scanning the silicon casts of representative footprints 

from the Hojapil-Ata tracksite located in Turkmenistan. The morphological features were run through a 

statistical program which showed two distinct clusters without overlap. Therefore, could quantitatively 

determine that there were two distinct species at this tracksite. 

 

Fiorillo et al. (2014a) used a NextEngine 3D laser scanner to create a 3D digital model of a newly discovered 

track within an unnamed rock unit within the Yukon-Charley Rivers National Preserve, Alaska. The track 

was attributed to a hadrosaur based on its morphology. The rock unit in which the prints were found was 
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dated from the late Cretaceous. This is the earliest evidence of dinosaurs in the east-central Alaska region. 

That same year, Fiorillo et al. (2014b) scanned a series of therapod tracks from the Lower Cantwell 

Formation within Denali National Park, Alaska. Two types of small to medium therapod tracks were 

scanned and based on their morphologies were assigned to the ichnotaxa Eubrontes and Menglongipus 

respectively. The findings were significant for two reasons: this was the first time that these two species 

had been discovered in this region, and these results indicated the presence of a multi-tiered predatory 

dinosaur guild structure, each providing greater detail on the paleoenvironment of the region during the 

Upper Cretaceous.  

 

The study of small (< 20mm) tetrapod footprints is challenging as they are rarely preserved well and are 

often deformed. Erpetopus willistoni and Camunipes cassinisi are two such tetrapod species which are 

commonly mistaken for each other. Marchetti et al. (2014) scanned the footprints of these two species in 

order to develop a quantitative way to distinguish them. It was discovered that the separation between the 

two species was justified based on their differing morphology, with Erpetopus willistoni having a short 

digit V which curved outwards, unlike the longer and straighter digit of Camunipes cassinisi. 

 

3.2.2 Complete species imprints 

In addition to footprints, laser scanning can be applied to imprints of the species entire body. Bethoux et al. 

(2004) scanned the fossils of insect wings using a Xyris 3000 and Xyris 4000LT scanners with scanning 

accuracies of 30 µm and 2 µm, respectively. The wings of an insect are typically the best-preserved 

structures in fossil insects and so are important for identifying taxa. Using the laser scans, the folds and 

veins within the wings, both important features for identification, were distinguishable. The digital models 

of a sample from the order Caloneaurodea collected using laser scanning indicated that this order is related 

to the order Orthoptera rather than Cimiciformes, hemipteroid insects, or Protorthoptera. The relationship 

of this order to other known orders had been a subject of debate. Antcliffe and Brasier (2008) scanned the 

holotype of Charnia masoni, an important fossil for studying Ediacaran biology. It was concluded that 
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Charnia cannot be related to the modern cnidarian group based on the fact that these two species have 

opposite growth polarities evident from the species morphology. Brasier and Antcliffe (2009) scanned fossil 

samples of eight different Ediacaran biota including Charnia Masoni, Bradgatia, Fractofusus, Ivesheadia, 

Charniodiscus, Charnia wardi, Cantecedens, Beothukis mistakensis in order to develop a potential 

phylogeny. A phylogeny which shows the evolution of these species over time was developed by 

determining which fossils most closely resembled each other morphologically based on the 3D digital 

models. Fish feeding traces are less studied compared to other trace fossils in part because they are quite 

rare and often confused for different traces. One such example is the trace fossils found in the Lutetian-

Bartonian formation. The origin of these fossils has been debated. Belvedere et al. (2011a) aimed to settle 

this dispute by combining paleoenvironmental data and 3D scanning. Since the site was established as an 

open marine environment, it was unlikely that the traces were from dinosaur footprints as previously 

thought. The traces were determined to be very similar to those created by various types of sturgeons and, 

therefore, the trace maker was likely a common ancestor.  

 

3.3 Rocks and minerals 

De Paor (2016) discusses how 3D digital models of rocks and minerals can be used to aid in the visualization 

of changes such as weathering, deformation, and metamorphism. The 3D digital models of apatite, 

staurolite, potassium feldspar and pumice samples were generated by the authors to identify and study the 

scanned minerals (see Figure 6). Rotating the models of the samples revealed several features such as crystal 

shape, twinning, and cleavage planes. Although the physical hand sample, when available, is the 

penultimate specimen to identify features, in some cases (eg., for remote data sharing, educational/training 

purposes), the physical sample is not readily available. Thus, the dissemination of the 3D digital models 

allows for enhanced interactivity (compared to 2D images) with the sample and facilitates the identification 

and interpretation of morphological features such as vesicular textures, cleavage planes, and twinning.  
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Figure 6: 3D digital samples of: (a) Apatite showing how the sample can be rotated to show the hexagonal 

crystal shape (outlined in red), (b) Two views of staurolite showing the twinning exhibited by the sample 

that is hard to identify in 2D alone, (c) Potassium feldspar rotated to show the 90° cleavage planes, (d) 

Pumice sample showing the vesicular texture which can’t be captured in a 2D image. Samples from 

Department of Geological Sciences and Geological Engineering, Queen’s University collection. 

 

3.3.1 Planetary sciences  

Dufresne et al. (2013) and Poelchau et al. (2013, 2014) scanned rock samples that had been subjected to 

impacts from a metal projectile in order to simulate small scale crater impacts and determine the effects of 

rock type, porosity, and saturation on the morphology of impact craters. Results show that while a high 

porosity decreases the overall size of the crater, filling the pore space with water increases the crater size. 

Three rock types tested (sandstone, quartzite, and tuff) showed similar crater sizes despite having different 

strengths (Poelchau et al., 2014). Once these relationships have been determined on a smaller scale, they 
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can be scaled to planetary-sized craters (Poelchau et al., 2014). Finally, Macke et al. (2015) used a scanner 

with a capture point density of 24,800 pts/in2 (38 pts/mm2) and resolution of 0.1mm to determine the volume 

of lunar samples collected from the Apollo mission. Volume calculations were used in conjunction with the 

sample mass in order to determine the bulk density, an important parameter for the interpretation of 

gravimetric data from orbiting satellites. Traditionally, the bulk density is calculated using bead emersion 

techniques and the laser scanner was found to be equally accurate and more efficient than the bead method. 

Baratoux et al. (2016) scanned a wide set of shatter cones with a Nikon MCA II 7 axis scanner in order to 

determine the shape term that best describes their morphology. The term “cone” was selected based on the 

shape of the original samples and these cones were well defined and isolated. Since then, the term has been 

loosely applied to other impact structures with a range of rounded fractures. It was determined that shatter 

cones were best described with hyperboloid to paraboloid shapes rather than conical and that shatter cone 

shape was not dependent on the type of lithology or impact crater size. 

 

Fry et al. (2018) used a NextEngine laser scanner and a Konica-Minolta Vivid 9i laser camera to scan 46 

fragments from 11 different iron meteorites to determine the density of each sample. The 3D laser scanners 

allowed for the density calculations of these 46 samples ranging in mass from 8 g to 156 kg. Additionally, 

the bulk densities determined from the 3D scans were a good indicator of weathering effects and the 

presence of low-density inclusions for iron meteorites. 

 

3.3.2 Structural geology  

Kink bands are a distinct type of double hinged folds that result from the shearing of rocks and are 

traditionally described using simple two-dimensional cross sections. Dunham and Crider (2012) were the 

first to apply 3D laser scanning to kink bands using a FARO Arm 3D laser scanner to characterize the 

geometry of the kink folds in order to quantitatively distinguish the three types of intersections present 

(crossing, bifurcating, and obliquely diverging). This was based on parameters calculated from the 3D data 

such as gradient and curvature. 
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The authors scanned a paragneiss sample shown in Figure 7, which was found in a mylonite zone outcrop 

north of Kingston, Ontario, and is part of the Miller Museum of Geology collection at Queen’s University. 

The sample shows gneissic banding which is indicative of the regional metamorphism that affected the area 

during the Grenville orogeny and the geological evolution of North America as a whole based on the 

metamorphic and structural history. This sample was scanned to provide insight into the formational model 

of the Kingston area and for improved visualization (Harvey et al., 2017). 

 

 

Figure 7: The texture map (left) and point cloud (right) of a Paragneiss sample from two different 

orientations (a) and (b) to highlight the gneissic banding on the surface of the sample. Sample from the 

Miller Museum of Geology, Queen’s University collection (modified from Harvey et al., 2017). 
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3.3.3 Rock strength and fracture analyses  

3D laser scanned samples have been used to study how rock fractures affect the stimulation of reservoirs. 

Ye and Ghassemi (2018) conducted a study on four cylindrical granite samples using the CMDM88 3D 

laser scanner and determined that the increased permeability due to fracturing is highly dependent on 

fracture roughness, which could have implications for reservoir stimulation.  Guo et al. (2019) used 3D 

scans for fracture conductivity measurements and analyzed different stimulation techniques for a carbonate 

gas reservoir. The use of 3D digital models resulted in understanding of the effect of fracture roughness on 

the permeability of rock units, which is related to the confining pressure, with rougher fractures having 

lower permeability at lower confining pressures. 

 

Xu et al. (2019) and Yang and Kulatilake (2019) used a Revscan 3D and Talysurf CLI 2000 respectively 

to estimate the Joint Roughness Coefficient (JRC) from 3D scans and determine the effects of different 

parameters on rock strength. Xu et al. (2019) scanned rock samples before and after 30 days of water 

exposure and compared the scans to study the weakening of marble due to water interaction. Yang and 

Kulatilake (2019) used the Revscan 3D to scan rock surface profiles and correlate the decreasing JRC with 

decreasing joint persistency, which has a significant influence on the shear behavior of the tested granitic 

materials. 

 

Many geotechnical tests are destructive and 3D printing can be used to conduct repeatable tests which 

recreate natural rock characteristics. Volger et al. (2017) repeated Brazilian tensile tests on two types of 3D 

printed synthetic, as well as three samples of natural sandstone at different strengths (weak, medium, and 

strong). The synthetic samples had a smaller range of tensile strengths than the sandstone samples and 

correlated best with the weak sandstone samples. The samples post-test were used to compare fracture 

surfaces. The printed samples showed a high correlation with the natural weak sandstone. Such studies can 

be used to identify suitable printing materials for recreating natural rock characteristics. Similar to 

geotechnical testing, weathering tests breakdown the rock samples. Bourke et al. (2008) printed samples of 
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vesicular basalt cobbles. These samples were exposed to wind abrasion tests with the idea that the test on 

each natural sample could be repeated using the 3D printed samples. While the morphology of the real and 

artificial samples was similar, the material was not comparable. 

 

3.4 Core Samples 

3D digital models of fractured core surfaces can be used for quantitative measurements, such as 

approximating the JRC (Herda, 2006). The authors conducted two 3D core scans to illustrate how 

quantitative information can be derived from the digital models. Figure 8 shows the 3D core scans extracted 

from a borehole drilled in Kingston, Ontario, in 2015, with the change in depth between two fractured core 

surfaces mapped in mm indicating that the two samples would have significantly different JRC, which has 

an impact on the rock mass rating for that unit. 
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Figure 8: Scans of fractured core samples from a borehole drilled in 2015 in Kingston, Ontario. (a) 

quantitative depth information from a fractured core face, (b) change in depth between two different 

fractured core faces. Source: Miller Museum of Geology, Queen’s University, logging by David Kerr.  

 

3.4.1 Joint surface roughness and morphology 

Surface roughness is an important rock joint property as it heavily influences shear strength and 

transmissivity (Fardin et al., 2001). Lanaro et al. (2000) and Fardin et al. (2001) were among the first to 

apply 3D laser scanners to determine the surface roughness of joints. A 1m x 1m size cast of joint surfaces 

were scanned and used to explore the validity of fractal models for fracture surface morphology and the 

scale dependence of rock joint surface roughness. In Tam et al. (2011), the joints of granite cores at two 
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different sampling lengths (60mm and 8000mm) were digitized using a Roland LPX-60 scanner. The 

calibrated roughness angles measured by the scans to peak frictional angles which were calculated using 

established methods. This provides a way to quantify the shearing resistance at multiple scales, which is 

significant as shearing resistance is highly scale dependent. Li et al (2014) used a 3D close-range laser 

scanner to determine the morphology of the two fracture surfaces of a joint set. A new model was developed 

to calculate the pressure-saturation relationship and the relative hydraulic conductivity of unsaturated 

fractures whose hydraulic properties had not been studied extensively.  

 

3.4.2 Innovative workflows for calculating the JRC 

Barton (1973) proposed a JRC to allow for the quantification of surface roughness calculated through the 

use of 2D profiles. Herda (2006) and Zhang et al. (2017) developed a new 3D JRC workflow based on 

depth generated by a 3D digital model. Results from these new methodologies to conventional techniques 

were comparable. Fan and Cao (2019) developed a new method for calculating the JRC using the 3D scans 

of rock surfaces (using a Talysurf CLI 2000 scanner) and compared the developed methodology to 

traditional joint roughness coefficient calculations using 15 samples. Li et al. (2019) developed a novel 

technique to estimate the JRC by sampling in spirals around a rock surface and used 24 samples to test the 

results against traditional techniques, which were affected by the anisotropy and non-uniform roughness 

distribution on natural joint surfaces (Handyscan 3000 scanner). 

 

3.4.3 Temporal analysis of core samples  

In addition to the characterization of surface morphology, laser scanning can be applied for temporal 

analysis to assess changes of targets of interest over time, such as studies on weathering (Birginie and Rivas, 

2005; Mohtarami et al., 2017) and deformation (Indraratna et al., 2014; Zhao et al., 2017). Birginie and 

Rivas (2005) used a laser scanner to monitor the degradation of limestone when exposed to salt spray. Daily 

scans showed the four stages of deterioration: sand disaggregation, scaling, appearance of blisters, and sub-

efflorescence, and the rates at which they occurred. Areas of degradation can be identified by comparing 



 28 

the successive scans. To quantify the rates of degradation, the standard deviation of the topographic relief 

and laser return intensity can be used. Comparison of degradation between rock types can then be 

determined. Mohtarami et al. (2017) also studied weathering effects using multi-temporal scans in order to 

simulate the acidic chemical solvents that are commonly used in rock engineering projects at heap leaching 

sites.  

 

To quantify deformation over time, Indraratna et al. (2014) used a Konica-Minolta Noncontact VIVID 910 

3D laser scanner in order to measure the asperity damage and gouge accumulation pre- and post- constant 

normal stiffness shear tests. 3D digital models were used to calculate the difference between scans before 

and after constant normal stiffness shear tests. The difference between pre- and post- test scans was 

calculated with negative values indicating regions of asperity damage and positive values regions of gouge 

accumulation. Results showed that asperity damage and gouge accumulation increase with higher initial 

normal stress and JRC. Zhao et al. (2017) applied a laser scanning to quantify the morphological changes 

of fracture surfaces after being subjected to a transient pulse test.  

 

3.5 Sediment Samples 

The ability to compute quantitative geometric measurements with 3D digital models has allowed 

performing such calculations as surface area, volume, sphericity, and roughness, which have several 

applications in the study of sediments.  

 

3.5.1 Grain characterization and morphological analysis 

Size and shape of sediments can provide information about the processes of fluvial transport and past 

environmental conditions, as well as their suitability for engineering applications. Lanaro and Tolppanen 

(2002) applied 3D laser scanning to quantify sediment particle shape and size. The objective of this study 

was to provide a new method for determining established size and shape parameters for aggregates. These 

parameters determine the particle’s suitability for engineering applications, such as pavement layers or as 
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ballast in railway tracks. Hayakawa and Oguchi (2005) scanned gravel samples with a Roland LPX-250 

scanner in order to determine their sphericity and roundness. These are important parameters for 

determining the processes of fluvial transport and past environmental conditions that sediment experienced 

as the rounder the particle, the longer distance it has travelled. It was shown that the laser scanner was an 

effective way to measure surface area, which is used to calculate sphericity. Lee et al. (2007) aimed to 

further automate the laser scanning by collecting surface morphology data from aggregate particles 

travelling along a conveyor belt resulting in automatic calculation of shape parameters. From the scan data, 

the height, width, and length of each particle was computed. Angularity was calculated using mathematical 

morphology where the difference between a standard ellipsoid and the surface of the particles was 

determined.  

 

Komba et al. (2013) and Anochie-Boateng et al. (2013) tested laser scanning, specifically the Roland LPX-

1200 scanner, as a new method to determine the “flakiness” of soil particles. Flakiness is defined as the 

ratio between the length, width, and thickness of a particle. A particle is considered flaky if one of the 

dimensions is significantly larger than the other two. Flaky particles are not desirable for use as construction 

material, specifically for railroad ballast. Results from the 3D digital model were more efficient and 

comparable to those calculated using the slot method (Anochie-Boateng et al., 2013). In Anochie-Boateng 

et al. (2011) and Mvelase et al. (2016) laser scanning data was to calculate other shape parameters, such as 

roundness and sphericity, to determine suitability for railroad ballast. 

 

The morphology of lithic clasts that result from the failure of conduit wall rock provides information on the 

process that shaped them during eruption. Campbell et al. (2013) scanned lithic clasts from the eruption of 

Mount Meager, British Columbia, with a NextEngine 3D laser scanner to calculate sphericity and 

smoothness. The amount of surface modification, such as rounding, is proportional to the time that lithic 

clast spent in the conduit before eruption. It was proposed that subangular and rough clasts had shorter 

residence times (<2 min), and rounder, smoother clasts had longer residence times (up to 60 min). The 
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shape can be used to estimate the fragmentation depths and the rates of attrition during volcanic eruptions. 

Bagheri et al. (2014) also applied laser scanning to the quantification of the shape of irregular volcanic 

particles. The morphological characteristics of volcanic particles have a large influence on their threat to 

aviation and public health, as well as dispersion and reaction with gases and water vapor during eruption. 

Existing 1D and 2D shape parameters are used to estimate 3D shape parameters of the particles using caliper 

measurements, image analysis, the laser scans, and results from Computed Tomography (CT) scanning. 

The existing 1D and 2D shape parameters were compared to 3D parameters calculated using the actual 3D 

data. The results showed that the 2D variables were more accurate than the 1D variables (2.4-4.6% versus 

7.2-20%).  

 

3.5.2 Soil and loose sediments 

Soil structure is of vital importance to understanding the hydrological, environmental, and ecological 

processes. Bulk density can be used as an indicator of soil quality as it controls the ease of root penetration, 

water movement, and soil strength. Rossi et al. (2008) applied a NextEngine laser scanner to determine the 

bulk volume of soil samples. The laser scanner results were compared to those generated from a traditional 

method of calculating bulk density, the paraffin-coated clod method, and showed that the results agreed 

well. Hirmas et al. (2013) used volume calculations from laser scanning to determine if the relationship 

between soil mass and soil volume could be described using fractal models on decimeter scales. Soil 

samples were scanned and sequentially broken between each scan. The corresponding volumes and masses 

were plotted against each other and fit with a power-log equation in order to determine the fractal 

dimension. Results showed that fractal models do in fact represent soil mass and soil volume relationships 

well but several orders of magnitude should be used when calculating the representative fractal dimension. 

Falcon-Saurez et al. (2015) scanned compacted samples of granite fines at varying water contents. The 

objective of this study was to determine the suitability of laser scanners to calculate dry densities of fine-

grained soils as compared to results from the Standard Procotor test. It was determined that the laser 

scanning method was applicable until a water content of less than 20%, after which the fine-grained soil 
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becomes too incohesive for the laser scanner to capture properly. Asahina and Taylor (2011) used a 

NextEngine 3D laser scanner to scan a number of both crushed and naturally rounded rock particles in order 

to calculate shape parameters including volume, surface area, and density. These values were compared to 

the results from both CT scanning and the projected area method. Since the CT scanning had the highest 

resolution, it was used as the truth data and it was found that the laser scanning values showed strong 

agreement with those generated using the CT scanning. 

 

3.5.3 Temporal analysis and sediment comparison  

Sediment clasts can also be affected by weathering processes and in Bourke et al. (2008) and Ehlmann et 

al. (2008) laser scanning was used to study weathering effects on sedimentary clasts, specifically basalt 

cobbles. These cobbles were scanned before and after being exposed to wind abrasion. These scans were 

converted into digital elevation models from which the morphological changes could be quantified and 

areas of preferential weathering determined. Rossi and Graham (2010) scanned granite fragments from 

locations within the subsurface at varying depths in order to understand the rate of porosity development in 

granitic rock. Solid rocks typically have low porosities but due to weathering processes, fractures and 

microcracks can develop over time, thus, increasing the porosity. Those closest to the surface were expected 

to be more weathered than samples from deeper depths. Using the laser scan models, the bulk volumes of 

these fragments were calculated. The bulk volumes were converted into porosity values by using the bulk 

density and the particle density and the equation developed by Flint and Flint (2002). Based on their porosity 

distribution of the particles at various depths, it was determined that clast porosity developed at a rate of 

0.1% per thousand years. 

 

4 Summary  

Table 1 summarizes the reviewed literature on close-range 3D laser scanning of geological hand samples 

according to applications within the discipline. While it is clear that the availability of 3D digital models 

cannot and will not replace the invaluable utility of physical geological hand samples, it is worth 
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contemplating where within a contemporary geological workflow 3D geological hand sample models can 

be exploited. To that end, the use of these models may lie with the increased ability to share data digitally. 

This review has identified that some collaborations among scientists working with rare and fragile samples 

has been facilitated through the use of digital models. At a more populous level, hosting digital geological 

hand sample collections online offers numerous advantages for dissemination of scientific information to 

the public (Rebbert, 2007; Bates et al., 2009; Carrasco et al., 2014). To date there are numerous online 

databases that host 3D geological hand sample models for public use (see Table 2). The 3D digital models 

of geological hand samples can be visualized in spatial environments in order to facilitate interpretation of 

the geological setting, shared digitally for efficient communication of morphological data and 3D printing 

allows for physical interaction (and destruction) of geological hand samples. Global databases created using 

collections from multiple institutions and field sites can allow for broader scale research and archiving 

while exploiting database management and querying capabilities. It is inevitable that the proliferation of 

these databases and subsequent global sharing will become ubiquitous as it allows for invaluable 

collaboration and communication between not only researchers but among researchers and the public.  
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Table 1: Summary of the reviewed publications using close-range 3D laser scanning of hand samples in geology 

Fossils 

Reconstruction and analysis of ancient organisms’ biomechanics 

Rybczynksi et al. (2008); Evans and Fortelius (2008); 
Cuthbertson (2012); Nabavizadeh (2014); Polly and 
MacLeaod (2008); Béchard, (2014);  
Freiss et al. (2001) 

Used scans of different fossils to study the motions of different species and simulate their movements 
in 3D. Also used the scanner to reconstruct facial features and study if they correlated with the 
paleoclimate.  

Taxa identification and quantitative morphological characterization 

Kullmer et al. (2002); Motani (2005); Sato et al. 
(2011); Wright and Selden (2011); Atwood and 
Sumrall (2012); Mike et al. (2016); Adams (2013); 
Lee et al. (2018) 

Developed multiple methodologies for characterizing and identifying specific features of species 
using the scanned 3D digital model. The 3D digital models were also used to identify and correct the 
categorization of different taxonomies for multiple specimens. The depth information provided from 
the scans allowed for quantitative analysis of sample morphology which led to the discovery of new 
species and further categorization of similar taxa.  

Fossil reconstruction and preservation 

Lyons et al. (2000); Boyd and Motani (2008); 
Mitsopoulo et al. (2015); Peterson and Krippner 
(2019); Adams et al. (2010); Fanti et al. (2013a); 
Subsol et al. (2015) 

Modeled the deformation and reconstructed the original fossil using the 3D digital model of the 
incomplete specimen. Studying the scans of different specimens allowed for missing bones to be 
identified and geometric measures to be made to recreate what the sample. The fossil scans were also 
used for display and preservation in order to avoid potential damage to the physical specimens.  

Trace Fossils 

Track and footprints 

Arakawa et al. (2002); Platt et al. (2010); Petti et al. 
(2008; 2009; 2011); Fiorillo et al. (2010); Fiorillo and 
Adams (2012); Belvedere and Mietto (2010); 
Belvedere et al. (2011a); Belvedre et al. (2013); 
Contessi and Fanti (2012); Fanti et al. (2013a); Fanti 
et al. (2013b); Fiorillo et al. (2014a); Fiorillo et al. 
(2014b); Marchetti et al. (2014) 

Used the 3D digital model to develop a quantitative approach for characterizing the morphology of 
different tracks, burrows and tunnels belonging to different species. The depth map generated by 
scanning the footprints of different species was used to discover new specimen, distinguish between 
similar species and dinosaurs which allowed for biogeographic and paleobiological interpretations. 
Studying the depth information from the 3D digital models also revealed more biological information 
for the scanned specimens. 

Complete species imprint 
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Bethoux et al. (2004); Antcliffe and Brasier (2008); 
Brasier and Antcliffe (2009); Belvedere et al. (2011b) 

Reclassified certain species by studying the morphology from 3D digital models of Ediacaran biota. 
The scans of specie imprints also allowed for small features to be identified and classified which led 
to the identification of the scanned specimen.  

Rocks and minerals 

Planetary sciences 

Dufresne et al. (2013); (Poelchau et al., 2013, 2014); 
Macke et al. (2015); Fry et al. (2018); Baratoux et al. 
(2016) 

Scanned shatter cones to study their morphology and determine if the shape was affected by lithology 
or impact size. Small crater impacts were also simulated by scanning rock samples which were struck 
by metal projectiles. The 3D digital models of various meteorites and lunar samples were also used 
for volume calculations.er impacts by scanning rock samples which has been struck by metal 
projectiles. 

Structural geology  

Dunham and Crider (2012); Harvey et al. (2017); De 
Paor (2016) 

Generated 3D digital models by scanning rock with kink bands which were used to quantify the 
geometry of the folds and distinguish different types of intersections. The 3D digital models were 
also integrated with other geological data to enhanced multiscale visualization and interpretation of 
geological relationships. 

Rock strength and fracture analyses 

Ye and Ghassemi (2018); Guo et al. (2019); Xu et al. 
(2019); Yang and Kulatilake (2019) 

Conducted geotechnical tests on rock samples and used the scans of the rock fractures to analyze how 
they impact reservoir stimulation. Carbonate rock faces were also scanned and the resulting 3D 
digital model was used to determine the weakening due to water interaction.  

Core samples 

Joint surface roughness and morphology 

Lanaro et al. (2000); Fardin et al. (2001); Tam et al. 
(2011); Li et al (2014) 

Scanned fractured surfaces to assess the surface roughness of joints using the depth map from the 
scan. Multiple core was scanned to study the morphology of different fracture surfaces in a joint set 
and roughness angles were computed using the 3D digital model.  

Innovative workflows for calculating the JRC 

Herda (2006); Zhang et al. (2017); Fan and Cao 
(2019); Li et al. (2019) 

Developed new methodologies for calculating the JRC using the depth data from the 3D digital 
model of a core face scan. 
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Temporal analysis of core samples 

Birginie and Rivas (2005); Mohtarami et al. (2017); 
Indraratna et al. (2014); Zhao et al. (2017) 

Scanned samples before and after induced weathering to compare the 3D digital models and assess 
the change due to the weathering. Multiple different core samples were also scanned before and after 
destructive tests to assess morphological changes in the samples. 

Sediment samples 

Grain characterization and morphological analysis 

Lanaro and Tolppanen (2002); Hayakawa and Oguchi 
(2005); Lee et al. (2007); Komba et al. (2013); 
Anochie-Boateng et al. (2013); Anochie-Boateng et 
al. (2011); Mvelase et al. (2016); Campbell et al. 
(2013); Bagheri et al. (2014) 

Used the 3D digital models of different sediments to quantify the particle shape and size. The 
sediment scans were also used to derive geometric parameters and classify different groups of 
particles. Irregular particles were scanned to study and differentiate their morphological 
characteristics. Additionally, a quantitative approach was developed to determine the suitability of a 
given set of sediments for use as railroad ballast. 

Soil and loose sediments 

Rossi et al., (2008); Hirmas et al. (2013); Falcon-
Saurez et al. (2015); Asahina and Taylor (2011) 

Computed bulk volume of several soil clots using the 3D digital model. Several granite fines were 
also scanned at varying water content and their volumes was used to approximate the dry density of 
the fine-grained soils. Crushed and naturally round rock particles were scanned to and the resulting 
3D digital models were compared to assess their differences.  

Temporal analysis and sediment comparison 

Bourke et al. (2008); Ehlmann et al. (2008); Rossi and 
Graham (2010) 

Scanned basalt cobbles before and after exposure to weathering to quantify the differences from the 
3D digital models. Various granite fragments from varying depths were also scanned to assess the 
rate of porosity development in the sediments.  
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Table 2: Summary of select online databases hosting 3D digital models of geological hand samples 

Database Types of samples Reference 
Great Britain 3D Project fossils (BGS, 2013) 
GeoFabLab rocks and fossils (Hasiuk, 2014) 
Smithsonian X 3D fossils (Smithonian Insitute, 2018) 
Smorf crystal shapes (Holtkamp, 2014) 
African Fossils fossils (African Fossils, 2018) 
Digimorph fossils (University of Texas, 2018) 
Mineralyze CS core (Mineralyze, 2020) 
NASA 3D Resources asteroids (NASA, 2020) 
Phenome 10k fossils (Phenome 10k, 2020) 
Morpho Source fossils (MorphoSource, 2020) 
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