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Abstract 

The Carboniferous Joggins Formation outcrops along the shoreline of Chignecto Bay (Nova Scotia, 

Canada). The area of the Joggins Fossil Cliffs (UNESCO World Heritage Site) presents an outstanding set of 

channel and floodplain deposits, and fossilized tree trunks. This study focuses on the Coal Mine Point 

reference section, which comprises interbedded sandstone, shale and coal seams, and where 

accommodation was created by halokinetic activity (salt withdrawal). This study uses lidar to interpret the 

outcrop, augmented with gamma-ray and permeability data. Currently Joggins Fossil Cliffs records 

fossilized trees with a measured section log.  With the use of lidar and spatially-calibrated Differential 

Global Positioning System (DGPS) to capture high-resolution images of meanderbelt channel architecture 

and fossils of upright lycopsids and calamitaleans. This imaging technique is an innovative approach and 

utilizes new technologies to provide a high-resolution 3D survey of the cliff (4 mm resolution at 100 m) 

detailing of channels and fossil tree trunks. Using the 3D survey coupled with other tools including 

scintillometer and permeameter, we can supplement data from the lidar scan and increase confidence of 

interpretations. Scintillometer measurements recorded at outcrop are used to generate a pseudo-gamma 

log and permeameter measurements were recorded to understand permeability of the corresponding 

lithologies. Lidar provided important information for rock properties and high detail of the outcrop that 

can used in the assessment of the reservoir characteristics of the Joggins Formation in Cole Mine Point 

section. Annual lidar surveys with scintillometer and permeameter will provide an informative data set to 

continue analysis and interpretations of the Joggins Fossil Cliffs. 

 

 

Keywords: Bay of Fundy, Cumberland Basin, Joggins Fossil Cliffs, Joggins Formation, Carboniferous, 
Reservoir Characterization, Digital Outcrop Models, Permeability, Gamma-Ray, Lidar  
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1 Introduction 

1.1 Purpose  

Light Detection and Range (lidar) is an innovative technique which has been used in academic and 

industry geologic studies for the digital capture of outcrop characteristics with unprecedented resolution 

and accuracy. Previous studies using lidar in Earth Sciences provided higher resolution analysis of rock 

properties, geomorphology, and coastal erosion allowing enhanced interpretation of processes and 

properties (Burton, et al. 2011; Buckley, et al. 2013). In Nova Scotia, Rafuse (2011) and Kelly (2014) used 

lidar for digital rendering and interpretation of the reservoir characteristics of the meander belt 

successions of the Carboniferous Joggins Formation of the Cumberland Basin (Chignecto Bay, Nova Scotia, 

Canada).  

The objective of this work, developed on the outcrops of the Joggins Formation of the Coal Mine 

Point section (Joggins Fossil Cliffs, UNESCO World Heritage Site), is to investigate how lidar can be used to 

define the high-resolution stratigraphy of the fluvial systems by answering the following questions: 

a) Is lidar capable of aiding in the identification of different lithofacies at Joggins? 

b) Can lidar identify fossilized trees within the Joggins Formation? 

c) Can lidar help characterize reservoir connectivity in meander belt systems? 

d) Can lidar data integrated with outcrop observation, gamma-ray and permeability data aid in 

the interpretation of stratigraphical and sedimentological features of hydrocarbon reservoirs? 

This work is also part of an ongoing study aimed to characterize Carboniferous tree density within 

the Joggins Formation and measure the rates of erosion of seaside cliffs near the town of Joggins through 

the capture of annual lidar scans of the Joggins Formation outcrops. 
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1.2 Geographical and Geomorphological Setting of the Study Area 

 

Figure 1.1 - Location of Dalhousie University (Green Pin), the Joggins Fossil Cliff Center (Red Pin) (Apple Inc., 2014). 

Located between the provinces of New Brunswick and Nova Scotia, Chignecto Bay is an inlet of the 

Bay of Fundy (Figure 1.1). It is also part of the Gulf of Maine Watershed. Chignecto Bay is world-renowned 

due to the Joggins Fossil Cliffs, Canada and the country's 15th UNESCO World Heritage Site.  

The Coal Mine Point section is located along the south coastal margin of the Chignecto Bay (Nova 

Scotia) (UTM coordinates: Zone 20T, Easting 387128 m, and Northing 5061142). Known locally as 

Hardscrabble Point, this section is approximately 250 m long (Figure 1.1 & Figure 1.2) and is continually 

exposed to harsh weather conditions. The high (energy) tides coupled with the different resistance to 

weathering of the different lithologies creates several zones of low vs. high cliff retreat rate (Figure 1.3). 

Other contributing factors to coastal erosion include wave action but in the Joggins area the high tidal 

range and storm activity are the dominant factors acting upon the sands and shale intervals on the cliff 

face.  This results in a complex costal pattern (promontory), conditioning assess of people and equipment.  



3 
 

 

Figure 1.2 ς Joggins Formation and Quaternary sediments (red).  Both units are separated by an angular unconformity (yellow 
dashed line). Coal Mine Point, Joggins, Cumberland Basin, Nova Scotia, Canada. 

 

Figure 1.3 ς Aerial view of the area surrounding Joggins Fossil Cliffs Center. Due to the contrasting lithologies there are areas 
of low vs. high erosion rate. Lidar location during data acquisition is marked with X (Google Inc., 2014). 

 The entire outcrop is very unstable due to jointing and fractures, contributing to the erosion 

observed along the shoreline. Joint trends are predominantly perpendicular to bedding (decametric to 

metric spacing). In some locations, larger, outcrop scale, fractures are observed, with large boulders of 

fallen blocks from the cliff (Figure 1.4 & Figure 1.5). These fractures are expanded by the constant freezing 

and thawing cycles, and rainfall resulting in collapse of sections of the cliff. The promontory known as Coal 

Joggins Formation 

Quaternary Sediments 

N 
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Mine Point results from the lithological contrast from a thick sandstone body, known locally as άǊŜŜŦέ ŀƴŘ 

the more argillaceous framing lithofacies (Figure 1.3). 

 

 

Figure 1.4 - Jointing and fractures with fallen blocks within the Joggins Formation at Coal Mine Point (Cumberland Basin, Nova 
Scotia). 
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Figure 1.5 - Fallen blocks at the toe of the promontory of Coal Mine Point (Cumberland Basin, Nova Scotia). 

1.3 Geological Background 

1.3.1 Cumberland Basin 
The Cumberland Basin was formed by cyclic and rapid subsidence controlled by salt withdrawal 

(halokinesis) (Davies, et al., 2005) and is an excellent example of a salt withdrawal system. Halokinesis is 

when massive and rapid deposition of sediments occurs on top of evaporites causing the movement of 

the salt (Waldron & Rygel, 2005) (Figure 1.6). This movement is usually ductile-brittle, within shallow crust, 

about 8-15 km deep (Jackson, et al., 1994).  

Halokinesis created accommodation in the basin that allowed for more sediment to be deposited, 

sourced from the highlands of the Appalachian Orogen and Gondwanan upland (Figure 1.7). This 

extensional tectonic event created an uneven topography of fault blocks in the region by the deformation 

of the overburden. The Joggins Formation shows the displacement of salt movement to be least 1 km. 

Subsidence was episodic, with optimal conditions for peat accumulation and entombment of the flora 

(Waldron & Rygel, 2005). The rate of sedimentation in the Cumberland Basin is believed to be higher than 
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average compared with other coal-bearing Carboniferous units (McCabe, 1991), and the deposition of the 

Joggins Formation was close to the water surface (Davies & Gibling, 2003).  

 

Figure 1.6 - Schematic representation of a salt withdrawal system; salt moves out as more pressure from accumulated 
sediments is applied to the overlying the salt system. 

 

 

Figure 1.7 ς General paleogeography of the Cumberland Basin during the Pennsylvanian, Carboniferous. Joggins Fossil Cliffs 
Center location within the Carboniferous Pennsylvanian Lowlands within the Cumberland Basin formed (modified from 
Fensome & Williams, 2001). 

WƻƎƎƛƴǎ Cƻǎǎƛƭ 

/ƭƛŦŦǎ aǳǎŜǳƳ 
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1.3.2 Joggins Formation 

The Joggins Formation rests between the Spring Hill Mines and the Little River formations, all part 

of the Cumberland Group (Figure 1.8). The Little River Formation underlies the Joggins Formation and is 

measured as 635.8 m thick. The Springhill Mines Formations overlies the Joggins Formation and comprises 

red beds and thick coals, and is about 714 m thick (Rygel, 2010). 

 

Figure 1.8 ς Carboniferous stratigraphy of the Cumberland Basin and simplified geological map of the area of Joggins Fossil 
Cliffs Center (modified from Grey & Finkel, 2011). 

The Joggins Formation comprises shales, coal seams and red beds, dipping 20o S (Figure 1.2). It is 

about 915.5 m thick and it comprises a multi cycle open-water facies with large distributary meander belt 

channel systems that is overlain by a thick coal bearing section (Davies, et al., 2005). There are intervals 

of fossilized tree trunks. A total of 14 cycles were recognized within this unit in previous studies (Davies, 

et al., 2005) (Figure 1.9), ranging from 16 to 212 m thick with an average of 65 m. A cycle begins with well-

developed open-water facies with limestones, mud drapes, trace fossils, and large distributary channel 

bodies (Davies, et al., 2005). Coal Mine Point corresponds to the base of cycle 10 (Figure 1.9). The coal 

seams in this formation reach up to 1.7 m, marking a period of wetland conditions (Calder, 2006). The 

absence of pronounced sequence boundaries and deep-water deposits, as well as the rheotrophic (swamp 

or boggy ground that is feed by fresh water flow) nature of the precursor peats, suggests that the sediment 

surface remained close to relative base level thought the deposition of the Joggins Formation (Davies & 

Gibling, 2003). This suggests that accommodation space kept pace with sediment supply, creating an 
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overall aggradational succession. The sedimentation rates according to Rygel (2005) is between 50 mm/yr 

- 120 mm/yr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 ς Limestone and coal thickness with facies associations correlated to relative base level for the Joggins Formation. 
Note the thick sandstone preserved at Coal Mine Point separate cycles 9 and 10, and was deposited when the region was a 
poorly drained floodplain. Approximate range of interest for this study denoted with red box. (OWFA: Open Water Floodplain 
Area. PDFA: Poorly Drained Floodplain Area. WDFA: Well Drained Floodplain Area) (modified from Davies et al, 2005). 



9 
 

1.3.3 Preservation of the Flora 

As the Cumberland Basin developed, there were periods of rapid sedimentation, burial and 

preservation, entombing the flora in upright position (Figure 1.10 & Figure 1.11). This process was cyclical, 

sediments accumulated and new flora established itself (Figure 1.12). Burial and reservation of lycopsid 

trees in upright position suggest that burial was due to episodic floods with high sediment load (Calder, 

2006).  

 

Figure 1.10 ς Sedimentary and stratigraphical characteristics of the Joggins Formation at Cole Mine Point. Blue line: Quaternary 
Unconformity, yellow arrows: channel bodies, red arrow: interbedded shale, green circles:  preserved tree. 

Figure 1.11 
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Figure 1.11- Fossil tree within the Joggins Formation at Coal Mine Point (Cumberland Basin, Nova Scotia). 

 

Figure 1.12 ς Schematic representation of channel architecture and faunal dynamics during the deposition of the Joggins 
Formation during the Carboniferous (Cumberland Basin, Nova Scotia) (Fensome & Williams, 2001). 

Preservation is cast-and-mold type, and the fossils are very large and representative of the flora during 

the Carboniferous (Figure 1.13). Some types of fossils found at the outcrop are Alethopteris, Calamites, 

Lepidodendron, and Sigillaria (Calder, 2012).  Currently the JFCC maintains a record of the preserved trees 

by updating a measured section log with all new discoveries. 
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Figure 1.13 - (A) Cast of a Calamites and (B) Mold and cast of a Sigillaria. 

1.3.3.1.1 Alethopteris 

Alethopteris are usually seen as imprints within the rock surface. These dark shades imprints are 

coalified and they resembles modern fern like plants (Figure 1.14). 

 

Figure 1.14 - Alethopteris coal imprint (dark leaf like shapes) on rock surface, sample from Dalhousie University, Earth Science 
Department. 

1.3.3.1.2 Calamites 

Calamites are round and elongated shapes, and resemble ancient horsetail weeds. They are 

estimated to grow up to 10 m tall, probably in small patches before they were entombed by the sediments 

(Thomas, 2012). They look like modern bamboos (Figure 1.15). 

A B 
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Figure 1.15 - Calamites Fossil, sample from Dalhousie University, Earth Science Department. 

1.3.3.1.3 Lepidodendron 

Lepidodendron are one of the tall trunks that are visible at outcrop, and they can be identified by 

a unique diamond-shape pattern within the bark (Figure 1.16). These trees are a type of lycopod tree and 

are known to grow up to 30 m tall. 

 

Figure 1.16 - Highlight of diamond shape pattern within the bark of Lepidodendron, sample from Dalhousie University, Earth 
Science Department. 

1.3.3.1.4 Sigillaria 

Sigillaria is also another kind of lycopod tree, and they are known to grow very tall, up to 30 m. 

They have a unique honeycomb pattern shape, unlike the Lepidodendron (Figure 1.17).  
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Figure 1.17 - Highlight of honeycomb shape pattern within the bark of Sigillaria, sample from Dalhousie University, Earth 
Science Department. 

1.3.4 Meanderbelt Channels 

Meandering rivers are one of four end-member types (straight, meandering, braided, and 

anastomosed) of rivers (Prothero & Schwab, 2004). Most meandering rivers occurs in regions of shallow 

slope, with a well-developed floodplain. They contain a high ratio of suspension load to bed load material, 

usually have cohesive bank material, and have a sandy bedload (Reading 1996; Miall 2010). These 

channels are a result of lateral migration of the fluvial system. In areas of small bending, erosion of the 

outer bank sediment and subsequent deposition of sediment along the inner bank of the channel occurs 

(Prothero & Schwab, 2004). The continuous erosion and deposition within the channels creates a steep 

profile along the outer bend and a gradual profile along the inner bend, creating a non-center maximum 

depth along the profile (known as the thalawag) (Figure 1.18). The shape of this profile produces 

maximum flow rates along the thalawag of the channel results in a water flow patterns that are maximum 

along the thalawag, further facilitating erosion of the outer bank and deposition along the inner bank 

(Reading 1996; Prothero and Schwab 2004). Meander systems range from coarse gravel channel-lags to 

very fine grained floodplain deposits. Facies associated with meander channel deposits have been 

summarized by Miall (2010).  
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Figure 1.18 - The architecture and flow regime of a meander channel (modifed from Prothero & Schwab, 2004). 
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2 Methods and Data Processing 

Data collection was performed using the following survey equipment: Differential Global 

Positioning System (DGPS), Light Detection and Ranging (lidar), scintillometer, and permeameter. The 

equipment was provided by the Basin and Research Lab and Patterns Numerical and Analogue Modeling 

Laboratory (DPGS), Dalhousie University, Earth Sciences Department. 

2.1 Differential Global Positioning System (DGPS) 

Differential Global Positioning System is an advanced form of GPS for improved location accuracy. 

This system of GPS surveying consists of two parts: the base station (Figure 2.1) and the mobile rover 

(Figure 2.2). The fix base station uses its location to calculate the differential position from the satellites 

receptions and then then apply corrections that are transmitted to the mobile rover, resulting in an 

accurate positioning points within a few centimeters. 

 

Figure 2.1 ς DGPS base station (photo by Trevor Kelly). 
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Figure 2.2 ς DGPS rover. 

One of the advantages of utilizing a fix base station-rover configuration is the elimination of the 

multipath effect (Figure 2.3). The multipath effect is the error (signal disruption) generated by the 

reflection of satellite signals from solid surfaces, such as buildings, or the cliff where we are trying to 

perform a survey (National Coordination Office for Space-Based Positioning, Navigation, and Timing, 

2014). 

 

Figure 2.3 - Multipath effect of GPS, creating errors within the GPS device. 
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The base station was placed over a previously surveyed well-head cap (Rafuse & Wach, 2011) near 

the Joggins Fossil Cliff Center. The well-head was used as the survey marker for correction of the 

measurements obtained by the rover. The rover was used to record the location of several targets need 

for georeferencing the lidar survey. There measurements are required so that the recorded data can be 

placed in the correct spatial position, so that the multiple lidar surveys can be merged in a 3D model 

(Figure 2.4). 

 

Figure 2.4 ς Targets used for georeferencing. The targets have high reflective background (reflective black) contrasted with a 
less reflective centre circle, design by Johnathan Thibodeau. 

A minimum of three targets are required to correctly georeference each scan. Each target within 

the survey was placed at a different height and widely spread across the entire area to be scanned to 

maximize accuracy. If targets are closely space or at the same elevation, the accuracy of the survey can 

be compromised. 

2.2 Light Detection and Ranging (lidar) 

Lidar utilize a laser as light emitting source that can scans an entire outcrop that covers kilometers 

(Figure 2.5).  
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Figure 2.5 - Optech in. ILRIS HD lidar on a tripod, performing a scan (ǇƘƻǘƻ ōȅ 5ŀǊǊŀƎƘ hΩ/ƻƴƴƻǊ). 

This lidar records at a speed of ten thousands of points per second, each point is recorded by the 

lidar in real-time. Each point is calculated by measuring the time interval between laser pulses that leaves 

and returns to the scanner (Equation 2.1). In addition to special coordinates a fourth dimension, intensity, 

is also recorded. The intensity property corresponds to the intensity of the reflected laser pulse which 

depends on the lithology of the surface reflecting the beam (Figure 2.6). Once the complete scan is 

performed, the lidar will have a very dense spatial dataset. This collected data points, is a high resolution 

and representation of the surface scanned, and is referred to as Point Cloud Data. This Point Cloud Data 

(PCD) can be utilized for processing and generation of Digital Outcrop Models (DOM). This DOM can be 

used to study the rock properties of the outcrop.  

 

Equation 2.1,    wŀƴƎŜҐ
Ŏǘ

н
 

 

Equation 2.1 - Equation of Range distance calculation that the lidar performs while scanning.  
t: Time interval between sending/receiving the pulse (ns) 
c: speed of light (0.2998 m/ns) 
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Figure 2.6 - The intensity property corresponds to the intensity of the reflected laser pulse which depends on the lithology of 
the surface reflecting the beam.  A laser pulse is emitted from the source towards the outcrop. As the pulse reflects from the 
outcrop it returns back to the source. During the reflection some intensity of the pulse is lost (after Burton, et al., 2011). 

The lidar used in this survey is the Optech Inc. ILRIS HD lidar, which uses a laser rated at Class 1. 

The lidar was placed about 45 m away from the cliff and the 3 georeferencing targets were placed along 

the cliff at different elevations. The locations of the lidar and the targets were capture using the DGPS. 

The lidar scanned 235 m of the cliff using the following settings: resolution of 15 mm and four individual 

scans to cover the survey area (Figure 2.7). With the acquisition of the data the scanner also takes a digital 

photograph of the area that it scans as a photographic reference. 

 

Figure 2.7 ς Photomontage depicting the Coal Mine Point study area taken from the intertidal zone by the lidar.  The lidar 
scanned a total of four segments for this section and for each segment a digital photograph is recorded.  The four photographs 
are compiled here. 

Positioning the lidar in the ideal location to perform the survey is critical, in order to obtain the 

most optimal data quality for analysis. The lidar has an ability to rotate 360 o horizontally and a field of 

view of 40 o horizontal x 40 o vertical. The area of interest must be able to fit within this scan-frame. This 

ILRIS HD lidar has a ƳƛƴƛƳǳƳ ƻŦ нл ˃-radians as a rotational movement between each laser impulse. For 

a more detailed scan, the device needs to be close to the target, although being close may cause an 
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ineffective scan. The minimum working range for this scanner is 3 m. At greater distances from the target, 

the wider the angle each laser pulse becomes (Figure 2.8), resulting in a decrease in image resolution.  

Maximizing the field of view of the scan is optimal for the avoidance of areas that cannot be 

scanned due to obstructions of objects, such as overhangs of the cliff obstructing the path of the laser 

pulse (shadow zones) (Figure 2.9). This can be corrected by repositioning the lidar scan in another angle 

and performing a separate scan. Merging these separate scans allow to reconstruct the entire cliff face, 

with minimal or no shadow zones. In order to merge the scans together, the georeferencing targets 

(Figure 2.4) were used to facilitate this process. Each georeferencing target has a very high reflective 

background, so it is easily found and identified when we are georeferencing the data set in ArcGIS. 

 

Figure 2.8 - Angle of dispersion of laser beam.  As the laser pulse source is at a further distance from the outcrop, the horizontal  
distance between each laser pulse increases, in turn reducing the image resolution. 
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Figure 2.9 ς An example of a shadow zone. An overhang is obstructing the path of the laser pulse. Resulting in an area with no 
data. The red line is the intended area of capture along the outcrop.  The grey area is the portion of the outcrop where no data 
are collected. 

2.3 Scintillometer 

The scintillometer (Figure 2.10) is a handheld device that measures the natural radioactivity of 

rocks. The scintillometer/gamma-ray spectrometer used in this project is an Exploranium GR-130. The 

scintillometer contains a glass vial as part of the internal structure, which is sensitive to temperature and 

humidity, affecting the accuracy and precision of measurements, therefore calibration using a cesium-137 

chip is required to ensure the accuracy of the data collected.  

 

Figure 2.10 - Handheld Scintillometer, it measures the spectral gamma emision of the formation (K, U, Th) 
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2.4 Permeameter 

Permeability is a parameter indicating the ability for fluids or hydrocarbons to flow through a rock 

(Figure 2.11 ς Schematic representation of permeability.).  The handheld permeameter used in this survey 

was a TinyPerm II, made by New England Research Inc. (Figure 2.12). This pneumatic device is portable 

and utilizes a pump handle to compress air into the chamber. As the air escapes from the nozzle into the 

rock, the permeameter records the rate the air enters the rock, and this can be used as a proxy for rock 

permeability. These measurements are converted to Darcy scale using the calibration provided by the 

manufacturer (Figure 2.13). Permeability is a measurement of the capacity of a rock to allow fluids to flow 

through it, i.e. 5ŀǊŎȅΩǎ [ŀǿΦ ¢ƘŜ ǎǘŀƴŘŀǊŘ ǳƴƛǘ ŦƻǊ ǇŜǊƳŜŀōƛƭƛǘȅ ƛǎ Ƴ2, however in Earth Sciences is 

commonly used the Darcy (D), in which 1DҒ1012m2. To collect these data, the permeameter was held onto 

the surface of the rock for 60-120 seconds depending upon the lithology to measure the volume of air 

that passes through the lithofacies. Permeability measurements were taken on clean surfaces from rock 

samples collected.  

 

 

Figure 2.11 ς Schematic representation of permeability.  

 



23 
 

 

Figure 2.12 ς Pneumatic device to measure permeability of the rock, in mD this is a TinyPerm II by New England Research Inc.  

 

Figure 2.13 - TinyPerm II Permeability Calibration Graph. T: TinyPerm II reading K: Permeability Value (mD) (New England 
Research Inc., n.d.). 

2.5 Data Processing 

2.5.1 ArcGIS 

ArcGIS is a Geographic Information System (GIS) software used to georeference the PCD collected 

by the lidar. To georeference the data set, the data was loaded into ArcScene, a sub-program within 

ArcGIS. A comma-separated values (CSV) file containing the collected data was imported into ArcScene. 

Each georeferencing target was matched to the centermost point of the target with the coordinates 

recorded by the DGPS. Once the operator was satisfied with the data in 3D by ArcScene, ArcGIS was used 

to georeference the points to the correct spatial location. The final file was in CSV format. 

In ArcGIS, the CSV file was loaded to create a shapefile. This process is very computational 

intensive due to the amount of data points recorded by the lidar. Points that are not part of the outcrop, 
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such as the intertidal zone and vegetation at the top of the cliff, were deleted from the shapefile. This 

filtration and reduction of points was needed to help computational process of the entire data set. The 

original data set included about nine million points and was reduced to six million points. Once the amount 

of data points deleted was satisfactory, the file was saved as a shapefile and exported as a CSV file to be 

imported into Petrel. 

2.5.2 Petrel 

Petrel is a Schlumberger software product intended for modeling, interpretation and simulation 

of digital geological data. As previously discussed, intensity of the laser pulse depends on the composition 

of the reflecting surface: quartz-rich sandstones will have higher reflectivity values and clay-rich shale will 

have lower reflectivity values (Burton, et al., 2011) (Figure 2.14). Other studies also indicates that different 

units can be identified by utilizing the intensity of a lidar scan (Hartzell, et al., 2014), although different 

calibration has to be done per outcrop scan (Campos, et al., 2013). Petrel is a powerful application for 

building models, interpretation and simulation of subsurface, but for this project we had limitations for 

this type of application, such as generating a surface from PCD. Other studies utilize other type of 3D 

modeling software, like GOCAD and Polyworks (Bellian, et al., 2005; Buckley, et al., 2013). 

 

Figure 2.14 - NASA JPL library spectroscopy (Baldridge, et al. 2008 cited in Burton, et al. 2011), solid sample data showing 
median (solid line) and quartiles (dashed lines) for shale (gray) and sandstone (black). The dashed line is the approximate 
wavelength of terrestrial lidar. Note the spectral separability between sandstones and shale at different wavelengths. 
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3 Results 

3.1 Differential Global Positioning System (DGPS) 

Using the DGPS is used to provide high precision coordinates in three dimensions to reference the 

targets (Table 3.1 Table 3.4).  

Table 3.1 ς Location of the lidar setup near Coal Mine Point. 

Point ID: CMP_1 

Description: Location of the lidar setup near Coal Mine Point 

Class: MEAS 

Subclass: GPS Fixed 

3D CQ: 0.023 m 

WGS84 Lat: 45oпм ртΦутффо  b Easting: 386,962.38 m 

WGS84 Long: 64oнт лтΦмпфнф  ² Northing: 5,061,676.07 m 

WGS84 Ell Ht: -1.240 m 

Time: 12:26:32 PM 

Date: 31.05.13 (D.M.Y) 

Instrument: GPS 

Source: Survey (Static) 

Coordinates: 

X = 1,924,440.421 m 

Y = - 4,025,987.253 m 

Z = 4,541,975.203 m 
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Table 3.2 - Location of the left georeferencing Target 1 as viewing the cliff face from the water. 

Point ID: CMP_1_T1 

Description: 
Location of the left georeferencing Target 1 as 
viewing the cliff face from the water 

Class: MEAS 

Subclass: GPS Fixed 

3D CQ: 0.026 m 

WGS84 Lat: 45oпм руΦуссуо  b Easting: 387,069.97 m 

WGS84 Long: 64oнт лнΦмфслп  ² Northing: 5,061,704.58 m 

WGS84 Ell Ht:  3.875 m 

Time: 12:23:37 PM 

Date: 31.05.13 (D.M.Y) 

Instrument: GPS 

Source: Survey (Static) 

Coordinates: 

X = 1,924,529.237 m 

Y = - 4,025,924.587 m 

Z = 4,542,000.144 m 
 

Table 3.3 - Location of the georeferencing Target 2 as viewing the cliff face from the water. 

Point ID: Georeferencing Target 2 

Description: 
Location of the georeferencing Target 2 as viewing 
the cliff face from the water 

Class: MEAS 

Subclass: GPS Fixed 

3D CQ: 0.023 m 

WGS84 Lat: 45oпм рсΦфупрф  b Easting: 387,039.72 m 

WGS84 Long: 64oнт лоΦррмпф  ² Northing: 5,061,647.03 m 

WGS84 Ell Ht: 3.055 m 

Time: 12:22:05 PM 

Date: 31.05.13 (D.M.Y) 

Instrument: GPS 

Source: Survey (Static) 

Coordinates: 

X = 1,924,520.471 m 

Y = - 4,025,974.240 m 

Z = 4,541,958.970 m 
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Table 3.4 - Location of the georeferencing Target 3 as viewing the cliff face from the water. 

Point ID: Georeferencing Target 3 

Description: 
Location of the georeferencing Target 3 as viewing 
the cliff face from the water 

Class: MEAS 

Subclass: GPS Fixed 

3D CQ: 0.016 m 

WGS84 Lat: 45oпм рсΦрутлс  b Easting: 386,989.33 m 

WGS84 Long: 64oнт лрΦустрп  ² Northing: 5,061,635.67 m 

WGS84 Ell Ht: 1.036 m 

Time: 12:20:40 PM 

Date: 31.05.13 (D.M.Y) 

Instrument: GPS 

Source: Survey (Static) 

Coordinates: 

X = 1,924,478.445 m 

Y = - 4,026,002.502 m 

Z = 4,541,948.953 m 

 

3.2 Light Detection and Ranging (lidar) 

The final scan contains nine millions of data points recorded by the lidar and stored in a RAW 

format. This RAW format contains all the data collected by the scanner and can only be read by the 

software provided by the manufacturer of the lidar. We used the parsing software provided by Optech 

Inc. for the ILRIS HD lidar to decode this RAW format into a format that is readable by ArcGIS and Petrel. 

The parser software can convert the data into multiple formats, but for our study we saved it as a XYZ 

format file. This file format has the X, Y, Z and intensity values for each point recorded after being parsed, 

which translated the data points recorded by the lidar, into an ASCII file type XYZ (Figure 3.1).  

 

Figure 3.1 - File format of an XYZ output from Optech Inc. parser, based on data collected for this study. 
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Figure 3.2 ς Unprocessed lidar scan after import into ArcScene. Each colour represents a different scan section; 4 sections total.  
Red pins indicate the location of the georeference targets in the scan. 

3.3 Scintillometer 

Gamma-ray values were recorded along the base of the outcrop at Coal Mine Point, with five 

measurements per stop along the outcrop (Figure 3.3). Using the mean of value of these measurement 

from each stop, a pseudo gamma ray log was constructed (Figure 3.4). This is a technique currently used 

to study correlation of well log produced at outcrop from a handheld gamma-ray (Slatt, Jordan, & 

D'Agostino, 1992). Figure 3.4 shows that the higher values of gamma ray are associated with shale (and 

rare coal), and lower values are associated with the sand bodies. Correlating the pseudo gamma ray log 

with previous stratigraphic section by Davis (2005), the relationship of the sand bodies (lower cps) and 

shale layers (higher cps) with this pseudo gamma ray log is apparent (Figure 3.4).  
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Station Relative Position 

Scintillometer Measurement 
Notes 

(descriptions by G. Wach with assistance from C. Dickson) 
(counts per second) 

1 2 3 4 5 Avg 

001 0 170 165 172 160 163 166 
host sandstone with shale rip-up clasts; fine to medium-grained sandstone; angular to 
subangular clasts (up to 4cm) 

002 16 180 183 176 187 184 182 fine to lower-medium-grained sandstone 

003 21 250 249 246 252 250 249.4 grey; silty sandstone; beeped - U present; small, blocky, fissile 

004 31 212 221 227 225 223 221.6 siltstone; massive 

005 44 198 199 207 199 211 202.8 very fine-grained sandy siltstone 

006 50 158 165 161 169 155 161.6 current rippled sandstone; trace fossils on surface 

007 61 220 221 219 235 226 224.2 slightly sandy siltstone with iron-pyrite nodules (up to 5cm) 

008 67 203 192 207 195 195 198.4 fine to lower-medium-grained sandstone 

009 100 228 238 232 227 230 231 red to grey interbedded siltstone 

010 107 187 197 189 191 181 189 parallel laminated fine-grained sandstone; some ripples; slightly silty 

011 121 217 205 208 212 210 210.4 red to grey very-fine grained sandstone; current ripples 

012 133 244 256 253 238 241 246.4 dark grey; small blocky; silty clay 

013 152 202 197 208 200 204 202.2 silty very-fine-grained sandstone 

014 161 221 237 226 235 216 227 small, blocky, sandy siltstone 

015 196 249 251 257 262 257 255.2 medium-grained; small blocky; silty clay sandstone 

016 198 184 178 185 185 182 182.8 
very-fine-grained to fine-grained sandstone with 30-50cm beds; capped with small 1x5m 
channels; tree removed by JFCC 

017 217 219 236 225 218 212 222 red claystone 

018 224 202 198 203 215 196 202.8 intershale - 10cm thick *note station 015, 016, & 017 form a channel body* 

019 227 177 178 182 183 184 180.8 sandstone 

020 249 230 235 237 240 234 235.2 medium-grained; grey; silty clay; blocky 

021 257 209 202 213 217 214 211 coal; 15cm 

022 259 203 212 208 200 201 204.8 fine-grained sandstone with fine-laminations of grey-silty claystone (cm scale) 

023 400 94 99 102 93 98 97.2 massive sandstone 

024 401 96 82 88 98 99 92.6 cross-trough; thin beds; sandstone 

025 402 90 92 103 97 110 98.4 massive sandstone 

Table 3.5 ς Scintillometer measurements collected at Coal Mine Point with 
corresponding lithological descriptions. 

Figure 3.3 - Scintillomer measurements of the Joggins Formation at Coal 
Mine Point section. Figures A and B. 

A 

B 
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Figure 3.4 ς Correlation of pseudo gamma-ray with the measured stratigraphic section of the Joggins 
Formation at Coal Mine Point (stratigraphical section from Rygel, 2005).  Gamma Ray is representative of the 
lithology. 
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3.4 Permeameter 

Permeability was measured in several samples collected around the base of the outcrop. 

Measurements where performed in hand specimens instead of outcrop, due to the hazard of falling rocks 

at the CMP. Permeability measured from the hand samples ranged from 66 mD to 1917 mD (Table 3.6). 

These samples present good to excellent permeability (Table 3.7) (Nebaway, Rochette, & Geraud, 2009), 

indicating that these sandstones have a good to excellent storage capacity for fluids. Fractures on the rock 

can impact the fluids flow, increasing the permeability of the rock. 

Permeability data (Table 3.6) indicates that all samples range from good to excellent permeability 

ranking. All samples, with the exception of sample 4, correspond to medium-grained sandstone. Sample 

4, classified as a coal, has very good permeability values due to fracturing. 

Table 3.6 - Permeability measurements of Coal Mine Point and its ranking according to Table 3.7. 

Sample Lithology Reading Perm. (mD) Ranking 

1 sandstone 10.64 527 Very Good 

2 sandstone 11.38 66 Good 

3 sandstone 10.86 284 Very Good 

4 coal 10.75 387 Very Good 

5 limestone 10.33 1,258 Excellent 

6 sandstone 10.44 924 Very Good 

7 sandstone 10.18 1,917 Excellent 

8 sandstone 10.88 269 Very Good 

 

Table 3.7 - Ranking of Permeability (K) (Nebaway, Rochette, & Geraud, 2009). 

Range Rank 

1 < K Җ мл Ƴ5 Fair 

10 < K Җ млл Ƴ5 Good 

100 < K Җ мллл Ƴ5 Very Good 

1000 < K Excellent 
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3.4.1 Hand Samples 

Sample 1: GW101-2013TK 

Rock type: Sandstone Permeability (mD): 527 

Colour: Light grey 

Grain: Equigranular and medium grains 

Fragments: Black needle like shape rock fragments 

HCl: Reacts vigorously, suggest to have carbonate components 
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Sample 2: GW102-2013TK 

Rock type: Sandstone Permeability (mD): 66 

Colour: Light Grey 

Grain: Equigranular and medium grains 

 

HCl: Reacts weakly, suggest to have carbonate components 
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Sample 3: GW103-2013TK 

Rock type: Clastic Sandstone Permeability (mD): 284 

Colour: Grey 

Grain: Equigranular and medium grains 

 

HCl: Reacts weakly, suggest to have carbonate components 
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Sample 4: GW104-2013TK 

Rock type: Carbonaceous Coal Permeability (mD): 387 

Colour: Sub-vitreous 

Other: Massive, Homogenous and non-clastic 

Very Light 

HCl: Presence of calcite within veinlets throughout the sample, probably 
formed during secondary mineralization by calcite precipitation when the 
coal was fractured 
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Sample 5: GW105-2013TK 

Rock type: Limestone Permeability (mD): 1,258 

Colour: Medium to Dark Grey 

Grain: 
Feature: 

Fine to very fine grained 

Ellipsoidal shaped features, possible representing fossils or fossil 
fragments occurring throughout the sample 

HCl: Reacts vigorously 
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Sample 6: GW106-2013TK 

Rock type: Clastic Sandstone Permeability (mD): 924 

Colour: Light Gray 

Grain: Equigranular and medium grains 

 

HCl: Reacts weakly, suggest to have carbonate components 
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Sample 7: GW107-2013TK 

Rock type: Clastic Sandstone Permeability (mD): 1917 

Colour: Light Grey 

Grain: Equigranular and medium grains 

  

HCl: Reacts, suggest to have carbonate components 
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Sample 8: GW108-2013TK 

Rock type: Sandstone  Permeability (mD): 269 

Colour: Light Grey 

Grain: Equigranular and medium grains 

Fragments: Lithic fragment about 10 mm long and 5 mm wide (Dark Colour) 

HCl: Reacts moderately, suggests carbonate components 

  

 

3.5 Petrel 

As previously mentioned (2.5.2), using intensity for classifying rocks separate the sandstones from 

the shale/coal intervals of the Joggins Formation at Coal Mine Point section. Adjusting the colour level of 

the values of intensity allows the operator to see the areas of higher values of intensity recorded by the 

lidar, indicating high reflection. It is possible to differentiate the sandstones from the shales at CMP. The 

model illustrates the CMP outcrop and the intensity values of the PCD, displaying how intensity can be 

used as a proxy for classifying lithology (Figure 3.5). In Figure 3.5 the sandstone beds correspond to higher 

intensity values, with some high intensity values visible in the top of the section, most likely due to 

vegetation and mine tailing (Figure 3.6). These mine tailings comprising sandstone and siltstone were the 

result from production of coal in the region, as Joggins was known as a coal mine producing area.  
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Figure 3.5 - Petrel render of the data set. The warmer yellow and red hues indicates higher intensity values due to the greater reflectivity of the quartz component in the sandstones Red arrow indicates north add the horizontal distance. 

 

Figure 3.7 

 

Figure 3.8 

 

Figure 3.6 
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A very distinctive horizontal gray top (low intensity) corresponds to the Quaternary angular 

unconformity and related sediments such as glacial till with fine grain shale, with cobbles and small 

boulders that give the high intensity points (Figure 3.6), truncating the Joggins Formation. In these define, 

thin layers of shale can be seen between the reflective layers of sandstone (Figure 3.7). Mine tailings are 

predominant in this area because Joggins was a coal mining region in the past. Other factors to take into 

consideration is the vegetation, as it is also recorded as high intensity.   

 

Figure 3.6 ς Petrel render image of the data set. Quaternary Unconformity (green dash line), mine tailings (red arrow) and 
vegetation (blue arrow). 

 

Figure 3.7 - Petrel render image of the data set. Where is possible to identify shales (baffle and barriers, red arrow) and 
sandstones (reservoirs, green arrow). Reflective intensity differences indicates shales. These shales form barriers or baffles to 
fluid flow between the sandbodies which are the high reflective images. 
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Looking at the DOM of the outcrop we can identify some cylindrical shape bodies that we identify 

at outcrop as preserved tree trunks (Figure 3.8). 

 

Figure 3.8 - (A) Fossil trees within succession of sediments in a digital photograph. (B) The same fossil trees within the DOM of 
these same successions.  For closer view of preserved tree see Figure 1.11. 

  

A B 






























