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Abstract

The Carboniferous Joggins Formaibancropsalong the shoreline of Chignecto B§ova Scotia
Canada Theareaof the Joggins Fossil CliflSNESCO World Hiage Sit¢ presens an outstandinget of
channeland floodplaindeposits and fossilized tree trunksThisstudy focuses on the Coal Mine Point
reference section, which comprisesnterbedded sandstone, shale and coal seamsd where
accommodatiorwas c¢eatedby halokinetic activity éalt withdrawa). This study uselidarto interpret the
outcrop, augmentedwith gammaray and permeability data. Currently Joggins Fossil Cliffs records
fossilized trees with a measured section log. With the use of dddrspatiallycalibrated Differential
Global Positioning System (DGPS) to capturetgigblution images of meanderbelt channel architecture
and fossils of upright lycopsids andaaltalears. This imagingechnigueis an innovative approacind
utilizesnew technologies tgrovide a high-resolution3D survey of the cliff4 mm resolution att00 m)
detailing of channels and fossil tree trunkslsing the 3D survey coupled with other todteluding
scintilometer and permeameterve cansupplementdatafrom the lidar scarand increaseonfidence of
interpretations. Sintillometer measurements recorded at outcrop are used to generate a psgadona
log and permeameter measurements were recorded to understand permeabilityeo€orresponding
lithologies Lida 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.Annuallidar surveys with scintillometer and permearaewill 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 Outcipdels, Permeability, GamrRay, Lidar
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1 Introduction

1.1 Purpose

Light Detection and Rangkd@r) is a innovative techniquavhich hasbeen usedn academicand
industry geologic studiefor the digital capture of outcrogharacteristicsvith unprecedented resolution
and accuracyPrevious studies usinglar in Earth Sciencegrovided higher resolution analigsof rock
properties, geomorphology and coastal erosiorallowing enhanced interpretation of processes and
properties(Burton,et al. 2011;Buckleyet al. 2013)In Nova ScotidRafusg2011)and Kelly (2014) used
lidar for digital renderingand interpretation of the reservoir characteristied the meander belt
successions of théarboniferousloggins Formatioof the Cumberland Ban (Chignecto Bay, Nova Scotia,

Canada)

The objective oftiswork, developedn the outcrops of the Joggins Formation of the Coal Mine
Point section (Joggins Fossil Cliffs, UNESCO World Heritage &itevestigatdnow lidar can be usedo

definethe highresolution stratigraphyf the fluvial systems by answering the following questions:

a) Islidarcapable of aiding in the identification of differdithofaciesat Joggin3

b) Canlidaridentify fossilized trees within the Joggins Formation?

c) Canlidar help characterize reservoir connectivity in meander belt systems?

d) Canlidar data integrated withoutcrop observation, gammeay and permeability dataid in

the interpretation of stratigraphical and sedimentological features of hydrocarbon reservoirs?

This work isalsopart of an ongoing studgimedto characterize Carboniferous tree density within
the Joggins Formation and measure the rates of erosion of seaside cliffs near the town ofthoggagis

the capture ofannuallidar scans of the Joggins Fortiza outcrops



1.2 Geographicaind Geomorphologicakging of the Study Area
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Figurel.l - Location of Dalhousie UniversitygreenPin), the Joggins Fossil Cliff Center (Red BApple Inc., 2014)

Located between the provinces of New Brunswick and Nova Scotia, Chignecto Bay is an inlet of the
Bay of FundyFigurel.l). It is also part of the Gfuof Maine Watershed. Chignecto Bay is werdtiowned
due to the Joggins Fossil Cliffs, Canada and the count®'s IESCO World Heritage Site.

The Coal Mine Point section is located alongghath coastal margin of th€hignecto Bay (Nova
Scotia) (UTM coordinates: Zone 20T, Easting 387128 m, and Northing 5061148nKlocally as
Hardscrabble Pointhis sectioris approximately 250 m lond={gurel.1 & Figurel.2) and is continually
exposed to harsh weather conditionghe high (energy)tides coupled with the differentresistance to
weatheringof the different lithologies creates sevemines of low vs. higdliff retreat rate (Figurel.3).
Other contributing factors to coastaérosioninclude wave action but in the Joggins area the high tidal
range and storm activity are the dominant fact@stingupon the sands and shale intervals on the cliff

face. This results in a complex costal pattépmomontory),conditioning assessf people and quipment



Figurel.2 ¢ Joggind~ormation andQuaternarysediments (red). Both units are separated by angular unconformity (yellow
dashed line). Coal Mine Point, Joggit@&imberland Basin, Nova Scotia, Canada.

igh Erosion Rate

250 m

Figurel.3 ¢ Aerial view of the area surrounding Joggins Fossil Cliffs Center. Due to the contrasting lithologies there are areas
of low vs. high erosion rateLidarlocation during dat acquisition is marked wittX (Google Inc., 2014)

The entire outcrop is very unstable due jminting andfractures, contributing to the erosion
observedalong the shorelineJointtrends arepredominantly perpendicular to beddin@lecametric to
metric spacing)In some locations, largeoutcrop scalefractures are observed, with large boulders of
fallen blocks from the clifHigurel.4 & Figurel.5). These fractures are expanded by the constant freezing

and thawing cyclesndrainfallresultingin collapse of sections dffie cliff. The promontoryknown asCoal



Mine Pointresults from the lithological contrast from a thick sandstdely, known locally aé NB S F ¢

the more argillaceous framing lithofacidsgurel.3).

Figurel.4 - Jointing andfractures withfallen blockswithin the Joggins Formation at Coal Mine Point (Cumberland Basin, Nova
Scotia).



Figurel.5 - Fallenblocksat the toe of the promontory of Coal Mine Point (Cumberland Basin, Nova Scotia).

1.3 Geological Background

1.3.1 Cumberland Basin
The Cumberland Baswmas formedby cyclic andapid subsidence controlled by salt withdrawal

(halokinesis)Daviesgt al., 2005)and is arexcellentexample of a salt withdrawal systetdalokinesiss
when massive and rapid deposition of sediments occurs on toyapaites causinghe movement
the salt(Waldron & Rygel, 2008Figurel .6). This movement is usually ductiteittle, within shallow crust
about 815 km deefJackson, et al., 1994)

Halokinesigreated accommodation in the basin that allowed for more sediment to be deposited
sourcedfrom the highlands of the Appalachian Orogen and Gondwanan up(Bigiire 1.7). This
extensional tectonic event createsh uneventopography offault blocks in the region by the deformation
of the overburden The Joggins Formati@shows the displacement of sattovement to be least 1 km
Qubsidence was episodic, with optal conditions for peat accumulation and entombment of the flora

(Waldron & Rygel, 2005)he rate of sedimentation in the CumberlaBésin is believed to be highiran



averagecompaed with other coatbearingCarboniferous unit§McCabe, 1991 and the @positionof the

Joggins Formation was close to the water surf@avies & Gibling, 2003)

Salt

Figurel.6 - Schematic representation of a salt withdrawal systesglt moves out as more pressufeom accumulated
sedimentsis applied to theoverlying the salt system.

W2 AT e
sty S0

[ Highland
- Lowland
- Alluvial fan

—~—— River

Figurel.7 ¢ General paleogeography of the Cumberland Basin during the Pennsylvanian, Carboniferous. Joggins Fossil Cliffs
Center location within the Carboniferous Pennsylvaniahowlands within the Cumberland Basin formedmodified from
Fensome& Williams, 2001)



1.3.2 Joggins Formation

The JogginBormationrests between the Spring Hill Mines and the Little River formatiathpart
of the Cumberland Groug-igurel.8). The Little River Formation underlies the Joggins Formation and is
measuredas635.8 m thick. The Springhill MinEsrmations overlies the Joggins Formation and comprises

red beds and thickoals, and is about 714 m thiRygel, 2010)

Formation

Ragged Reef

Joggins
Formation

Springhill Mines

Joggins Jejejefists Feadil

(elitf EMUEEDT

Pennsylvanian
Cumberland

Little River

Carboniferous

Claremont

Mabou

Shepody

Figurel1.8 ¢ Carboniferous satigraphy of the Cumberland Bsin and simplified geological map of the area of Joggins Fossil
Cliffs Centei(modified from Grey & Finkel, 2011)

The Jogins Formatiorcomprisesshales, coal seams and red beds, dippinftSIBigurel.2). It is
about 915.5 m thick anil comprises a multi cycle opemater facies with large distributary meander belt
channel systems that is overlain by a thick coal bearing se(flianies, etl., 2005) There are intervals
of fossilized tree trunksA total of 14 cycles were recognized witliivis unitin previous studiegDavies,
et al., 2005)Figurel.9), ranging from 16 to 212 m thick with an average of 6Z\mycle begins wittvell-
developed operwater facies with limestor® mud drapes, trace fossilandlarge distributary channel
bodies (Davies, et al., 2005L0al Mine Pointorresponds to the base of cycle JFigurel.9). The coal
seams in this formatiomeach up tol.7 m marking a period of wetland condition&alder, P06) The
absence of pronounced sequence boundaries and deafer deposits, as well as the rheotropksevamp
or boggy ground that is feed by fresh water flovature of the precursor peats, suggests that the sedimen
surface remained close to relative sgmlevel thought the deposition of the Joggins Formafavies &

Gibling, 2003)Thissuggests thaccommodationspace kept pace with sediment supply, creating an



overall aggradational successidrhe sedimentation rates according to Rygel (2005) iwé&eh 50 mm/yr
-120 mmlyr.
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Figurel.9 ¢ Limestone and coal thickness with facies associations correlated to relative base level for the Joggins Formation.
Note the thick sandstonepreservedat 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 bofOWFA: Open Water Floodplain
Area. PDFA: Poorly Drained Floodplain Area. WDW®AII Drained Floodplain Areamodified from Davies et al, 2005).



1.3.3 Preservatiorof the Flora

As the Cumberland Basiteveloped, there were periods of rapid sedimentatidiyrial and
preservation entombing the flora in upright positidfrigurel.10& Figurel.11). This process was cydlic
sedimentsaccumulatel and new flora establistd itself (Figurel.12). Burial and reservation of lycopsid
trees in upright position suggest that burial was due to episodic floods withdgigiment load/Calder,
2006)

Channel Body Preserved Irees

4=+ (hannel Body

Figurel.10¢ Sedimentary and stratigraphical characteristics of the Joggins Formatidtol Mine Point. Blue line: Qaternary
Unconformity, yellow arrows: channel bodiesred arrow: interbedded $ale, greencircles: preservedtree.



Figurel.11- Fossitree within the Joggins Formatioat Coal Mine PoinfCumberland Basin, Nova Scotia).

Figure1.12 ¢ Schematic representation of channel architecture and faunal dynamics during the deposition of the Joggins
Formation during the Carboniferous (Cumberland Basin, Nova Sc(fapsome & Williams, 2001)

Preservationis castand-mold type,and thefossils are very large and representative of the flora during
the CarboniferousKigure 1.13). Some types of fossils found at the outcrop @dethopteris Calamites
LepidodendronandSigillaria(Calder, 201p Currently the JFCC maintains a record of the preserved trees

by updating a measured section lagth all new discoveries
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Figure 1.13- (A) Cast of aCalamitesand (B) Mld and cast of &igillaria

1.3.3.1.1 Alethopteris
Alethopterisare usually seen as imprintgthin the rock surface. These dark shades imprints are

coalified and they resemblaaodernfern likeplants Figurel.14).

Figurel.14- Alethopteriscoal imprint (dark leaf like shapes) orock surface sample from Dalhousi&niversity, Earth Science
Department

1.3.3.1.2 Calamites

Calamitesare round andelongated shapes, and resemble ancient horsetail weétiey are
estimated to grow up to 10 m tajprobablyin small patches before they were entombed by the sediments
(Thomas, 2012)rhey looKike modern bamboogFigurel.15).

11



Figurel.15 - CalamitesFossil, sample from Dalhousie University, Earth Science Department
1.3.3.1.3 Lepidodendron

Lepidodendromre one of the taltrunks that are visible at outcrop, and they can be identified by
a unique diamod-shape pattern within the bariFigurel.16). Theserees are a type of lycopod tree and

are known to grow up to 30 m tall.

Figurel.16 - Highlight of diamond shape pattern withithe bark of Lepidodendron sample from Dalhousie University, Earth
Science Department

1.3.3.1.4 Sigillaria
Sigillariais also anotherkind of lycopod tree, and they are known to grow very tall, up to 30 m

They have a unique honeycomb pattern shape, unlikeLiygidodendrortFigurel.17).
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Figure1.17 - Highlight of honeycomb shape pattern within the bark @igillaria, sample fromDalhousie University, Earth
Science Department

1.3.4 Meanderbelt Channels

Meandering rivers are one of four emdember types (straight, meandering, bred] and
anastomosed) of river@rothero & Schwab, 2004Ylost meandeingrivers occurs in regions of shallow
slope, with a wellleveloped floodplainTheycontain a high ratio of suspension load to bed load material,
usually have cohesive bank material, and have a sandy bedReading 1996Miall 2010) These
channels are aesult of lateral migration of the fluvial system. In areas of small bending, erosion of the
outer bank sediment and subsequent deposition of sediment alongniheribank of the channel occurs
(Prothero & Schwab, 2004)he cotinuous erosion and deposition within the channels creates a steep
profile along the outer bend and a gradual profile along the inner bend, creating-aerdaar maximum
depth along the profile (known as the thalawa@igure 1.18). The shape of this profileroduces
maximum flow rates along thinalawagof the channetesults in a water flow patterns that are maximum
along the thalawag, further facilitating erosion thfe outer bank and deposition along the inner bank
(Reading 1996; Prothero and Schwab 20Meander systems range from coarse gravel chaitang to
very fine grained floodplain deposit&acies associate@ith meander channel deposits have been

summarizd byMiall (2010)
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Figurel.18- The architecture and flow regime of a meander chani@elodifed from Prothero & Schwab, 2004)

14



2 MethodsandDataProcessing

Data collection was performedising the following survey equipmentDifferential Global
Positioning System (DGPS), Light Detection and Rarigiag, (scintillometer, and permeameteihe
equipmentwasprovided by the Basin and Research aat 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 GP$pfoved location accuracy
This system of GPS surveysuansists oftwo parts: the basetation (Figure2.1) and the mobile rover
(Figure2.2). Thefix base statioruses its location te@alculatethe differentialpositionfrom the satellites
receptionsand then tken apply correctionsthat are transmitted to the mobile rover, resulting in an

accuratepositioningpointswithin afew centimeters.

Figure2.1 ¢ DGPS base statiofphoto by Trevor Kelly)
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Figure2.2 ¢ DGPS rover

One of the advantages ofilizing a fix base statioArover configurationis the elimination of the
multipath effect (Figure 2.3). The multipath effect isthe error (signal disruption)generated by the
reflection of satellite signals from sol&lrfaces, such as buildiggor the cliff where we are trying to
perform asurvey(National Coordination Office for SpaBased Positioning, Navigation, and Timing,
2014)

Figure2.3 - Multipath effect of GPS, creating errors within thé PSlevice
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The base station was platever a previously surveyed wlkad cagRafuse & Wach, 201agar
the Joggins Fossil Cliff Centd@he well-head was used as the survey marker for correction of the
measurementobtainedby the rover.The rover was used to record the locatiohseveral targetsieed
for georeferencing thdidar survey There measurements amequiredso that therecordeddatacan be
placed in the correcspaial position, so that the multiple lidar surveys can be meegl in a 3D model
(Figure2.4).

Figure2.4 ¢ Targets used for georeferencing. The targets hdnigh reflective background (reflective black) contréesd with a
lessreflective centrecircle, design by Johnathan Thibodeau.

A minimum of three targets are required to correctly geferenceeach scanEach target within
the survey was placed at a different height and widely spread across the entirécabsascannedo
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 Rangiriglér)

Lidarutilize alaser adight emitting sourcethat can scanan entireoutcrop that coverkilometers
(Figure2.5).
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Figure2.5 - Optech in. ILRIS Hiidlar on a tripod, performingascarlJK 2 12 o6& 5F NNJ 3K hQ/ 2y y 2 NJ

Thislidar records at a speed of ten thousands of points per second, each point is recorded by the
lidarin reattime. Each point is calculated by measuring the time interval between laser pulses that leaves
and returns to the scanneE@uation2.1). In addition to special coordinates a fourth dimension, intensity,
is also recordedThe intensity property corresponds to thetensity of the reflectedlaser pulsewhich
dependson the lithology ofthe surface reflecting the beartrFigure2.6). Once the complete scan is
performed, thelidarwill have a very densgpatialdataset This collected data points, is a high resolution
and representation of the surface scanned, and is referred to as Point CloudThetdoint Cloud Data
(PCD) can be utilized for processing and generation of D@jtecrop Models (DOM)his DOM can be

used to study the rock properties of the outcrop.

Equation2.1, wlk y _%él"

Equation 21 - Equation of Range distance calculation that the lidar performs while scanning.
t: Time interval between sending/receiving the pulse (ns)
c: speedof light (0.2998 m/ns)
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Figure2.6 - The intensity property corresponds to thentensity of the reflected laser pulsevhich depends on the lithology of
the surface reflectinghe beam A laser pulse is emitted from the source towards the outcrds the pulsereflects from the
outcrop it returns back to the sourceDuring the reflection some intensity of the pulse is Igstfter Burton, et al., 2011)

Thelidar used in this srvey is the Optech Inc. ILRIS Iliar, which uses a laser rated at Class 1
Thelidarwas placedbout45 mawayfrom the cliff and the3 georeferencingargets were placed along
the cliff at different elevationsThelocations of thdidar and the targés werecapture usinghe DGPS
Thelidar scanned235 mof the cliff using the following settings: resolution of 15 mm and four individual

scans to covethe survey aredFigure2.7). With the acquisition of the data the scanner also takes a digital

photograph of the area that it scans as a photograpéierence

Figure2.7 ¢ Photomontage depiting the Coal Mine Point study area taken from the intertidal zone by tigar. Thelidar
scanned a total of four segments for this section and for each segment a digital photograph is recorded. The four photgraph
are compiled here.

Positioning thdidar in the ideal location to perform the survey is critidal orderto obtain the
most optimaldata quality for analysisThelidar has an ability to rotate 36Dhorizontally anda field of
view of D° horizontalx 40°vertical The area of interesiust be able to fit within this scafnrame. This
ILRIS Hidarhas aY' A ¥y A Y dzY -ra@lidnsas airotationamovement between each laser impulse. For

a more detailed scan, the device needs to be close to the taa#iough being closenay cause an
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ineffective scanTheminimum workingange for this scanner is 3.rAtgreater distancefrom the target

the wider the angleeach laser pulsbecomes Figure2.8), resulting ina decreag in imageresolution

Maximizng the field of view of the scan is optimal for the avoidance of areas that cannot be
scanned due to obstructions of objecwichasoverhang of the cliff obstructing the path of the laser
pulse(shadow zongs(Figure2.9). This can be corrected by repositioning tigar scan in another angle
and performing a separate scavergingtheseseparate scanallow to reconstruct the entire cliff face
with minimal or no shadow zonesln order to merge the scans togethehe georeferencing targets
(Figure2.4) were used to facilitate this proces&ach georeferencintarget has a very high reflective

backgroundsoit is easilydundand identifed when we aregeoreferencinghe data set in ArcGIS.

/

Source a
E £ e &

— ™~ M -5'

@)
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Source Outcrop

Figure2.9 ¢ 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 aréeipdrtion of the outcrop where no data
are collected.

2.3 Scintillometer

Thescintillometer (Figure2.10) is a handheld device thaheasures thenatural radioactivity of
rocks The scintillometer/gammaray spectrometerused in this project is an Exploranium-G¥. The
scintillometer contains a glass vial as part of the internal structure, which is sensitive to temperature and
humidity, affecting theaccuracy and precisiarf measurements, thereforealibrationusing acesium137

chip is requiredo ensure the accuracy of the data collected

Figure2.10- Handheld Scintillometerit measures the spectral gamma emision of tfemation (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 211 ¢ Schematic representation of permeabilityThehandheld grmeameterused in this survey
was a TinyPerm Il, made by New England Reséacc(iigure2.12). This pneumatic device is portable
andutilizes a pump handle to compress air into the chamldsrthe air escapefsom the nozzlento the
rock, the permeameter records the rate the air erg the rockand thiscan be used as a proxy for rock
permeability These measurements areonvertedto Darcyscaleusing the calibratiorprovided by the
manufacture (Figure2.13). Permeability is a measurement of the capacity of a rock to allow fluids to flow
through it i.e.5F NDeéQa [l g® ¢KS &il yRPE Ndwevealzih AEarth BehdeslidS NI S|
commonly usdthe Darcy (D), in whichDF10"?m2. To collecthesedata, the permeametemwasheldonto
the surface of the rock fo80-120 seconds depending upon the litholagymeasure thevolume of air
that passes through the lithofacieBermeabilitymeasurements wereaken on clean surfacesoim rock

samples collected.

Free Flow

Figure 211 ¢ Schematic representation of permeability.
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Figure2.12 ¢ Pneumatic device to measure permeability of the rqdk mDthis is a TinyPernil by New England Research Inc.

Permeability Calibration
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Figure2.13- TinyPerm Il Permeability Calibration Graph: TinyPerm |l reading: Permeability Value (mO)New England
Research Inc., n.d.)

2.5 Data Processing

2.5.1 ArcGIS
ArcGIS is a Geographic Infation §stem(GIS) software used to georeference the PCD collected

by the lidar. To georeference the data set, the data was loaded into ArcScene,-pregkam within
ArcGISA commaseparated valuesQSYfile containing the collected data was importeddnArcScene.

Each georeferencingiarget was matched to the centermost point of the target with the coordinates
recorded by the DGPOnce the operator was satisfied with the data in 3D by ArcScene, ArcGIS was used

to geaeferencethe points to the correcspatial locationThe final file vas in GV format.

In ArcGISthe CSV file was loaded to create a shapefileis processs very computational

intensivedue to the amount of data points recorded by thaar. Points thatare not part of the outcrop,
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suchas the intertidal zone and vegetation at the top of the clifere deleted from the shapefile. This
filtration and reduction of points was needed to help computational process of the entire datdlset
originaldata setincludedabout nine million poits and was reduced tsixmillion 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 madglinterpretation and simulation
of digitalgeologicabata. As previously discussed, intensifyhe laser pulse depends dime compaosition
of thereflectingsurface quartzrich sandstones will have higher reflectivity values and-dtdyshale will
have lower reflectivity value@Burton,et al., 2011)JFigure2.14). Other studies also indicates that different
units can be identified by utilizing the intensity ofidar scan(Hartzell, et al., 2014Hthough different
calibration has to be done per tarop scan(Campos, et al., 20).3Petrel is a powerful application for
building models, interpretation and simulation of subsurface, but for this project we had limitations for
this type of applicationsuch as generating a surface from POher studiesutilize other type of 3D
modeling software, like GOCAD dpnolyworkgBellian, et al., 2008Buckley, et al., 2013)

———T—T—T—T——T—TT—TTTT145
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Figure2.14 - NASA JPL library spectroscopy (Baldridgeal. 2008cited in Burton, et al. 201}, solid sample data showing

median (solid line) and quartiles (dashed lines) for shale (gray) and sandstone (black)dasieed lineis the approximate
wavelength of terrestriallidar. Note the spectral separability between sandstones and shaleiffierent wavelengths.
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3 Results

3.1 Differential Global Positioning System (DGPS)

Using the DGPS used to provide high precision coordinates in thdémensiongo reference the

targets(Table3.1 Table3 .4).

Table3.1 ¢ Location of thelidar setup near Coal Mine Point

Point ID: CMP_1
Location of thdidar setup near Coal Mine Point

GPS Fixed
0.023 m
4¥nm pT Oy T =] 38696238 m
64LHT NTPM n 5,061,676.07 m
-1.240 m
12:26:32 PM
31.05.13 (D.M.Y)
Survey (Static)
X=1,924,440.421 n

Coordnates: Y=-4,025,987.253 ir
Z=4,541,975.203 n
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Table3.2 - Location of the left georeferencinarget 1 as viewing the cliff face from the water

Point ID: CMP_1_T1

MEAS
GPS Fixed
cipreoy 0.026 m

Location of the leftgeoreferencing Target las
viewing the cliff face from the water

4snm py ®yc =L  387,069.97m
64HT N HDM q 5,061,704.58 m
2875 m
12:23:37 PM
31.05.13 (D.M.Y)
aPs
Survey (Static)
X=1,924,529.237 n

Coordnates: Y=-4,025,924.587 r
Z=4,542,000.144 n

Table3.3 - Location of the georeferencing Target 2 as viewing the cliff face from the water

Point ID: Georeferencing Target 2

. Location of thegeoreferencing Target as viewing
the cliff facefrom the water

VEAS
GPS Fixed

0023

asnm pc gyl SU0L 387,030.72m

64HT nodp p 5,061,647.03 m
2055 m
12:22:05 PM
31.05.13 (D.M.Y)
cPs
Survey (Static)
X=1,924,520.471 n

Coordnates: Y=-4,025,974.240 i
Z=4,541,958.970 n



Table3.4 - Location of the georeferencing Targ8tas viewing the cliff face from the water

Point ID: Georeferencingrarget 3

MEAS
GPS Fixed
cipieey 0.016 m

Location of the georeferencing Targgias viewing
the cliff face from the water

WSl asnm pe opyl [S00]  386,980.33m

64HT npdy c 5,061,635.67 I
1036 m
12:20:40 PM
31.05.13 (D.M.Y)
aPs
Survey (Static)

X = 1,924,478.445

Coordnates: Y=-4,026,002.502
Z=4,541,948.953 n

3.2 LightDetectionand Rangindidlar)

The final scarcontainsnine millions of data points recorded by tHelar 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 tHiglar. We used the parsing software provided by Optech
Inc. for the ILRIS H@arto 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 & a XY
format file. This file format has the X, Y, Z and intensity values for gaioh recorded after being parsed,

which translated the data points recorded by tligar, into an ASCII file type XYgQre3.1).

8335963.693 95955948.000 1.647 58
833963.631 95995948.000 1.850 104
8335963.631 9555948.000 1.646 73
8335963.631 9555948.000 1.650 75
8335963.568 95955948.000 1.650 82
8339683.568 9599948.000 1.852 87
833963 .568 935993948.000 1.832 B8
8335963.568 99595948.000 1.652 86
8335963.506 95955948.000 1.654 74
8339683 .506 9599948.000 1.855 &6

Figure3.1 - File format of an XYZ output from Optech Inc. parsbased on data collected for this study.
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Figure 32 ¢ Unprocessedidar scan aftefimport into ArcSceneEackcolourrepresentsa different scan sectiopd sections total.
Red pinsindicatethe location of the georeference targets in the scan.

3.3 Scintillometer

Gammaray values were recorded along the base of the outcrop atl@dime Point, with five
measurements per stop along the outcr@igure3.3). Using the mean of valugf these measurement
from each stop, a pseudo gama ray log was constructd@igure3.4). This is a techniqueurrently used
to study correlation of well log produced at outcrop from a handheld gamaya(Slatt, Jordan, &
D'Agostino, 1992)igure3.4 shows that the higher values of gamma ray are associated with shale (and
rare coal), and lower values are associated with the sand boQmselating the pseudo gamma ray log
with previous #ratigraphic section by Dav{2005) the relationship of the sand bodi€®wer cps)and
shale layerghigher cpsyvith this pseudo gamma ray log is apparefigire3.4).
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Scintillometer Measurement Notes
SENEN [REEME Hesi e (COUTIE [FEEEEES (descriptions by G. Wach with assistance from C. Dickson)
1 2 3 4 5 Avg
001 0 170 165 172 160 163 166 Qszgigr&:j;tzraesgiits?glzcﬁ clasts; fine to mediuragrained sandstone; angular to
002 16 180 183 176 187 184 182 fine to lowermediumgrained sandstone
003 21 250 249 246 252 250 249.4  grey; silty sandstone; beeped) 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 finegrained sandy siltstone
006 50 158 165 161 169 155 161.6  current rippled sandstone; tradessils on surface
007 61 220 221 219 235 226 224.2  slightly sandy siltstone with irepyrite nodules (up to 5cm)
008 67 203 192 207 195 195 198.4 fine to lowermediumgrained sandstone
009 100 228 238 232 227 230 231 red to grey interbedded siltstone
010 107 187 197 189 191 181 189 parallel laminated fingrained sandstone; some ripples; slightly silty
011 121 217 205 208 212 210 210.4  red to grey venfine grained sandstone; current ripples
012 133 244 256 253 238 241 246.4 dark grey; small blockgilty clay Figure 33 - Scintilomer measurements of the Joggins Formation at Cc
013 152 202 197 208 200 204 202.2  silty veryfine-grained sandstone Mine Point section. Figures A and B.
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 1828 \éﬁ;ﬁfrl]r:;?:?elr;eﬁde;?c:\l/r;gtr)e;lr‘]%dcsandstone with 380cmbeds; capped with small 1x5m
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  mediumgrained; 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 firlEaminations of gressilty claystone (cm scale)
023 400 94 99 102 93 98 97.2 massive sandstone
024 401 96 82 88 98 99 92.6 crosstrough; thin beds; sandstone Table 35 ¢ _Scin_tillome_ter maasu_rements collected at Coal Mine Point with
. corresponding lithological descriptions.
025 402 90 92 103 97 110 98.4 massive sandstone
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Figure 3.4 ¢ Correlation of pseudo gammasay with the measuredstratigraphic section of the Joggins
Formation at Coal Mine Point (stratigraphical section from Rygel, 20@5&mma Ray is representative of the
lithology.
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3.4 Permeameter

Permeability was measured in sesersamples 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 CMPPermeability measured from the hand samples ranged f6@mD t01917mD (Table3.6).

These samples presegbod to excellentpermeability(Table3.7) (Nebaway, Rochette, & Geraud, 2009)
indicatingthat thesesandstonshaveagood to excellent strage capacity for fluidéractures on the rock

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

Permeability dataTable3.6) indicates that all samples range from good to excellent permeability
ranking. All samples, with the exception of sample 4, correspond to medrained sandstoneSample

4, classified as apal, has very good permeability values due to fracturing

Table3.6 - Permeability measurements of Coal Mine Point and its ranking accordingable3.7.

Sample Lithology Reading Perm. (mD) Ranking

sandstone 10.64 527 Very Good
sandstone 11.38 66 Good
sandstone 10.86 284 Very Good
coal 10.75 387 Very Good
limestone  10.33 1,258 Excellent
n sandstone 10.44 924 Very Good
sandstone 10.18 1,917 Excellent
“ sandstone 10.88 269 Very Good

Table3.7 - Ranking of PermeabilityK) (Nebaway, Rochette, & Geraud, 2009)

Range Rank

1<KX ™M~ Fair
10<KX wmn Good
(elof s Tl Very Good
(eller e Excellent
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3.4.1 HandSamples

Sample 1: GW1012013TK
Rack type:  Sandstone Permeability(mD}. 527
Colout Light grey

Grain: Equigranular and medium grains

Fragments: Blackneedle like shape rock fragments

HCI: Reactsvigorously, suggest to have carbonate components
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Sample2: GW1022013TK
Raock type: | Sandstone Permeability(mD): \ 66
Colour Light Grey

Grain: Equigranular and medium grains

HCI:

Reactsveakly, suggest to have carbonate components
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Sample 3 GW1(B-2013TK
Rack type:  Clastic 8ndstone Permeability(mD}: \ 284
Colour Grey

Grain: Equigranular and medium grains

HCI:

Reactsveakly, suggest to have carbonate components

D
-
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Sample 4

Rack type:

Colout
Other:

HCI:

GW1@-2013TK
Carbonaceous Coal Permeability(mD}: 387
Subvitreous
Massive, Homogenous and nelastic
Very Light

Presence of calcite within veinlethroughout the sample, probabl
formed during secondary mineralization by calcite precipitation when
coal was fractured
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Sample 5

Rack type:

Colout
Grain
Feature:

HCI:

GW1(%-2013TK
Limestone Permeability(mD}: 1,258
Medium to DarkGrey
Fine tovery fine grained

Ellipsoidal shaped features, possible representing fossils or i
fragments occurring throughout the sample
Reacts vigorously
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Sample6:

Raock type:

Colour
Grain:

HCI:

GW1@B-2013TK
Clastic &ndstone Permeability(mD): 924
LightGray
Equigranular and medium grains

Reactsveakly suggest to have carbonate components
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Sampler: GW1(F-2013TK
Rack type:  Clastic 8ndstone Permeability(mD): \ 1917
Colour Light Grey

Grain: Equigranular and medium grains

HCI: Reacts, suggest to have carbonate components
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Samples: GW1(-2013TK

Raock type: | Sandstone Permeability (mD): 269
Colour LightGrey

Grain: Equigranular and medium grains

Fragments: Lithic fragment about 10 mm long and 5 mm wide (D2dkou)

HCI: Reactanoderately, suggest carbonate components

3.5 Petrel

As previously mentione@ (5.2, usingintensity for classifying roskseparatéhe sandstones from
the shale/coalntervals of the Joggins Formation at Coal Mine Point seciidjusting thecolourlevel of
the values ofntensity allows the operator to see the areas of higher values of intensity recorded by the
lidar, indicating high reflectiorlt is possible to differentiate the sandstones from the shales at Vi€
model illustrates theCMPoutcrop and the intensity alues of the PCRlisplayinghow intensitycan be
used as a proxy for classifyilithology (Figure3.5). In Figure3.5 the sandstondeds correspond to higher
intensity valueswith some high intensity values visibldn the top of thesection most likelydue to
vegetation and mine tailing~{gure3.6). Thesemine tailingscomprising sandstone and siltstomere the

result from production of coal in the region, as Joggins was krasia coamine producing area
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A verydistinctive horizontal grayop (low intensity) corresponds tothe Quaternary angular
unconformity and related sedimentsuch as glacial till with fine grain shale, with cobbles and small
boulders that give the high intensity poir(fSigure3.6), truncating the JoggirfSormation.In thesedefine,
thin layers of shale can be seen between the reflective layers of sandstaned3.7). Mine tailings are

predominant inthis areabecauseloggins was a coal mining region in the p@ster factors to take into

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

Figure3.6 ¢ Petrel render image of the data set. Quaternakynconformity (green dash line)mine tailings (red arrow)and
vegetation (blue arrow)

Intensity

250.00
225.00
200.00
175.00
— 150.00
— 125.00
— 100.00
—75.00
— 50.00
—25.00
—0.00

Figure3.7 - Petrel render image of the data set. Where is possible to identify shalesfflb and barriers, red arrow) and
sandstones (reservoirs, green arrowReflective intensity differences indicates shaleheseshales form barriers or baffles to
fluid flow between the sandbodieswhich are the high reflective images.
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Lookingat the DOM of the outcrop we cadentify some cylindrical shape bodies that we identify

at outcropas preserved tree trunk&igure 3.8).

A B

Figure 3.8 - (A) Fossil trees withisuccession of sediments mdigital photograph (B) The samedssil trees withn the DOM of
these same successiongor closer view of preserved tree séggurel.11.
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